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Abstract

e mgneti impurity emedded in superondutor @gA n hve disruptive e'et on superE ondutivityD lolly reduing the piring energy of gooper pirs nd leding to the genertion of uEhiEusinov @A suEgp sttes round itF he ntiferromgneti exhnge intertion eE tween the spin t the impurity nd the eletrons t the medium fvors mnyEody on(gurtion onsisting on uondoEsreening singletD while superonduting orreltions oppose to the formtion of suh sreening loudD leving the impurity unsreened in doulet stteF he lol ground stte of the system @qA is then determined y the omplex interply etween oth phenomenD giving rise to intriguing properties tht hve een sujet of gret interest over the lst ouple of dedesF ryrid devies ontting individul quntumEdot @hA strutures to superonduting leds o'er n idel pltform for the study of suh ompetitionD s hs disply mgneti hrter for odd fermioni oupniesD onferred y the spin of the unpired eletronF sn this thesisD we investigte the trnsport properties of metlli nnoprtiles individully ontted to re luminum leds through tunnel rriers mde y eletromigrtionD kgted following trnsistor strutureF he omintion of strongly disretized density of sttes in the nnoprtiles with the shrp gp present in superonduting luminum llows to mesure the spetrD ppering in gEhEg juntions displying lrge symmetry in the tunnel ouplingD with n unpreedented resolutionF he response of these systems ginst gte voltgeD externl mgneti (eld nd temperture hs een hrterizedD identifying the trnsition point @A from the singletEq phse to the douletEq phseF e striking upturn of the gte position is reveled t low mgneti (eldsD stemming from the omined e'et of the superonduting gp redution nd the eemnEsplitting of the doulet stteF i Resumé ne impureté mgnétique intégrée dns un supronduteur @gA peut voir un e'et perturteur sur l suprondutivitéD réduisnt lolement l9énergie d9ppriement des pires de gooper et onduisnt à l génértion d9étts sousEgp uEhiEusinov @A utour d9elleF v9intertion d9éhnge ntiferromgnétique entre le spin à l9impureté et les életrons u milieu fvorise une on(gurtion de singulet d9érntge uondoD tndis que les orréltions suprondutries s9opposent à l formtion d9un nuge d9érntgeD lissnt l9impureté nonEérntée à l9étt de douletF v9étt fondmentl lol du système @qA est ensuite déterminé pr l9intertion omplexe entre les deux phénomènesD donnnt lieu à des propriétés intrigntes qui ont fit l9ojet d9un grnd intérêt u ours des deux dernières déenniesF ves dispositifs hyrides mettnt en ontt des strutures à oîte quntique @hA ve des ornes suprondutries o'rent une plteforme idéle pour l9étude d9une telle onurreneD r les h églement montre un rtère mgnétique pour les ouptions impiresD onférée pr le spin de l9életron non ppriéF hns ette thèseD nous étudions les propriétés de trnsport des nnoprtiules métlliques mis en ontt individuellement ve des ornes d9luminium nu à trvers des rrières tunnel fites pr életromigrtionD kgted en suivnt une struture de trnsistorF v ominison d9une densité d9étts fortement disrétisée dns des nnoprtiules ve le gp rupte présent dns l9luminium supronduteur permet de mesurer les spetres D pprissnt dns des jontions gE hEg 0hnt une grnde symétrie dns le ouplge tunnelD ve une résolution sns préédentF v réponse de es systèmes versus l tension de grilleD le hmp mgnétique externe et l tempérture été rtériséeD identi(nt le point de trnsition @A dès l phse singuletEq à l phse douletE qF ne reprise frppnte de l position du est révélée à des files hmps mgnétiquesD résultnt de l9e'et ominé de l rédution du gp supronduteur et de l séprtion eemn de l9étt du douletF iii hen s (rst rrived to qrenole to pursue my wster studies more thn (ve yers go s hd single ojetive in mindX to rry out hh projetF hyc feuse s (rmly elieve tht tehnologil progress is the est hne nd only wy for humnity to thriveD euse long my entire helor s lwys hd the feeling of studying sujets fst nd super(illy or inEdepth nd lking time for understnding them properly so hh would e the perfet opportunity to fous on single nd ler ojetive for the (rst time in my lifeF s wnted to see how fr s ould go nd wht is my full potentilF sn tht senseD mking new friendsD visit new ples or going through new experienesD hve een seondry for meF he word is not mitionD ut rther selfEexperiment to test my limits in the working lifeD s it ws my (rst ontt with the rel demi world nd with livingErod experieneF s wnted to see how fr s ould push myself nd ohD oy3 s (gured it out pretty wellF roweverD s the old sying goesD 4extreme sides hve never een good4 nd exploiting yourself up to the very edge of your energies nd motivtion n e rewrding in terms of produtivityD ut it n lso eome douleEedged sword tht dmges your personl lifeF xot following the usul formt s wnt to shortly disuss suh e'et in this knowledgment letter nd express my grtitude to ll of my friends nd fmily who hve remined there for me over these di0ult yers of my lifeF fut efore thtD s wnt to thnk the people diretly involved in the progression nd ulmintion of this workF o egin withD s would like to strt y knowledging my dvisorsD glemens inkelmnn nd rervé gourtois for hoosing me s hh ndidte four yers goD nd for their guidne nd dvie ever fterF fountiful timesD glemens hve ome to my o0e to hek the experimentl dt nd nlysis together with meF s still rememer the dy when he sid 4elvroD n you ome k to the previous grphc hy is there slight energy shift in tht ondutne resonnec rmmmmD tht is very strnge4F yr the dy he suggested 4ht out onsidering is lever rm in the simultionsc4F xot only his lrge experiene on the (eld ut lso his exeptionl linil eye were solutely deisive for the suess of our projetF glemensD while we hve di'erent personlities nd diverging points of view in severl spetsD tht hs not impeded me to dmired your ility for understnding experimentl dt nd give qulittiveD or even quntittiveD dignoses rpidlyD how fst you n hnge from one sienti( topi to nother nd mnge di'erent projets simultneouslyD nd your ility for synthesizing informtion @whih s totlly lkAF s lso rememered thtD numerous timesD rervé ws oming into the l in the fternoon to hek on the other students nd meD help us with our ryosttsD mesurementsD nd delineting the next step in the tion plnD lwys with refulD polite nd wise dviesF ome of his phrsesD like 4elvroD life is hoie4D will sty in my mind for the rest of my lifeF glemens nd rervéD s know s hve not een the esiest student to work withD nd s n hrdly imgine how muh of your ptiene s required from the very (rst moment to the very lstD ut s elieve tht thnks to our reiprol good intentionsD hrd workD nd mutul understnding we mnge to ring this thesis to fruitionF s lso ppreite lot how muh e'ort you put in helping me to give nie presenttions nd develop my speehD s well s introduing me to most of our visitorsD despite my lk of politil skills or touh when disussing out experiments @nd despite hving mistken the niversity of golumi y some niversity in golomiD s wful s tht n getAF he reues nd ghristms dinners t your ples were gret utD speillyD s wnt to thnk you for letting me ttend to the summer shool in 4ves rouhes4 nd for llowing me to prtiipte in onferenes t qrenoleD vello ndD in prtiulrD tht onferene in vison s sked you forF he omplishment of our projet would not hve een possile without the exhnge with our ollortorD erge plorensF fesides hving profound knowledge oth on the theory nd experiments tht surround this sujetD his kind hrter mkes extremely esy to tlk with himF yn severl v osionsD s rrived to his door with list of rtiles s ould not understndD nd he lwys found moment for replying my questions in detilF purthermoreD erge ws prt of my thesis followEup ommitteeD whih is n institution tht require hh students to mke reports nd presenttions every yerD tking wy nonEnegligile mount of time nd eing onsidered y mny ollegues not prtiulrly usefulF sn my seD howeverD those meetings turned out to e fundmentlD s they stimulted disussions etween ergeD my dvisors nd meD key for relizing the physil e'ets ehind my min experimentl resultsD nd key for me to omprehend the iliogrphy nd write this mnusriptF ergeD t the end of my seond yer s hd mny douts whether to ontinue or quit ndD prtlyD it ws you who gve me the motivtion nd ourge neessry to endure nd styF ords fll short to express how grteful s mF et this pointD s would like to thnk the jury memers of my defenseY prnk flestroD ihrd helokD wrelo qo'mnD sl imon nd omin wurndD for the re with whih they red my mnusript nd the fruitful dilogue we hd fter the presenttionD whih developed perfetly well in spite of the virtul formtF s m lso thnkful to uthrin prnke nd henis fsko for ll the helpful onverstions we hve een hving long the lst yersD lso of gret help for understnding our experimentl resultsF et more personl levelD s wnt to thnk ll the permnent memers of the uxi group for their generl supportD speilly fenjmin épé for his dvies rnging from experiments nd sienti( writing to mintining in good shpe the heter of his old house @in whih s hve een living during these yersA nd rendrik forsjeErekking for ringing up nonEsieneErelted sujets during lunh tht felt like )ush of fresh irF sn generlD rrying out the novel experiments tht pper in the hh proposls is very hllenging for reently grduted studentsD not only due to the intrinsi di0ulty tht exploring the unexplored rries longD ut lso euse they involve hndling equipments nd pplying tehniques tht re not teh or shown in helor9s nd mster9s progrms t llF fefore s me to xéel snstituteD s hd never stepped into lenroom nd hd only mnipulted ryogeni setEup oneD let lone soldering wires nd onnetors or on(guring mesuring instrumentsF st ws not esyD ut it would hve een muh hrder without ll the hnds s hve een given y the tehnil deprtments of the lortoryF pirst of llD s need to stte how muh s ppreited the wrm tret nd dministrtive help tht plorene ois gives to ll the studentsF henD s wnt to thnk ghristophe roru for showing me how to solder omponents so tiny tht you n esily inhle them if you re not reful enough when looking t them in the plm of your hndD ghristophe quttin for spending two entire weeks with me setting ryostt ontroller tht identlly rokeD quillume honnierElentin nd hiut qndit for dvising me on how to use thermometer s moleule evportor nd providing us with the required mterilsF s m lso grteful to renri odens for ll the indium nd the homemde qénépiD quillume fresD uévin rere nd tohn quilhot for the lrge quntities of helium s demnded nd for instlling level meter in my ryosttD whih sved me lots of nights wking up every two hours to hek the ryostt sttus nd rushes to the l fter midnight nd on weekends nd othF s m lso thnkful to vurent del eyD tulien trreu nd qrigor upoujyn for showing me how to use sfely metl drillers nd uttersD design nd rete ustom metl piees nd terminte them properlyD tulien wihel nd trik felmin for ll the help they provided me with omputersD using the xeD disussing the est wy for synhronizing dtD sripts nd (les mong the di'erent omputers nd for extending one nd gin my emil ount lwys with smileD nd the xnof temX fruno pernándezD vtif essiD qwénëlle tulieD imon veEhenmtD tenEprnçois wotte nd hierry grozesD for their hrd work to mke the lenroom opertionl nd for their loseness to the studentsD despite ll the dversitiesF pinllyD s wnt to point out tht it will e forever stuk in my memory how olfgng ernsdorfer stopped his work nd ome out of his o0e to help this hh student on his (rst yer stilizing the ryostt with working smple inside old turdy evening in winterD nd greed on exhnging with us one of his lstEgenertion hewr vessels to redue the helium onsumptionF prom my sightD s hve lwys elieved tht the most e0ient wy for progress does not lie in the ompetition etween peopleD ut rther in the ollortionF yn top of the intrinsi nd extrinsi vi di0ulties signled ove eing generlly present for hh studentsD lortories re mysterious enE vironments where there often re ertin nonEwritten rules nd nonEdoumented knowledge tht is only through rshing on the wll @sometimes literllyA tht you end up otiningD unless you re told y someone who hs rshed on the wll efore youF st is impossile to know eforehnd things like the preise turning of needle vlve for stle ryogeni opertionD the presene of ground loops disturing the mesurementsD the ehvior of ertin old instruments tht only strt working (ve minE utes fter turning them on or to whih you need to plug the power supply le t n spei( ngleD the hrteristi pressures of ryostt under opertion nd how di'erent prolems 'et themDFFF woreoverD when friting mirometriGnnometri smplesD tht kind of unplesnt surprises show up ontinuouslyD nd sometimes it is extremely di0ult to dignose prolem or identify detrimentl step s we re unle to see wht is going on during the proesses nd we rely on hrteriztion tools tht only provide limited informtionF st is very frustrting to see tht two smples you prepred inD wht you thinkD is the sme wy ehve di'erentlyF es we like to ll them mong my temmtesD those evil 4vEghosts4 show up ontinuouslyD eoming totlly neessry tht students working with similr smples or setups over eh others9 k y exposing it to the others every time they ome ross one of themF ht is the reson why s eme prt nd then leded the orgniztion ommitE tee of the xonEpermnent seminrsD to promote ommunition etween students nd (ght ginst those destrutive ghosts3 ht is lso the reson for ll the e'ort s put into orgnizing ommon dt se in our group where oth the stndrd informtion like mnulsD sriptsD dtD logooksD s well s suh rshingEintoEEwll knowledge n e stored nd is esy to (nd for new studentsD so tht they n progress fsterF sn my personl (ght for my projet to prosperD s m totlly grteful towrds hvid vn ntenD who not only tught me everything s know out nnofritionD ut whose devotion for work nd siene hs een gret soure of inspirtion sine s rrivedD nd whose dvies on how to dodge spei( lEghosts hve kept me wy from lot of struggleF s lso wnt to thnk other previous students in my groupD elessndro de geo nd fivs hutt for ssisting me when s sked them nd for letting me help them when s ouldF sn dditionD s ppreite deeply ll the wonderful students tht hve joined our group fter meF yn one hndD s m thnkful to vouis eyrt nd gorentin heprez for ll the puseEfésD soirées nd pérosD for shring ll their sienti( experiene with meD nd for eing lwys redy to give hnd out of the lF rtiulrlyD s wnt to thnk gorentin for tking over the xonEermnent seminrs orgniztion fter s leftD for keeping it up nd doing suh gret jo3 yn the other hndD s m thnkful towrds hnil wjidiD ife qumusD hvid nder nd ini qngulyD who lwys listened ptiently to my endless list of dviesD helping me to re0rm onepts in my mindF sn ftD s hve lso lerned lot from themD for exmpleD hnil tught me how powerful the ility of stying lm nd remining polite n eD ife hs tught me how importnt it is to strt the dy with smile nd sying good morning (rstD no mtter whtD ini hs tught me tht if you nnot reh wht you needD you look for ldderD nd hvid hs tught me tht s put wy too muh horizo whenever s ook trditionl pnish dishesF s wish you the est of the luks uddiesD nd thnks for ll the ke3 roweverD the good ompnies did not stop within my group3 wo key people were responsile in the (rst ple tht s hoose qrenole to pursue my studiesX my fellow trvelerD oerto iesoD who ws studying physis with me t wdrid nd emrked with me in the dventure of oming to qrenole to follow the nnosiene mster nd hunt hhD nd our ounselorD torge xentD who ws lso studying with us in wdrid ut me here few yers erlier nd guided us through the lyrinthine prenh dministrtionD the fny lortories nd the sweetest spots of the ityF s n rememer oerto shouting t me in the middle of the supermrket euse s ws osessed with putting into the rt ll sorts of prenh itemsD while we did not even hve ottle of wter in our hep roomsF hnks to oertoD s mnged to survive over the (rst yerF s lso wish just the est for himD s he moved wy to pursue the hh drem fter the mster ourseF xevertheless torgeD or s s like to ll himD 4il trón4 @euse whenever we go skiing he is not )exile or omplisnt t ll with nooiesA remined in the ityF ell the prolems torge nd s hve gone through supporting eh otherD ll the mzing plns we hve rrnged togetherD nd ll the mutul trust nd respet we vii hve develop for eh other hve turned him into one of the (ve (ngers of my right hnd nd s m deeply grteful towrds himD to the very ottomF end wheres he wnted to ndon me in rgoz during rod trip k to wdridD qurntines nnot stop him from ringing ke to his friends on their irthdyF s n sy s hve got luky for ll the eutiful )tmtes tht lredy were or hve ome to PS ue de urenne nd shred suh musing livings with this huge mess s mF tohnnD eing one of the loveliest people s hve ever metD hve opened up my mind in so mny wysD from ooking to pintingD from hving more respetful life with the environment to mking honeyEwine nd pfelmusD from drinking oxes nd oxes of fvrin eer to growing strwerries nd (xing ikesD tht s thought s ws loosing grF eginst every hneD you mnged to turn the tiger into humn eing gin nd s nnot ontin enough thnkyous inside to e evens with you for thtF hi'erentlyD si ut indispensle lening lessons were provided to me y en nd hniD s well s dinner redy on the tle witing for me on so mny of those nights s styed lte t the lF hey red for me so muh tht s still get reeiving food from them even though we no longer live togetherD nd lso ke on my irthdy during qurntine3 hile most of the people just tkeD they hve lwys een giving to me to the point tht feels like s hve fmily in qrenoleF hnk youF xow tlking out tulienD together with him we trnsform the onept of othering our nnoying neighors to its mximum expressionF hile most of the times s ould not mke it to our erly rekfst meetings t the lonyD the moments nd onverstions with you while feeling the old reeze of the grenolise morning while wthing the sun oming up in etween the mountins of felledone re prielessF hnks for ll the respet you hve lwys shown nd inulted on meF end lst ut not t ll lestD tun ving @or Ángel for friendsAD is one of the few people tht hve mde my ethil foundtions nd sienti( knowledge to tremle when disussingD s well s my knees when trying to dne t his speed in rsF vots of friendships go to trsh fter living together for few monthsD speilly over pndemi on(nementsD ut with you tht is only growing upF row is it possile tht we hve gone through ollpsing dishwshersD wild(res in the lonyD moth infesttionsD mosquitoes infesttionsD génépis infesttionsD olotires risisD prties tht hve lmost destroyed our houseD nd s nnot (nd single omplin in my hed out youc3 s m strting to understnd why you hve the pnish nme you hveFFF wy thnks hve een skyroketing to the sky ever sine you me inD nd still you supported me so muh over the qurntine period tht s truly elieve s would not hve een le to hnd in the thesis mnusript on time without youF ht else n s sy ut thnk you nd tht s hope you know you hve me here for nything you needF end yet the good ompnies did not end up there3 sn qrenoleD s hve hd the hne to meet mgni(ent people from mny di'erent ountries tht hve enrihed me t personl levelF s wnt to strt y thnking the friends s did in the mster9s yerD tulietteD wrinneD ontiuhD vur nd wri for those ll the messy mels we hd together t the dirty kithens of our student residenesF ht is wht s ll n idel wy of strting living rod3 xow oming k to the lD s m ompletely grteful to ll the respetful memers of 4vos stiseros4X tohimD imoneD wriD prnesoD hnsisD tefnoD rugoD int oerto nd uimonD who lwys hd fresh glss of pstis witing for me t hkeseer on pridy nightD even those pridys s never rrived euse s styed t the l until lteF ghiliEthi )vored tos never tsted etter thn they did with you guys3 ogetherD we hve dventured into the drkest nd wildest orners of the ity nd ome out of there liveD holding ll our elongings nd hving enjoyed s only the est enfnts de l ptrie know3 ome other extrordinry people s met t xéel snstitute nswer y the nme of snnD ivertonD tvierD vuD wihelD wrtinD elessndro pFD hvid xF nd uteeD some of them hving eome experts in pnish food t my pleD some others the soul of our prties either y winning the est ostume prie with fullEody pijmD prepring ton of ipirosks or dning even while poliemen were t the door3 urning to people s meet outside the l nd even if s do not like itD while my prties were wesome those ones lunhed y omás t his prtment @where torge lso hppened to live inA lwys surpssed themD lightened up y the pnish rewX tioneD eniD wrilD quelD enD wddiD tviD ssD oD erinnD endreD torgeD nni nd omásF s m very thnkful to ll of you for epting me so fst viii nd without single prejudieD for inviting me to your gtherings nd for tking me out in your trips s one moreD from skiing to pirte rurl housesD from kyking to hilling in the eh of the lkeF nfortuntelyD suh n mzing group hs eing dissolving soon fter s rrivedD s people (nished their hh nd left qrenoleF fut t lest s got the hne of drwing ugly puppets nd writing down stupid rp songs in ll your ongrtulting piture ooksF s lrgely thnk you for thtD ut s know you lso thnk me lrgely for this3 xow the pnish nd is still liveD s new potentil memers hve een rriving to qrenole nd sking for pleF s m tlking out feD whoD for everyone9s surpriseD lwys hve more things to omplin out even thn me nd s thnk you euse you lwys mde me feel etterD tesúsD who displys very similr mentl 4properties4 s me nd s thnk him euse it feels like hving rother in qrenoleD qonzlo nd wirenD who re lwys up for nythingD s their ompny is gretD nd s m thnkful tht they ount on meD nd (nlly rD who ws the only person worried out my leeding right hnd night just efore my writing period nd heled itD keeping me wy from filure t (rstD nd sme t seondD y pushing me out of my house when my hed needed rekF hese lst yers would not hve een the sme without ll of youD nd s wnt to sy thnks for eing there over suh di0ult ovid timesF o (nish withD mny other people from di'erent lortories nd ples s hve met during the (ve yers s hve spent in qrenoleD ut mong them s wnt to mention the delightful guys tht inhit vihyD speilly my trinersD vil nd qeorgesD together with vuizD rnthD xilnkur nd iriD euse there re people tht 9est ps l peine ut themD they very muh doF end s nnot forget outD o nd feñtD who s met in the summer shoolD nd their extremely typil nd ritil points of view mkes them pop out of stndrds into the weirdest ut helthiest side of lifeF s wnt to thnk them for epting me s limited experimentlist mindD for the surrelisti trips we hve done so frD nd for the mny others yet to ome3 sn sight of suh long knowledgment letter nd opposite to wht s wrote t the very eginningD it my look s if soil life ws my (rst priority utD sdly enoughD tht is fr from eing trueF hile every single little piee of free time s hd s tried to use it for soilizingD s hve een ontinuously neling plns nd meetings with ll of the friends oveF st is just euse they re suh gret people tht they hve hd ptieneD nd kept on insistingD nd did not give up on meF es you n seeD s do hve lot to sy thnks forF he tul truth is thtD s it often hppens over the ourse of hh projetD lmost everydy new 4hllenges4 roseD some of them esy to resolveD some others tking lot more of time thn expeted to get solvedD nd some other simply unsolvleF et some pointD the mount of gols nd setks one hs to reh nd (x n grow to ompletely surd volumeD nd one n esily fll in the trp of just following ertin trks euse they re working orretly or onstitute prolems esily solvleD nd let side other ones whih involve n unknown mount of side reserh nd e'ortF wy pproh ws to rete list of priorities tht (nds the lne etween the importnt things nd the urgent onesD llowing to drw relevnt sheduleD tht s put under revision every time s me ross new di0ulty or solution did not work outF prom my opinionD ll options should e testedD so tht the prolem9s origin is understood nd proved under ontrolD ut it is risky pprohD sine you generlly ignore even the order of mgnitude of the time it will tke you when you strt working on the solution of prtiulr ostleF prom my opinionD ll options should e testedD so tht the prolem9s origin is understood nd proved under ontrolD whihD for meD ws only hievle y dopting n ntElike sight of the worldD dething from the ig pitureD frgmenting the ostle into multiple smll tsks ndD little y littleD rrying out every single one of themF his proess n e very hrd to rry out t personl levelD s it requires totl devotion @inluding the onsequent isoltion for fousing properlyA with zero gurntees of suess nd n led to feeling of stgnnyF purthermoreD it n led to ompletely stopping ll leisure tivitiesD negleting the onept of freeEtimeF s strted following up this pproh fter the (rst yerD nd only when s ws feeling ompletely unle to workD s ws using my time to hng out with my friendsF he issue here is tht you stop hving time to spend lone with yourself @for redingD drwingD plying musiD doing sportsD wthing or simply sleepingA nd s disovered y the end of my third yer thtD t lest for meD suh selfEtime is solutely neessry to settle oneptsD onsolidte idesD ndD in generlD get ler mind tht llows you to dvne more e0iently whenever you get your hnds k to workF s ompletely underestimted the vlue of those tivitiesD esides work nd friendsD whih you do lone nd whih mny people ll 4lzy tivities4F efter some time my ody nd mind slowed downD s ws not le to think lerly nymoreD s ws like zomieD oth t the l nd with my friendsF e )oor lmp would hve ontriuted more to onverstions going on round me thn s didF he only thing my hed ws le to think out ws the smll frgment of the prtiulr prolem s ws trying to solve tht weekF sn suh stteD one n esily loose the diretionD the right pth to follow is not evident nymore nd douts strt risingD ut you don9t hve time to nswer them euse you re usy solving frgments of prolemsD nd the little resting time you hveD you spend it with friendsF et suh pointD it usully hppens tht those douts strt keeping you from sleeping over nightF henD life eomes spirl tht unvoidly rings youD sooner or lterD to one of those fmous rekdownsD where you nnot get up from ed nymoreF s got ouple of those during my fourth yerD one fter (nishing my rtileD nd the other fter (nishing this mnusriptD ut over the entire seond nd third yer s mnge to sty put nd keep up with the workF rtlyD this ws thnks to the smll kithenEgrden s plnted in the lony of my house nd the ompost it s set t the sement of my houseF he instile thirst of ll those tomtoesD peppersD zuhinisD pottoesD strwerriesD roses nd di'erent kinds of spie plnts gve me the only reson s ould (nd to get up when s woke up @for wtering themAD nd from thtD s ould strt the dyF oon fter springsD the kithenEgrdens turned into n outlndish forestD providing me spot where s ould relx my mind in the summer nightsF st ws t suh ritil moment tht s strted onversing with mgil eutiful 4kt4 of gret mysteryD who ontinuously reminded me tht life n e wonderlnd nd the future is just there witingD giving me resons to go to sleep irresponsily ferlessF s sved very speil spe in this knowledgment letter to thnk oth of themD s s know very well thtD without themD s would not hve een le to mintin my ostiny nd pighededness writing sripts for dt nlysis nd interfing instrumentsD testing mesurement routines nd reding reltedErtiles until the wkingEup lrm of my )tmte strted ringing in the other roomD nd ultimtely llowing me to hnd this mnusript right under the wireF huring those two entrl yers of my hh s grdully disppered from my soil lifeD ompletely vnishing during the fourth oneF yver tht timeD s reeived very often text messges from my fmily nd friendsD oth in pin nd prneD whih s ws not le to reply efore one or two or more weeksD if everD nd my replies where often short nd insustntilD s my mind ws totl hosF yn top of thtD most of my people in pin s ws only seeing one or twie per yerD when oming k home for holidysD nd stillD s ws neling plns euse s needed to workF here hve een opportunities tht s missed nd will never ome kF s know it hs not een esy nd s wnt to pologize for not hving een smrt enough to (nd time for youD nd s wnt to let you know thtD whtever omes up next in my lifeD s m going to mke sure tht it gives me enough free time for youD nd for myselfD so tht s never rrive to tht extenution point ginF his is my priority nowF end despite the ftsD most of my fmily nd friends hve remined there for me ll these yersD nswering me immeditely when s lled themD nd seeing me when s ouldD nd for tht s deeply thnk youF pirst of llD s wnt to thnk the oys nd girls s grew up withD my rothers nd sistersD edriD elexD ssmD endre pFD endre FD torgeD tunD enelD hvidD idurdo FD idurdo pF grlos FD izekiel nd lo F hile there re things s will never understnd out youD there re others tht s understnd very wellD nd one of those is tht you re responsile of me hving ple tht s ll homeF eople ppreite onverstions disussing di'erent opinions on interntionl nd ntionl newsD historyD politisD sieneDFFF ut s elieve whoever sys soD does it euse hve never experiened the extrordinry nd unusul ility of joking foreverD whih we quire every time we get togetherF ou hve shped my ore nd hve lwys een the (rst people to ll me nd fore me out of my house whenever s me k for holidysF emong ll the people s met in my shoolD two right nd rillint souls hve styed with me ll the wy longX gristin nd grlos F here re friendships tht lst the whole life nd you two re the living proof of thtF ell tht moking round in shoolD those miror dventuresD rzy mroprties x either on top of mountinD in feverlyErillsElike hlets or in disoEotD llEpyed dinners t some of the fniest resturnts of the ountry in n estián then running under the rin the morning fter from one phrmy to notherD mgi triks in wdrid9s undergroundD ll tht stu' spek on its ownF ilis nd tennifer re lso in this pk s they lwys (nd new wys of surprising me nd keeping it wildF s m tlking out trips to the mountins where we surf the snow the whole dy nd prty the whole nightF s m tlking out so mny unique experienesD from )ooded lus to epi mñneos tht lsted for the entire dyF rty hs evolved ut it hs never stopped3 end while time hs pstD nd there hs een long periods without seeing youD every time we meet it feels like nothing hs ever hnged etween usF ht is why you re the people s wnt to keep for the rest of my lifeF hey sy tht hrd times ring people togetherD nd s hve never felt s lose to nyone s to the (ne people s met during the hysis helor t the eutonomous niversity of wdridX qonzloD forjD tunD elerto gF nd elvro @who mnged to espe from tht horrile ple fter the (rst yerAF ogetherD we (ght like wrriorsD we supported eh other s rothers in rmsD we went through the d times togetherD nd we elerted together the good ones s if it ws the lst dy of the worldF pirst with tunD s lerned how to ook love tortills for señorits nd how to survive y myself nd without getting eten live y the )u's under my edF end then with ll of youD plus elerto tFD time nd qrielD s lerned how to drink more thn PH shots in single nightD tht the legendry eti lives in the siene fulty nd tht to sri(ing our lst wter ottle to use it for pturing grsshoppers nnot e more worth itF s lerned tht txi drivers in frelon drive etter thn plne pilotsD tht tpnese people die for wellEooked gin toni nd tht you n lso (nd fterEhours in the frthest villge of gstill y veónF s lerned to mke wter vortex in potD to run 4enierros4 without eing ught y the ulls nd tht leving the plsti on the met inrese the )vor of reuesF fut more importnt thn nything elseD s lerned tht s n e less lever thn s ould ever possily imginedD nd tht it is not ig delF end ll these mny things s lerned the est wyX not y tlking out it ut y living through it3 hose yers s spent in the mpus hnged me forever nd mde me who s m todyD thnks to ll this knowledgeD s hve mnged to keep my determintion during the hhF end s hve still een lerning over the few times we metD for exmpleD tht ixtremoduro don9t like we reord their onerts with ell phone or tht wering owoy hts tune people into preisely the sme vieF st is plesure to meet you now nd see how we hve evolved nd how fr we hve rrivedF hnks for ll tht ndD speillyD thnks to qonzlo for ssisting me during so mny dys with uondo physis when s ws writing this mnusript nd forj for lwys orgnizing suh mzing plns nd ooking trendy resturnts muh efore s took the plne kF ih dy of my life s hve very present tht s literlly own you my life @orD t lestD my right rmAF he lst prgrph goes for my fmilyD strting with my unts nd unlesD wriD edroD epeD osD tustin nd ieddD euse they keep on sending me food y ordinry mil without ever sking for nything in returnF s wnt to nme here my little ousinsD gristinD rD pélixD el nd elejndroD who mke me to irredeemly smile every time s meet themD nd my gret ousin ilrD who res for her fmily so hrd tht hurts nd who is the only person of my fmily tht is le to hng out with my friendsF he lst nd most speil omment is for thnking my prentsD ispernz nd edroF s hve no lue how you do wht you doD how you hve gone through ll you hve gone through nd still hving suh impele mindsetD pure feelingsD eing suh good peopleD nd yetD eing le to er with meF our omintion is nd hve lwys een the model tht s spire to e likeF ell my thesis is dedited to youD for your livelong support nd your wiseful dvies tht s never listenF
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Introduction

uperondutivity is longEstudiedD yet fsinting phenomenon in whih eletrons of opposite moE ment nd spin experiene n ttrtive intertion tht ouples them y pirsD lled gooper pirs @gsAD forming osoni ondenste tht emodies olletive quntum stte of mrosopi extenE sionF sn superondutor @gAD gs generte dissiptionless urrentsD known s superurrentsD whih n trnsport eletril hrges ross the entire superonduting @gA ojet without energy lossesD regrdless of its sizeF veving side the prtil interests tht the voidne of power losses indued y toule heting riseD extremely interesting ehviors emerge in mesosopi iruits tht omine superondutivity with other quntum e'etsD like energy disretiztionD spin degeneryD etF woreE overD it is possile to tke dvntge of superondutivity to improve the opertion of spei( nonEg deviesD nd even to otin unique omportments tht would not e hievle without itF sn this senseD we n mke up lssi(tion of suh hyrid deviesD depending on the prtiulr role tht superondutivity plys in them nd its link to the tul reserh ojetiveX , Electronic transport in presence of superconductivityX gonsisting of devies mde of g mterils tht re used to study the fundmentl e'et tht the piring intertion exerts on their ondution propertiesD s opposed to those oserved for the norml @xA metlli stteF , Employment of superconducting elementsX gertin devies inlude g strutures devoted to omplish spei( funtionlities tht ene(t from prtiulr spets of superondutivityD using it s tool for investigting di'erent physil phenomenonF por exmpleD g resontors of n inresed qulity ftorD tosephson juntions used for thermometryGhetingDFFF sn our workD we investigte the evolution of the trnsport fetures of tunnel juntions formed y ontting quntum dot @hA to ulk g leds @typilly displying phenomen s goulom lokde nd uondo e'etAD s piring orreltions gin strength when the temperture is lowered or n externl mgneti (eld is diminishedF sn prtiulrD we fous on the study of juntions presenting lrge oupling symmetries tht enle for performing spetrosopies of emerging uEhiEusinov @A ounded sttesF edditionllyD gEhEg juntions n ehve s singleEeletron pump if fst osilltion is indued in the h9s hemil potentil @µ QD AD tking dvntge of the gpped density of sttes @hyA in the g ledsF he trnsistorElike on(gurtion of our gEhEg devies lso llowed us to oserve nd investigte suh nonEonventionl mode of opertionD ltogether onferring to this projet hyrid hrter etween the ove tegoriesD s eluidted in the followingF pyw exhii fyxh ei y ErsfeEsxy ei he mrosopi model of superondutivity onsiders gs s systems with n ritrrily lrge numer of eletrons nd wellEde(ned quntum phse ϕF ell gs in g re desried y single wve funtion of the form Ψ = Ψ 0 e iϕ D whih does not ollpse to zero t its physil oundry ut displys n exponentil dey tht llows the gs to penetrte into the surrounding nonEg medium over ertin lengthF his ehviorD known s rolmEweissner or proximity e'etD is generi s it tkes ple regrdless of the prtiulr mteril of the nonEg medium @AD lthough its extension presents lrge di'erenes tht rnge from tomi distnes in insultorsD to severl hundreds of mirons in ertin metlsF sn ftD proximity e'et enles the exhnge of gs etween seprted g ojetsD hene mking possile to onvey superurrent ross the mteril in etween themD s desried y tosephson equtions for gEEg juntionsF he hrge trnsport t eh gE interfe is mirosopilly desried y endreev re)etions @esA tht inds together eletrons t the oundryD forming g tht trvels into the g nd sttering k holeElike exittion into F he e I proessesD responsile of the superurrents estlished in tosephson juntionsD entngle eletron nd hole sttes t the g oundries @for n insulting rrierA or t the seprting medium @for xEstte metlli rrierAD onstituting the soElled endreev ound sttes @efAF gonventionllyD ef re formlly desried s the onstrutive interferenes of the g wve funE tions of oth gs t the medium seprting themF he gEEg tosephson juntion n e regrded s pryEérot interferometer of gsD resulting in the formtion of disrete set of efD their numer nd intensity depending on the thikness of nd the trnspreny of the interfesF sn ontrst to stndrd tosephson juntionsD where the seprting mteril is n insultor or metlD rdilly di'erent ehviors pper when is repled y nnometri strutureD like quntum dot @hAF yn one hndD eletrostti e'etsD rising in suh strutures due to their smll sizeD result in the disretiztion of eletril hrgeD (xing the numer of eletrons in themF es eletril hrge nd quntum phse re onjugte vrilesD this ehvior onstitutes the opposite quntum limit thn tht one tken to desrie superondutivityF yn the other hndD the development of ef relies on the eletronEhole symmetry present oth in the hy of the gs nd D ondition tht is not neesE srily ful(lled y nnostrutures smll enough to disply nonEnegligile energy disretiztionD used y quntum on(nementF henD how does proximity e'et develop in these hyrid systems where di'erent kind of eletroni orreltions @stemming from goulom intertionsA is lredy presentc nder whih onditions do the ef form under the rupture of prtileEhole symmetryc he nswer lys in the reltive mgnitudes of the energy sles tht hrterize the systemD nmelyD the hrging energyD E U D the level spingD E δ D the g gpD ∆D nd the tunnel ouplings etween the h nd eh g eletrodeD γ L nd γ R F en extremely rih phenomenology rises from the omintion nd interply of suh diverse e'etsD whih hs een studied over the pst RH yers in distint experimentl oneptions of gEhEg juntionsF elthough these hrteristi energies my hnge gretly from one smple to nother @s severl kinds of h struturesD g mterils nd ontting tehniques n e employedAD the nture of the intertions giving rise to eletroni orreltions remins universlF vike thisD the hrteriztion of eletroni trnsport in gEhEg systems frited employing disE tint mterils or following di'erent smple on(gurtions hs llowed to grdully mp the evolution of ondution fetures nd properties t vrious energyEsle hierrhiesD unveiling how eletrostti nd proximity e'ets omines t mirosopi levelF irly experiments employed g leds to ontt metlli or g islnd with size of few hunE dred nnometersF uh mesosopi islnds re generlly too lrge to disply signi(nt energy disretiztionD ut smll enough for notle goulom repulsion to e presentD hrterized y E U F sn the sene of superondutivityD eletrostti intertions dominte the trnsportD restriting it to singleEprtile tunneling proesses nd giving riseD in equiliriumD to the emergene of disrete hrge sttes tht n impede the )ow of urrent even t (nite ising voltges @the soElled goulom lokde e'etAF sn the resulting ground stte @qAD the islnd ontins wellEde(ned numer of eletronsD whih (xes the fermioni prity of the system depending on its oupny @even or oddAF xowD when turning the eletrodes into g stteD proximiztion risesD typilly hrterized y the tosephson oupling sleD E J @tht depends on ∆ nd the tunnel resistnesAF hile eletrostti e'ets oppose to tunneling proesses involving more thn one prtile @t low energiesAD proximity e'et fvors the formtion of ef tht enle the trnsmission of gs through the devieD estlishE ing superurrent t zeroEisF he evident ntgonism etween these two phenomen de(ne two seprted trnsport regimesD nd the spei( ondution fetures of eh smple depends only on the prtiulr E U /E J rtioF his rtio n e modi(ed y hnging the islnd sizeD the g mterils emE ployed nd the trnspreny of the tunnel rriersD llowing to ess regime dominted y goulom lokde @E U /E J >> 1A or nother in whih the islnd is ompletely proximized @E U /E J << 1AF snterestinglyD theoretil preditions indited tht the proximity e'et present in juntions owning E U /E J ∼ 1 -10 rtio would strongly depend on the prity of the hrge stte onforming the q of the systemF reditions ould e orroorted y friting islnd juntions following trnsistor geometryD s to inlude gte eletrode tht llows to ontrol the islnd9s hemil potentilD µ Isl D vi its pitive ouplingD hnging the (lling numer of the islnd ndD thusD the q prity SWF he P swithing urrent emerging in superonduting singleEeletron trnsistors t suh intermedite regime showed periodi strutureD repeting every time the numer of eletrons in the islnd is hnged y either I or P @depending on the tempertureAD nd rnging from mximum vlue long the gte rnge orresponding to odd ouptions to minimum vlue long the gte rnge orresponding to even ones IPWD IQHD WF he interply etween eletrostti nd proximity e'ets ws shown to in)uene the formtion of the ef for di'erent vlues of µ Isl D generting gteEdependent tosephson superurrents tht emerge t sugp energiesD ypssing goulom lokdeF xovel trnsport fetures nd properties emerge if the nnoislnd is repled y hD owning hy tht onsists in disrete set of eletroni sttesD nlogous to moleulr oritlsF hese h oritls ply fundmentl role in determining the trnsport properties of the gEhEg juntionD sine the ef n only develop t spei( energiesF roximity e'et is no longer de(ned in terms of E J D ut ording to the spei( tunnel ouplings γ L nd γ R of eh h level to the g ledsF he lrge onEdot goulom repulsion nd level sping hieved y employing olloidl hs @like metlli nnoprtiles or moleules of few nnometers in dimeterAD together with the reltively wek ouplings tht usul ontting tehniques provideD ontriute to neling out higherEorder proessesD s well s proximity e'etF he resulting ondution is dominted y goulom lokdeD firly resemling mesurements for the norml stte of the leds ut displying distint fetures orresponding to the gpped qusiprtile hy hrteristi of gs ID QF sn ontrstD smll hrging energies nd level spingsD nd lrge ouplings n e otined in juntions ontting lrger h ojetsD like ron nnotues @gxsA or nnowires @xsAF sn these juntions the proximiztion of the nnostruture is promotedD enling for the estlishment of gteEdependent tosephson superurrents through the devie t zero is T @similrly to nnoislndEsed juntionsA nd lso t spei( energies due to multiple es through the h levels IID UD VF iven more intriguing ehviors rise in gEhE g juntions t intermedite oupling regimesD in whih uondo e'et lso omes into plyF his phenomenon mnifests exlusively t odd hrge sttesD originted y the ntiferromgneti exhnge intertion exerted etween the spin of the unpired eletron t the h nd the ondution eletrons t the ledsF he resulting spin orreltions rise in the norml stteD eing hrterized y the uondo energyD k B T K @whihD in turnD depends on µ QD D E U nd γAF hile promoting higher order e'etsD this intertion fvors n eletroni order distint from the g piring t the dot nd lolly t the ledsF e omplex ompetition is then estlished etween uondo e'et nd superondutivityD giving rise to two possile eletroni on(gurtions of di'erent ntureX mgneti @singletA or superonduting @douletAD whih n e dopted y the gEhEg system s its q nd exited stte @iAD depending on the governing phenomenonF sf they oth hve similr strengthD the i ppers t low energiesD lying within the g gp nd llowing for the trnsmission of gsD onstituting n ef of mgneti origin nd spei( properties lled uEhiEusinov @A stte IHF e quntum phse trnsition @AD where the q nd the i of the system undergo n inversionD n e experimentlly relized y sujeting the system to externl prmeters tht hnge the relevnt energy slesD for exmpleD with gte voltge SD IPD IQD IRD ISF urprising ehviors predited to emerge from this interplyD like the inversion of the superurrent diretion t the D hve een experimentlly oserved in pioneering experiments ITD IUD IVD IWD PHF igygy yp ErsfeEsxy ei he lol ompetition etween the g piring nd uondo orreltions originted y mgneti impurity @in other wordsD n oddlyEoupied hA hs een the sujet of intense reserh in the lst dedeF his interest stems from the predition of wjorn physis rising in proximized mesosopi strutures exhiiting spin texture vrying in speD s xs owning lrge spinEorit oupling PID or nnometri islnds integrted y mgneti moleulesGdtoms PPF peil ttention hs een given to juntions onsisting of h oupled to single g led in suh uondo regimeD s they onstitute the elementry rik of the more omplex wjorn systemsD nd their study n provide diret insight on the fundmentl properties rising from this interplyF ypposite to symmetrilly oupled gEhEg juntions @where simultneous orreltions extending Q etween the dot nd oth leds determine the trnsportAD lrge symmetry in the oupling n mke oth the uondo nd g orreltions to vnish t the wekly oupled ledD therefore ting s n spetrosopi proe tht n mesure the spetrl fetures of the orrelted gEh system t the other side of the juntionF sn this wyD the lol eletroni hy of gEh systems hve een mesured in severl experiments y implementing wekly oupled eletrode in gEhEg juntions sed on gxs PQD PRD PSD PTD xs PUD PVD PWD QH nd selfEssemled nnorystls QID s well s its dependene on µ QD for trnsistor geometryF en equivlent symmetri disposition n e hieved with snning tunneling mirosopes @wsA QPD IHD proving to e n exellent pltform for the study of this interply thnks to its sptil resolution QQ nd the possiility of tuning the ouplings of the system QRD QSF hi'erent phenomenologies hve een oserved in oth experimentl pprohes @solid stte devies nd wA due to the distint hierrhies of energy sles tht hrterize the prtiulr gEh systemF sn relevneD eletromigrtion juntions @iwtsAD whih provide vlid pltform for ontting smll hs @like moleules or nnoprtilesAD n lso e mde of g mterilsF he resulting gEhEg juntions otined y eletromigrtion re generlly hrterized y reltively lrge vlues of E U nd E δ @similrly to the moleules studied y wAD while inluding gte eletrode @s usul in mesosopi deviesAD onstituting ridge etween these two ommunitiesF re experimentl works showing physis mesured in eletromigrtion trnsistors n e found in the literture QWD QTD (rstly euse of the stohstiity of the ontting proedureD nd lso due to the experimentl di0ulties generlly involved when working with g mterilsX fst oxE idtion rtes nd redued mlleilities @detrimentl for the eletromigrtion proessAF hile these studies employed proximized gold iwtsD whih inevitly rodens the gEhyD spetrosopies meE sured in the stteEofEtheErt iwts developed t snstitut xéel reprodue the fg lineshpe fithfullyD with n rupt energy gp nd keen oherene peksD s they re entirely mde of luminum QUF por thisD ustomized (ltering systems hve een instlled long the eletril lines of our dilution ryoE geni setupsD llowing to perform eletromigrtion inEsitu t temperture of R u nd voiding the oxidtion of the pristine luminum onttsF he gEhEg juntions otined y employing metlli nnoprtiles disply mrked hierrhy of wellEseprted energy slesD suh tht E U E δ ∆F es the temperture is redued elow these hrteristi energiesD therml rodening is voidedD nd hyridiztion eomes the min limittion to the spetrosopi resolution QVF woreoverD the divergene of the gEhy t the oherene peks ontriutes to shrpening ondutne feturesD onstituting n idel system to perform preise eletroni spetrosopiesF huring my workD s hve eletromigrted severl hundreds of onstritionsD oserving the predominne of either extremely wek or intermedite oupling regimesF e few of these smples displyed su0iently lrge oupling symmetry to exhiit spetrumD eing proed t n exeptionlly high resolutionF he onE dution of these smples ws hrterized oth for the x nd g stte of the ledsD llowing for detiled nlysis of oth the uondo nd the resonnesD nd their evolution when sujeting the system to externl mgneti (elds @fA nd t di'erent temperturesF hile similr studies hve een previously done in gxEsed RH nd xEsed RID RP juntionsD previously unnotied displement of the gte positionD V QP T G D t low f (elds ws oserved in our experimentsF he fesiility of using externl f (elds s n experimentl kno llowing to trverse the hs lredy een reported in shErrnged deviesD tuning the g phse ross the gEhEg juntion RQF roweverD the g phse is un'eted in our system @in the sene of g loopAD nd the upturn delineted y V QP T G when inresing f is rther ttriuted to the interply etween the eemn splitting of the doulet stte nd the suppression of the g gp RRD onstituting novel ehvior tht demonstrtes the fesiility of tuning gEh system ross the with n externl f (eldF xsvi yiesyx yp ri gEhEg exsy sn seprte reserh lineD vst mount of experimentl tivity hs een devoted to oneive devies where the )ow of urrent n e ontrolled down to the single eletron levelF gommon to ll of them is the onept of on(ning eletrons individully in system tht n e operted with n eg R voltge signl osillting t high frequenyD f @typilly in the rdiofrequenyD pD regimeA idelly sustining 4singleEeletron turnstile4 urrent t preise vlue of ef F e gret vriety of mesosopi systems hve een engineered for performing suh hrge pumping experimentsD @metlli rrys of tunnel juntionsD PEdimensionl eletron gses nd wypi deviesAD some of them lrgely tested nd optimizedD rehing uries with devition smller thn 1.0 × 10 -6 RSF e dede goD it ws demonstrted tht g juntion ontting nnoislnd n lso e operted s singleEeletron pumpD y driving µ Isl with n p signl pplied to the gte eletrode RTD RUF uh system tkes dvntge of the gpped gEhy @tht suppresses resonnt tunneling of eletrons t low isAD whih is overome eletronEyEeletron when the osillting signl is turned onF purthermoreD our group hs demonstrted tht gEhEg trnsistors mde y eletromigrtion lso disply turnstile ehviorsD when operted in the sme wy RVF pollowing this diretionD the min tehnil spets of my workD in terms of smple frition nd dpttion of the mesurement setupD were devoted to improve the ury of hrge pumping experimentsF nfortuntelyD while turnstile ehviors were oserved in severl deviesD omplete hrteriztion ould never e done due to experimentl prolems of diverse hrterF roweverD summry of the working priniple nd severl turnstile experiments re presented t the end of this mnusriptD showing remrkle improvements in the frequeny rnge of opertion with respet to previous experimentsF yvsxi , Chapter 1X es the tunnel rriers etween the h nd the leds re ritrrily (xed during eletromigrtionD it is of prmount importne to understnd the min trnsport proesses tking ple t the di'erent oupling regimesD llowing to reognize nd lssify eh devieD nd perform n dequte nlysis for the extrtion of the physil prmetersF hereforeD we strt with n extended disussion summrizing the stte of the rt on eletroni trnsport in h juntions t di'erent oupling regimesD oth for the x nd the g stte of the ledsF , Chapter 2X he frition proedure of the eletromigrtion onstritionsD gted with wveguide eletrode designed to improve the frequeny rnge of the turnstile opertionD is desried in detilF en sttistil nlysis of eletromigrtionD s well s desription of the di'erent h deposition methods employed nd their optimiztion re lso provided hereF , Chapter 3X sn this hpterD we introdue our ryogeni trnsport setupsF hile the smples studied in the min text were mesured in ryostt f @owning oil for the pplition of externl fE(eldsAD we illustrte here the instlltion of p lines nd the inEsitu moleule evportor unit in ryostt e @employed for the hrge pumping experimentsAD together with the implementtion of homeEmde isEtee elements in the smpleEholders for oupling hg nd p signls t the gte eletrode of the smplesF , Chapter 4X his hpter ollets ll the mesurements performed with stti gte voltge @quired in ryostt fAF hile gEhEg trnsistors in wek oupling regime re rie)y disussedD the min fous of the hpter lys in the nlysis of the uondo nd spetr oserved in symmetrillyEoupled smplesF vening on the theoretil disussion given in hpter ID the extrtion of the energy sles from the mesurements is explined in detilD together with the hrteriztion nd nlysis of their fE(eld nd temperture dependeneF S 1 Electronic transport in quantum-dot junctions

The electronic transport of mesoscopic and nanometric devices combining dierent quantum phenomena strongly depends on the relative values of the typical energy scales characterizing them, becoming apparent if the temperature is low enough. Depending on the coupling, Coulomb Blockade and Kondo constitute the main eects determining the electronic transport processes in systems composed by a quantum dot contacted to bulk metallic electrodes through tunneling barriers.

Additional electronic correlations arise for the superconducting state of the contacting leads, greatly modifying the conduction features and properties of the quantum-dot junction. For relatively weak couplings, the large charging energy suppresses the tunneling of Cooper pairs, restricting the transport to single-electron processes and leading to a sequential current that replicates the lineshape of the quasiparticle density of states in the superconductors. For stronger couplings, two microscopic states of dierent nature arise locally at the quantum dot site, stemming from the competition between Kondo eect and superconductivity, reected in the conduction of the junction by the emergence of Yu-Shiba-Rusinov sub-gap states. 

F F F F F F F F F F F F F F F F F F F F F F F F F F F F 21 1.2.3 Higher-order transport processes F F F F F F F F F F F F F 26 1.2.
F F F F F F F F F F F F F F F F F F F F F F F F F F F 36 1.3.3 Emergence of Yu-Shiba-Rusinov states in the Kondo-coupling regime F F F F F F F F F F F F F F F F F F F F F F F F F F F 42
1.1 Introduction to electronic transport in quantum dots he ehvior of metls nd semiondutors hs een historilly desried from the perspetive of the permi liquid theoryD in whih the goulom intertions etween eletrons re negleted nd the ions integrting the solid re repled y periodi potentil tht mimis the rystlline lttie RWF elthough these pproximtions my result oversimpli(ed in spei( sesD the simpliity of the freeE eletron modelD nd its quntittive greement with mny experimentl resultsD mkes ommon its use to desrie the trnsport through mrosopi ondutorsD ording to yhm9s lwF roweverD when deresing the size of onduting elements down to the mirometerGnnometer sleD devitions from yhm9s lw strt pperingD s quntum e'ets @like energy disretiztionD exhnge intertionD qunE tum tunnelingFFFA strt emerging nd dominting the eletroni trnsportF e strt this setion with short reminder of the freeEeletron gs modelD generlly employed to desrie the ulk eletrodes nd ontting leds of nnodevies @IFIFIAF efter thtD we omment on generl modi(tions of this model tht re required to rodly explin how the trnsport of eletrons tkes ple in mesosopi devies @IFIFPAF henD we present the onept of quntum dotD explining the role tht goulom repulsion plys in devies ontting suh nnostrutureD nd enumerte the energy sles tht deE termine their trnsport fetures @IFIFQAF e (nish the setion y introduing the seondEquntiztion formlism ommonly employed to desrie the trnsport through tunnel juntions @IFIFRAF 1.1.1 The free-electron gas model o mesure the eletroni trnsport through extremely smll deviesD these re ommonly ontted y ulkElike metlli eletrodesGledsD lled reservoirsD whih re soldered to mrosopi wires onE neting the devie with the mesuring instrumentsF eservoirs re onsidered to e in thermodynmi equilirium nd well desried y the freeEeletron modelX eletrons ehve s prtiles tht propgte freely through the solid @known s qusiprtiles 1 or qusieletronsD referred to s eletrons long this mnusript for simpli(tion purposesA with ertin e'etive mss m * D nd wvefuntion in the form of plne wve modulted y floh funtionF he shpe of the unit ell restrits the vlues of llowed wve numers kD resulting in nd struture tht ssoites the eletron energies ED with the moment p = k imposed y the rystlline lttieF e eletroni density of sttes per unit energy nd volume @hyD represented here y DA n e derivedX

D(E) = 1 π 2 3 √ 2m * 3 E. @IFIFIA
rereD E F is the permi energyD nd the origin of energies is tken t the ottom of the ondution nd E B @pigF IFIAD de(ning the ondution9s hlfEndwidth s 1 Quasiparticles can be seen as electrons surrounded by a positively charged cloud.

W = E F -E B F he ouption E B D(E) E F 0 0.5 1 1.5 2 f(E,T) k B T = 0 E F k B T = 0.5 E F k B T = 1 E F k B T = 2 E F E B E F D(E) f(E,T) (a) (b) (c)
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1.1 Introduction to electronic transport in quantum dots proility of stte of ertin E is given y the permiEhir distriutionD whih ounts for the fermioni nture of eletronsD imposing uli9s prinipleD so tht two of these prtiles nnot oupy the sme stteD or equivlentlyD nnot hve the sme quntum numers @spin degenery is lredy inluded in iqF IFIFIAX

f (E) = 1 1 + e (E-E F )/k B T , @IFIFPA
where T is the temperture of the system nd k B is the foltzmnn9s onstntF he temperture dependene of f @depited in pigF IFIA implies tht the ground stte is only rehed t T = 0D while t T = 0 therml exittions n lift eletrons to energies ove E F D resulting in smering of the distriution on the order of k B T @pigF IFIAF sn this wyD the distriution on energies of the eletroni popultion is given y D(E) • f (E, T ) nd the totl numer of prtiles in the system n e otined y integrting the whole expression s

D(E) • f (E, T ) dEF
1.1.2 Electron connement in mesoscopic systems he eletril resistne of mrosopi ojets is determined y sttering events @typilly with rystlline defetsD phonons nd lolized impuritiesA tht hnge the mirosopi stte of the olliding eletronF he verge distne tht eletrons n trvel without ltering its quntum stte is lledD on the wholeD the men free pthF sn ftD di'erent men free pths n e de(ned ttending to the onservtion of ertin quntum property @energyD momentumD phseDFFFA s distint types of sttering my hnge only some of themF he overll resistne of mrosopi system is ditted y the men free pth over whih the eletron9s momentum is onservedD following yhm9s lwF wesosopi devies re eletroni iruits integrted y strutures of sizes smll enough @L 1000 nmA for eletrons to onserve their momentum when trversing themD where trnsport is llistiD nd yhm9s lw does not hold nymoreF untum on(nement e'ets my pper for further size redution inD t lestD one dimension @d = x, y, zAD trnsforming the eletrons9 wve funtions into sttionry wves long the on(ning diretionD with disretized wve numers nd energiesX

k d = n d π L d , @IFIFQA E d = ( k d ) 2 2m * = 2 π 2 2m * n 2 d L 2 d . @IFIFRA
with n d = 1, 2, ...F eordinglyD the hy eomes disretized t the on(ned dimensions into the onventionl prtileEinEEox energy levelsD while keeping ontinuous hrter long the other dimensionsF husD the energy dependene of the hy hnges with the system9s dimensionlity @eing no longer desried y iqF IFIFIAD lssifying nnosopi ojets s PhD Ih or HhD ording to the numer of nonEon(ning dimensionsF ih of these energy levels onstitute propgting mode or hnnel @generlly hrterized y momentum k nd spin σAD through whih eletrons n trverse the nnostrutureF iven for perfetly llisti systemsD energy modes show (nite resistne in tul experimentsD re)eting the (nite re)etion proility of eletrons t the ontt interfes due to the rupt potentil vrition generlly ppering etween the Qh metlli reservoir nd the nnostrutureF he hrteristi resistne of single mode is equl to h/2e 2 ≈ 12.9 kΩ @or 25.8 kΩD if we onsider nonEspinEdegenerted hnnelsA de(ning the quntum of resistneD or equivlentlyD the quntum of ondutne s 2e 2 /h ≈ 77.5 µF sn prtieD nnostrutures my ontin impurities or defets tht nels out perfet llistiityD nd re often ontted to the reservoirs y tunnel rriersF sn generlD these elements n redue the trnsmission of di'erent hnnelsD not neessrily y the sme quntityF he leverness of vnduer formultion resides in de(ning trnsmission mtrixD T D ounting for the di'erent trnsmissivity of eh hnnel @k, σAD expressing the totl ondutne of the devie s

G = 2e 2 h k,σ T k,σ . @IFIFSA W
1 Electronic transport in quantum-dot junctions he generlity of this formul llows to desrie the ondutne of twoEterminl nnodeviesD repling yhm9s lw in mesosopi nd quntum nnoeletronis @ rod overview on trnsport in mesosopi systems n e found in efF SHD while efF SI desries the derivtion nd pplition of vnduer9s formlism in detilAF 1.1.3 Relevant energy scales in quantum-dot devices e quntum dot @hA n e de(ned s struture le to umulte eletronsD eing so tiny tht the dditionGextrtion of single eletron fromGto it involves nonEnegligile energy ostD due its extremely smll pitneD thus llowing to ontrol the numer of eletrons in the nnostruture down to the single prtile levelF his e'etD explined in the frme of lssil eletrosttisD n e pprohed y (rst reminding the de(nition of pitneD C = Q/V D s the pility of regulr pitor to umulte n mount of hrgeD QD in eh of its pltesD y the estlishment of potentil di'ereneD V D etween themF st shll e notiedD s wellD tht ny dditionl hrge in piee of metl distriutes homogeneously over the whole surfe due to goulom repulsionF herefore the pitne of system depends on its geometry @shpe nd sizeAD nd on the dieletri medium surrounding itF es the previous pitne de(nition requires two eletrodesD single metlli ojet re rther hrterized y their selfEpitneF por exmpleD metlli sphere of rdius R suspended in vuum @owning dieletri permeility of ε 0 A is hrterized y selfEpitne of C self = 4πε 0 RF he eletrostti energy neessry to hrge it with Q is otined y integrting the following expressionX

E self C = Q 0 V dq = Q 0 q C self dq = Q 2 2C self = Q 2 8πε 0 R . @IFIFTA he inverse proportionlity etween E self C
nd R re)ets the ft tht lrger spheres hve igger surfes where Q n spredD requiring lower energy input for the sme mount of hrgeF snE deedD the eletrostti energy involved in hrging mrosopi metlli ojet with one eletron @Q = -e ≈ -1.6 × 10 -19 gA is so minusule tht singleEeletron hrging e'ets re impereptile nd uried within therml noiseD even t ryogenis temperturesF roweverD s the sphere size is reduedD E self C growsD rehing wellEdetetle vlues of out 0.3 e for sphere of R = 2.5 nmF xeverthelessD ontting h to ulk eletrodes @reservoirsA through tunnel juntionsD leds to the formtion of pitors etween the dot nd eh eletrodeF he energy 4per eletrode4 required for injetingGextrting single eletron from the h is lso lulted from the integrl in iqF IFIFTD ut repling C self y the totl pitne of the systemD CD equl to the summtion of ll pitorsX

E C = e 2 2C .
@IFIFUA sn this senseD de(ning h in terms of E C is sujetive nd suordinted to wht is onsidered nonEnegligile energyF sn ftD metlli nnoislnds of sizes rnging etween 100 -1000 nm lredy disply well mesurle hrging energyF ristorillyD the term of 4quntum dot4 ws oined within the (eld of mesosopi eletronisD to nme nnometri strutures whose hy is disretized into energy levels due to strong sptil on(nement SPF hile singleEeletron hrging e'ets hd lredy een hrterized nd well understood the ontinuous progress in nnofrition tehniques llowed to mde strutures eh time smller nd smllerD t some point rehing detetle energy disretiztionD initilly oserved in eletron droplets formed in twoEdimensionl eletron gses @PhiqAF hile nowdys it is possile to frite metlli nnoislnds displying mesurle disretiztion @of sizes ∼ 10 nmAD the sope of this term hs spredD lso rehing selfEssemled nnostrutures like semionduting nnowires @xsA nd ron nnotues @gxsAD metlli or semionduting nnoprtiles nd nnorystlsD or single moleulesF etullyD the reserh re studying the eletroni trnsport through suh tiny ojets hs ifurted from mesosopi eletronisD onforming new (eld lled quntum nnoeletronisF IH sn spite of the disprity of ll the previously mentioned experimentl on(gurtionsD the underlying physis governing the trnsport through hs re uniqueD nd the di'erent ondution fetures oE served in the distint pprohes n e linked to di'erent hierrhies of the energy sles present in eh h juntionF pollowing the historil progressionD we grdully introdue the energy sles hrterizing these systems down to our superondutingEquntum dot trnsistorsF txgsyx gyxegsxq wievvsg svexh he (rst reliztions of devies oserving the hrge disretiztion e'ets disussed ove were hieved y ontting metlli islnds ptterned y lithogrphy with reltively lrge typil sizes @L ∼ 0.1 -1 µmA nd ontining onsiderly high numer of eletrons @∼ 10 7 AF hile this size is smll enough to oserve singleEeletron hrging e'etsD energy levels ould not e resolved in these pioneering smples s the sping in energy disretiztion @iqF IFIFRAF he hrteristi sles determining the trnsport fetures in these smples re , The charging energy @E U AX is de(ned s the energy required to ddGremove n eletron from the hF elthough the expression in iqF IFIFU is ordinrily found in the litertureD works studying uondo e'et ommonly de(ne this quntity s E U = 2E C = e 2 /C @whih is the onvention dopted in this textAF , The thermal energy @k B T AX it estlishes the energeti distriution of eletrons oth in the h nd t the ontting eletrodesD whih is often tken s unique nd determined y the temperture of the smple through the permiEhir funtion @iqF IFIFPAF et this point it is worth to mention tht ertin h systems n exhiit poor eletronEphonon oupling deriving from its redued sizeD nd signi(nt di'erene my e displyed etween the temperture t the dot nd the reservoirs SQF , The tunnel couplings @γAX e ertin tunneling rteD ΓD is ssoited to the spei( tunnel rriers tht form the h juntionD de(ning the verge time etween tunneling events s 1/ΓD for the eletrons rossing the rrierF hile in experiments on nnoislnd juntions the tunneling rte is often relted with hrteristi tunnel resistne @see setion IFPFIAD hrteristi energy sle n e heuristilly ssoited to suh rte in h juntions from the sndetermintion priniple nd ounting for the mgnitude of the hyridiztion of energy levelsF his energyD referred to s the tunnel ouplingD is de(ned here s γ = Γ/2 @disussed in more detil in setion IFPFPAF he reltive vlues of these energy sles de(ne three di'erent regimes of opertionF pirst of llD the therml energy t room temperture @≈ 25 meA is usully muh lrger thn ny of the other energies requiring to ool down the smples @suh tht E U k B T A for oserving singleEeletron hrging e'etsF he juntions n e tegorized ording to the reltive vlue of γD s eing in wekEoupling regime @E U k B T γAD n intermedite oupling regime @E U γ k B T AD or strongEoupling regime @γ E U k B T AF he trnsport properties of the h juntion vry strongly from one regime to notherD giving rise to ompletely di'erent fetures for the reltive vlue of γ @generl overviews nd omprisons of the typil phenomenology oserved in eh of the three regimes is given in efsF SRD SSAF xote tht two di'erent oupling regimes my e present simultneously in the sme devieD s γ etween the h nd eh eletrode n e totlly di'erentD generlly depending on the frition proessF txgsyx gyxegsxq exw hy xowdys it is now possile to ontt strutures s tiny s moleules @L ∼ 1 nmAF yne onseE quene of suh size redution lies in the nturl inrese of E U D lifting up the opertion temperture t whih singleEeletron hrging e'ets n e oserved STD SUF wore interesting from fundE mentl perspetive is the disretiztion of the hEhyF he key length sle here is relted with the De Broglie wvelength @de(ned for the free eletrons of permi liquid s λ D = p/h = 2π/kAF II 1 Electronic transport in quantum-dot junctions es higher energy sttes present lrger degenertionD the men he froglie wvelength is generlly lose to the permi wvelength λ F = 2π/k F F gommonlyD well seprted levels n e resolved for hs displying typil size of L ∼ 10λ F D introduing n dditionl relevnt sle tht gives rises to spei( trnsport feturesX , The mean level-spacing @E δ AX etween eletroni spinEdegenerte energy levelsD whih n e estimtedD for metlli nnoprtilesD to e round 2π 2 2 mk F V D where m is the eletron mssD k F is the permi wvenumerD nd V is the prtile9s volume IF sn generlD suh levels re spinEdegenerted nd involve sptil proility distriution round nd inside the hD s tomi oritlsF etomiEsle irregulrities gin importne due to the redued size of tul hsD leding to ergodi nd nonEuniform distriutions of the oritl energies in eh prtiulr smpleD limiting the vlidity of the previous E δ expression for n orderEofEmgnitude estimtionF rfsh igyxhgsxqEexw hy txgsyx hen metl enters the superonduting @gA phseD eletrons ouple together into the soElled gooper pirs @gsA due to n ttrtive intertion medited y the phonons of the rystlline lttieF uh g piring orreltions re hrterized y , The superconducting energy @∆AX is the @negtiveA ound stte energy per eletron forming gooper pirD in turn onstituting the hlfEmplitude of the energy gp of foridden sttes opening round E F in the gEhy nd the modulus of the g orderEprmeterF hile superondutivity mnifests eqully in di'erent mterils presenting the g phse trnsitionD signi(nt di'erenes pper in the hrteristi vlue of ∆F es we employ luminum onttsD we restrit the disussion to onventionl @type sA superondutivityD in whih ∆ is onstnt prmeterF he introdution of g orreltions in the eletrodes of h juntion strongly modi(es its trnsport propertiesD s the hrge disretiztion imposed y goulom repulsion opposes to the simultneous tunneling of the two eletrons forming gD fvored y proximity e'etF 1.1.4 Electronic transport in tunnel junctions e generi tunnel juntion onsist of two ojets @metlliD in generlA seprted y n insulting rrier thin enough for displying su0iently high eletron tunneling proility to originte detetle urrentsF he nd struture of the ojets on oth sides of the rrierD lled I nd PD (xes the respetive eletroni momentD k nd qD nd hyD k nd q F uh system is usully desried with hmiltonin ounting for ll eletroni sttes t eh ojetD nd inluding tunneling termD H T D tht omprises ll possile tunneling proesses @one eletron oupying n initil stte in I ross the rrierD ending up in (nl stte t PAF his interting omponent is generlly expressed sX

H T = k,q τ k,q a † k c q + τ * k,q a k c † q , @IFIFVA
where a † k @c † q A nd a k @c q A represent the retion nd nnihiltion opertors in I @PAD nd τ k,q re the tunneling mplitudesD (xed y rrier properties @thiknessD work funtionD etA nd relted to the trnsmission mtrix elements of iqF IFIFSF rereD we ssume tht the proility of eh tunneling proessD T k,q ∝ τ k,q D is solely determined y the eletroni energies of the initil nd (nl sttes @or equivlently momentD k nd qAD dropping ny dependene on other quntum numers like the spinF ypposite to strutures diretly onneted y metlli linksD the employment of tunnel rriers s ontt method rries long drsti derese in the trnsmission proilityD leding to tunneling mplitudes T k,q 1D whih results in ondutnes G 2e 2 /hF husD H T n e onsidered s perturtionD llowing to lulte the proility of ertin tunneling event y pplying permi9s golden ruleX n eletron in I with energy k my tunnel into ny of ll possile empty sttes in P @of IP energies q q AF he totl rte for eletrons tunneling in this diretion is otined y extending the summtion over ll oupied sttes in IX

Γ 1→2 = 2π k,q |τ k,q | 2 a † k a k c † q c q δ( q -k ), @IFIFWA
he hir delt funtionD δ(x)D ppering in this expression restrits the lultion to proesses in whih the eletron9s energy is onservedD iFeFD elsti or (rstEorder tunnelingF iquivlentlyD it is possile to write down the expression for the rte in the opposite senseD Γ 2→1 D nd otin the net urrent )owing through the juntion from their di'ereneD relting it with the mplitudes τ k,q tht hrterize the prtiulr rrierF qenerllyD the lultion of tunneling rtes n e rther omplited tsk s it requires to ount oupied nd empty sttes in the ojets t oth sides of the rrierF roweverD n nlytil rte expression n e otined for spei( systemsD under ertin pproximtionsF ivesg xxivsxq sx e fvu xxiv txgsyx e onsider now system in whih tunnel rrier seprtes two ulk metlli ojets over whih ertin voltge di'erene V B is ppliedF hese ojets @lled soure S nd drin DA disply ontinuum hy @s de(ned in iqF IFIFIAD nd the respetive hmiltonins desriing their quntum sttes re

H S = k k a † k a k nd H D =
q q c † q c q F he tunneling intertion etween them is desried y dding the intertive term @in iqF IFIFVA to the totl hmiltonin of the systemX H = H S + H D + H T F sf ertin ising voltge V B is pplied to SD their eletrons will experiene n inrement in energy of mgnitude -eV B with respet to the permi level of D @tken s the origin of energiesAF he e'et of the voltge di'erene in the lultion of the tunneling rtes is inluded repling k y k -eV B in iqF IFIFWF o give n nlytil expression for the tunneling rtesD we shll express them on their integrl formF sn this formlismD the permiEhir distriutions in the eletrodes re

f ( k ) = a † k a k nd f ( q ) = c †
q c q @equl to eh other s we onsider oth eletrodes to e t the sme tempertureAF king into ount tht the summtions over quntum sttes n e onverted into integrl over the energy s k = D S ( k )d nd q = D D ( q )d D the trnsmission mtrix needs to e expressed s funtion of energy τ k,q = τ (E)F he resulting integrl is neled for the whole energy rngeD exept for the (lled sttes of the initil @donorA eletrodeD nd the empty sttes of the (nl @olletorA eletrodeD whih lie inside the is windowF por solving the resulting integrlD the energy dependene of the trnsmission funtion is often tken s onstnt τ (E) ≈ τ D ttriuting equl tunneling proilities to eletrons with di'erent energiesF edditionlly the slow energyEvrition ∼ √ E llows to pproximte the hy y their vlues t the permi energyX D S,D (E) = D S,D (0)D s long s the voltge pplied is smll ompred with the ndwidth of the leds @V B W = E F -E B AF grrying out these pproximtions 2 D nlytil expressions re otined for oth rtesX

Γ S→D (V B ) = 2π |τ (E)| 2 D S (E -eV B )D D (E)f (E -eV B )[1 -f (E)]dE ≈ 2π|τ | 2 D S (0)D D (0) f S (E -eV B )[1 -f D (E)]dE ≈ V B eR T 1 1 -e -eV B /k B T , @IFIFIHA Γ D→S (V B ) = 2π |τ (E)| 2 D S (E -eV B )D D (E)f (E)[1 -f (E -eV B )]dE ≈ -V B eR T 1 1 -e eV B /k B T , @IFIFIIA 2 By using the identity ∞ -∞ f (x)(1 -f (x + a))dx = ∞ -∞ f (x -a)(1 -f (x))dx = a/(1 -e -a/k B T ) [58]
IQ 1 Electronic transport in quantum-dot junctions de(ning the tunnel resistne of the rrier s R T = /2πe 2 |τ | 2 D S (0)D D (0)F he net urrent )owing through the system is determined from the di'erene of oth tunneling rtes multiplied y the hrge involved in eh trnsfer proess @-eAD tking the usul onvention of eletrons )owing from D to S s the positive sense of tunneling @equivlent to onsider the urrent )owing from S to D s positiveAX

I bulk (V B ) = -e(Γ D→S -Γ S→D ) = V B R T 1 1 -e eV B /k B T + 1 1 -e -eV B /k B T , @IFIFIPA
where it n e oserved tht n ohmi liner dependeneD s I bulk = V B /R T D is rehed in the high is limit @|eV B | k B T AD identifying the integrl oe0ients with the hrteristi tunneling resistneD R T D of the juntionF es explined lterD the nnoislnd juntion is regrded s two tunnel juntions onEseriesD where the di'erenes etween the islnd9s nd the leds9 hemil potentils re expressed in terms of the pitive ouplings of the systemF he tunneling rtes re lulted in terms of these di'erenesD llowing to give nlytil expressions for the sequentil urrentF 1.2 Quantum dot junctions in the normal state sn the lte VH9sD Fulton and Doland SW were exploring the ondution of smll metlli islnd ptE terned y lithogrphyD employing the spontneous oxidtion of the struture surfe to form tunneling rriersD ontting it to the reservoir eletrodes y overlpping them with the islnd using shdowE ngle evportion tehnique @pigF IFPAF he smll size of the islnd @800 × 50 nm 2 A llowed them to oserve urrent suppression in hrteristi sE urvesD opening goulom gp round zeroEV B s onsequene of goulom repulsion t the islndF he inlusion of third pitivelyEoupled ut not tunnelEoupled led @ting s gte eletrodeA ould e used to show the modultion of the goulomEgp extension nd ess di'erent singleEeletron hrging sttesD oining the nme of 4pultonEholn eletrometer4D populrized lter s the 4singleEeletron trnsistor4 @iAF sn rdilly di'erent ut simultneous reserh lineD the oservtion of periodi ondutne )ututions rising spordilly in PhiqEsed nrrowEhnnel trnsistors leded the group of Kastner et al to modi(ed the trnsistor lithogrphi pttern to further investigte this phenomenon TQF fy inluding onstriE tions long the nrrowEhnnel @pigF IFPAD rti(illy reted tunnel rriers indue the formtion of n eletron droplet t the enter of the hnnelD e'etively ting s nnoislndD nd llowing them to link the ondutne )ututions with singleEeletron hrging e'ets THF he gret verstility of suh PhiqEsed smplesD in whih ustomized designs of lithogrphilly ptterned eletrodes mke possile to de(ne eletron droplets with n ritrry shpeD size nd positionD resulted in rpid followEup of this experimentF xovel eletrode rrngements were implemented shortly fterD for exmple inluding gte eletrode to ontrol independently the tunnel rriers nd the islnd9s hemil potentil TID s well s more omplex devies involving singleEeletron trnsfers etween onEseries hs llowingD for exmpleD to generte turnstile urrent TP @see pigF IFPAF ell these smples involved islndGdroplet strutures of size ∼ 1 µmD smll enough to disply ler signtures of singleEeletron hrging e'ets for wek tunnel oupling to the eletrodesF roweverD the size of these islndElike dots ws still too lrge to hieve signi(nt energy disretiztionD nd the oserved hy ws essentilly ontinuousF eordinglyD we egin this setion y presenting the yrthodox model @lso lled gonstnt sntertion modelA desriing the goulom lokde e'et nd tunneling urrent for n islnd in i @gtedA on(gurtion @IFPFIAD employed to extrt vrious smple prmeters from our mesurementsF henD we enter our ttention on disreteEspetrum h juntionsD explining the onsequenes of energy disretiztion in the model nd relting the urrent with the tunnel oupling slesD γ @IFPFPAF he stohsti nture of the eletromigrtion tehnique used to frite our h trnsistors impede us to prede(neGtune the tunnel rriers @rndomly (xing the vlues of γAF es the min fous of this thesis lies on the hrteriztion of smples displying strong oupling symmetry @rehing intermediteGstrong oupling regimes on one sideAD we (nish this setion giving rief overview on higherEorder proesses @IFPFQAD fousing on the uondo e'et nd its phenomenology in h juntions @IFPFRAF 1.2.1 Single-electron transistor: the weak-coupling regime sn the wekEoupling regime @E U k B T γAD eletroni trnsport in juntions ontting nnoisE lnd is governed y the goulom repulsion etween eletrons t the entrl eletrodeD whih give rise to singleEeletron hrging e'etsF his is the opertion regime of the stndrd singleEeletron trnsisE tor @iAD in whih the numer of eletrons in the islnd n e ontrolled y mens of its pitive oupling to the gte eletrodeF he pplition of di'erent voltges to the gte llows to lok or permit the eletril ondution through the nnostruture for ertin ising voltgeD swithing the devie on nd o'D similrly to (eldEe'et trnsistors @piAF roweverD the di'erent physil origin tht drives eletroni trnsport in these two types of trnsistor results in distint ehviors tht seprte themX the pperne of gteEmodulted periodi osilltions @goulom osilltionsAD the stirse spet of the hrteristi IEV B urve nd the estlishment of n eletronEyEeletron onEstte urrent onstitute the typil ehviors tht hrterizes the iD ll enompssed in the soElled goulom lokde e'etF his e'et hs een studied in detil over the pst dedesD long with the development of the yrthodox theoryD whih ounts for the goulom intertion of eletrons in the islnd y imposing hrging energy of onstnt vlue tht needs to e pyed for tunneling events to tke pleF hile the origins of this model dtes k to the UH9s TRD multiple expnsions hve een implementedD for exmpleD y Averin and Likharev TSD who ssoited the goulom flokde e'et initilly oserved in grnulted medi with the singleEeletron tunneling proesses ppering nnoislnd tunnel juntionsD lter inluding the e'et of gte eletrode TTF gyvywf fvyguehi ippig sx e sxqviEivigyx exsy he equivlent iruit onsidered within this yrthodox piture simpli(es the juntion strutureD onsidering tht the tunnel rriers onneting the nnoislnd to the leds @soureD SD nd drinD DAD re hrterized y pitnes @C S nd C D A nd tunnel ouplings @γ S nd γ D A of onstnt vluesF sn the i on(gurtionD gte eletrode @GA is lso present in the devieD eing lose enough to the islnd to e pitively oupled to it @C G AD ut su0iently fr to neglet ny tunneling proesses etween them @pigF IFQAF sn suh systemD C = C S + C D + C G is the totl pitne of the islndD determining its hrging energyF e strt y onsidering the equilirium situtionD in whih oth eletrodes S nd D re onneted to the sme eletril potentil @groundAD so tht their hemil potentils re lnedD µ S = µ D F sn n initil trnsitory stteD tunneling proesses tke ple until the islnd9s hemil potentil is lso lned with those of the eletrodesD (xing its equilirium hrge t Q = -eN D expressed s n integer numer of eletronsF roweverD s the islnd hve signi(nt hrging energyD tunneling eletrons my not e le to ompletely ompenste its hemil potentilD nd n ritrryD smpleE dependent o'set my pper in its eletrostti potentilF his o'set n e represented y n IS hrgeEo'set onstnt equl to eN oset D neessrily eing frtionl numer @smller thn the hrge of one eletronD so tht 0 < |Q oset | = eN oset < eAF he resulting eletrostti potentil of the islnd t equilirium is the written s

V eq Isl = Q C + Q oset C = -eN C + -eN oset C , @IFPFIQA
elthough suh o'set is systemtilly present in tul smplesD it n e ompensted y the pplition of ertin gte voltgeD nd therefore this term is generlly negleted in the theoretil model @tking Q oset = 0 for the rest of the desriptionAF fy pplying (nite voltges to SD D nd G @V S D V D nd V G respetivelyA the islnd9s eletrostti potentil is in)uened vi its pitive ouplings y n mount

V ext = (C S V S + C D V D + C G V G )/CF
he islnd9s eletrostti potentil is then otined from the ddition of the equilirium omponent plus the externlly indued oneX

V Isl (V ext ) = V eq Isl + V ext = Q + Q ext C = -e C (N + N ext ).
@IFPFIRA de(ning the externlly indued hrge s

Q ext = -eN ext = C S V S + C D V D + C G V G F
es the totl hrge on the islndD Q + Q ext D depends on the externl voltges ppliedD it eomes possile to hnge the numer of eletrons loked in it y pplying su0iently high voltgesF o understnd how the numer of eletrons in the islnd hngesD it is neessry to lulte the eletrostti energy of the systemX

U T (N, V ext ) = Q,Vext q=0,v=0 (V Isl dq + qdv) = (eN ) 2 2C -eN V ext = (Q -Q ext ) 2 2C - Q 2 ext 2C = Q 2 e 2C - Q 2 ext 2C . @IFPFISA
where the origin of energies is de(ned for on(gurtion of zero dditionl eletrons in the islndD so tht U T (N = 0) = 0D nd we hve de(ned the e'etive hrge in the islnd s Q e = -eN e = Q-Q ext F hespite the ft tht Q e n e vried ontinuously with the externl voltges ppliedD the tul numer of eletrons in the islnd N n only dopt integer vluesD s individul eletrons nnot prtilly tunnel into the islndF his e'et puts in evidene the grnulr nture of the eletril hrgeD deriving from the strong loliztion tht n eletron su'ers when tunneling into the islnd @ollpsing its wve funtion in speAF hi'erently from the lssil exmple of freeEeletron olliding with potentil rrier whih divides its wveEfuntion into trnsmitted nd re)eted prts @resulting from the ondultory nture of the eletron t oth sides of the rrierAD the loliztion e'et of the smll islnd imposes the totl trnsmission or re)etion of the eletronF IT 1.2 Quantum dot junctions in the normal state In equilibrium, the system is found in the lowest available energy state (red line).

N = -2 N = -1 N = 0 N = 1 N = 2 -2 -1 0 1 2 V ext (e/C) -2 -1.5 -1 -0.5 0 0.5 U T (e 2 /C) N = -1 N = 0 N = 1 -1 0 1 Q ext (e)
o infer t whih vlues of V ext D the indued Q e is lrge enough for the numer of eletrons in the islnd to tully hngeD it is neessry to lulte s well the eletrostti energies for di'erent numer of eletrons loked t the islnd in equilirium @V ext = 0AF his n e done y simple sustitution of N y ..., N -1, N + 1, ... in the generi formul @iqF IFPFISAD otining the vlues of ..., U T (N -1, 0), U T (N + 1, 0), ...F eordinglyD when V ext is su0iently high for the eletrostti energy of given N to eome equl to the equilirium energy of susequent on(gurtion @U T (N, V ext ) = U T (N -1, 0) or U T (N, V ext ) = U T (N + 1, 0)A the hrge in the islnd hnges y one eletronF his n e oserved y representing U T s funtion of V ext D whih leds to set of stright lines @one for eh vlue of N A of di'erent slope @pigF IFRAF es the system lwys tends to e in the lowestEenergy stte ville @red lineAD it n e oserved tht N remins onstnt over ertin rnge of V ext D resulting in the genertion of hrging sttesD rising s onsequene of the grnulr nture of eletril hrgeF sntersetions etween di'erent hrge sttes hppen t regulr inreses of ∆V ext = e/CD signling the preise points where the system is degenerted in etween two hrge sttes @degenery pointsAF hen rossing through degenery pointD the hrge stte of the system hnges y one eletronF he energy inrement tht the system requires to hnge its hrge stte is found to e ∆U T = e 2 /C @not ppering t the stte N = 0D sine it hs een tken s the energies originAF st is interesting to notie thtD when expressing iqF IFR in terms of Q ext insted of V ext D the eletrostti energies orresponding to the pitor pltes of the islnd @U Isl A nd t the leds @U l A deouplesD otiningX

U Isl = Q 2 e 2C = (Q -Q ext ) 2 2C nd U l = Q 2 ext 2C . @IFPFITA
fy representing U Isl s funtion of Q ext D set of prols ppers for the di'erent hrge sttes @pigF IFRAF imilrlyD intersetions signl the points t whih the hrging stte of the system hngesD ppering t hlfEinteger vlues of N ext = e(..., -1.5, -0.5, 0.5, 1.5, ...)F ih of these hrge sttes n then e ssoited with ertin hemil potentilD de(ned in lssil thermodynmis s the mount of energy per prtileD lulted from its totl internl energy nd numer of prtilesF hereforeD the hemil potentil in our hEjuntion system is equl to the vrition of the totl eletrostti energy indued y the ddition of one eletron to the islndX

µ Isl (N ) = U T (N ) -U T (N -1) = e 2 C N - 1 2 -eV ext . @IFPFIUA
elthough this hemil potentil is de(ned for the whole devie @employing the totl eletrostti energy of the systemD U T AD it is ommonly ttriuted to the islndD s it depends for the numer of eletrons N loked in itF he energy required to hnge the islnd9s hrge y one eletron @hrging energyA n e extrted s the di'erene of the islnd9s hemil potentils for onseutive hrge sttesX

E U = µ Isl (N ) -µ Isl (N -1) = e 2 C , @IFPFIVA
onstnt for ny onseutive hrge sttes onsideredF ghrge sttes re generlly depited s set of grdes @..., N -1, N, N + 1, ...A in the energy digrm of the juntion @pigF IFQAF por the estlishment of nonEzero net urrent through the islndD on(gurtionD in whih t lest two hrge sttes re essileD needs to e rehed @y ting in the externl voltges tht de(ne V ext AF sndividul eletrons trverse the devie onseutivelyD onstituting suEpoissonin )ow tht gives rise to telegrphi proess known s sequentil or resonnt tunnelingF he eletroni trnsport through the juntion is then orrelted with the numer of eletrons in the islndD the origin of suh eletroni orreltions eing the goulom repulsion TUF sn this wyD goulom flokde llows to ontrol the urrent down to the singleEprtile levelD generting oneEyEone eletron stremD where the system osilltes etween two onseutive hrge sttesF iixsev gix sx e sxqviEivigyx exsy he hemil potentils di'erenes in the nnoislnd juntion hve to e de(ned for lulting the tunneling rtesD llowing to derive the totl net urrent )owing through the system when ertin ising voltge is ppliedF hespite the symmetri ising ondition generlly onsidered in theoretil worksD it is more ommonD in experimentsD to pply the totl ising voltgeD V B to the soure eletrodeD SD @identifying V S = V B AD while keeping the drin eletrodeD DD groundedD s it is onneted to n mmeter @so tht V D = 0AF he energies origin is tken t µ D = 0 for onvenieneD while the ising voltge results in n oppositeEsign imlne t the soure hemil potentilD µ S = -eV B F reneD the externllyEindued voltge is redued to V ext = (C S V B + C G V G )/CD llowing to rewrite the expression for the hemil potentil of the islnd ontining N eletrons t equilirium sX

µ Isl (N, V B , V G ) = e 2 C N - 1 2 -e C S C V B -e C G C V G = = -eα B V B -eα G (V G + V N G ), @IFPFIWA
where the gte vlue of the degenery point etween the hrging sttes N -1 nd N is de(ned s V N G = (-e/C G )(N -1/2)F he nonEdimensionl onstnts α B = C S /C @sometimes represented y η in the litertureAD nd α G = C G /CD onstitute the is nd gte oupling prmeters @lso known s lever rmsAD estlishing the liner dependene of µ Isl (V G , V B ) on the externl voltgesF por lulting the net sequentil urrentD the system is split into two seprte juntions @etween the islnd nd eh ledD S nd DAD hrterized y independent tunneling rtesD Γ S nd Γ D F hese rtes n e otined y pplying permi9s golden ruleD onsidering the hemil potentil di'erene t the orresponding juntion @s indited in setion IFIFRAF sn sitution where the equilirium hrge stte of the islnd is N D nd externl voltges re pplied to the devie in rnges suh tht

-E U ≤ eα B V B ≤ E U nd -E U ≤ eα G V G ≤ E U D
only three hrging sttes @N -1, N nd N + 1A re possileF por N eletrons eing initilly in the islndD nd tunnel event moving one eletron IV 1.2 Quantum dot junctions in the normal state inGout of the islnd fromGto the led l = S, DD the hemil potentil di'erenes re TTD TVX

           ∆E in S (N ) = µ Isl (N + 1) -(-eV B ) = (e 2 /C)(N + 1/2) -eα G V G + (1 -α B )eV B , ∆E out S (N ) = µ Isl (N ) -(-eV B ) = (e 2 /C)(N -1/2) -eα G V G + (1 -α B )eV B , ∆E in D (N ) = µ Isl (N + 1) = (e 2 /C)(N + 1/2) -eα G V G -eα B V B , ∆E out D (N ) = µ Isl (N ) = (e 2 /C)(N -1/2) -eα G V G -eα B V B .
@IFPFPHA @IFPFPHA @IFPFPHA @IFPFPHdA he hemil potentil di'erenes in the proesses ringing the islnd from N -1 nd N + 1 sttes k to N @∆E in S (N -1)D∆E in D (N -1) nd ∆E out S (N + 1)D∆E out D (N + 1)A n e equivlently derivedF fy plugging these energy di'erenes into permi9s qolden rule IFIFW the respetive tunneling rtes n e otinedX

Γ N S(D)→Isl = 1 e 2 R T S(D)-Isl f S(D) (E -eV S(D) )[1 -f Isl (E + ∆E in S(D) (N ))]dE, @IFPFPIA Γ N Isl→S(D) = 1 e 2 R T S(D)-Isl f Isl (E + ∆E out S(D) (N ))[1 -f S(D) (E -eV S(D) )]dE.
@IFPFPPA e kineti expression sed on the mster eqution n e written in terms of the tunneling rtes TWF he evolution rte of P N @the proility of (nding the system in the hrge stte N A is de(ned s the di'erene etween the proility of proesses driving the system from N -1 or N + 1 sttes k into N minus the proility of proesses driving the system from N into N -1 or N + 1D ll of them eing multiplied y the orresponding rteX

dP N dt = P N -1 (t) l=S,D Γ N -1 l→Isl + P N +1 (t) l=S,D Γ N +1 Isl→l -P N (t) l=S,D Γ N Isl→l + Γ N l→Isl .
@IFPFPQA e losed system of detiled lned equtions is formed y lso onsidering the orresponding expressions for the time evolution of P N -1 nd P N +1 F es V B is kept smllD suessive hrging sttes @P N -2 D P N +2 A re negletedF sf the voltges pplied to the i re kept onstnt @sttionry seAD the proility P n of ll onsidered hrge sttes @n = N -1, N, N + 1A is onstntD nd their time evolution @iqF IFPFPQA is equl to zeroF fy pplying normliztion ondition @ n P n = 1AD the system n e solvedD nd the urrent )owing through the devie n e lulted for di'erent V B nd V G vluesF he resulting mp shows goulom loked regionsD nd onEstte res where (nite urrent is enled y doule hrgingEstte degenery @either etween N -1 N D or N N + 1AD rehing triple hrging stte degenery @N -1 N N + 1A only t the highest vlues of the V B rnge onsideredF sn suh sttionry situtionD the expression for the urrent n e written in terms of the totl tunneling rtes sX

I Isl (V B , V G ) = -e(Γ T D→Isl + Γ T Isl→S -Γ T S→Isl -Γ T Isl→D ), @IFPFPRA
where Γ T l→Isl = n Γ n l→Isl for n = N -1, N, N + 1D equivlently de(ned for the opposite tunneling diretion @Isl → lAF he dependene on V B nd V G is inluded in the ∆E in/out l prmetersD llowing to mp the urrent over these vrile voltgesF he urrent mp onstitutes n stility digrm of the iD where regions with (xed hrge stte @loking the urrentA interlte with ondution regions where hrge sttes re degenerted nd (nite net urrent is estlished y sequentil tunE nelingF he hrteristi dimondElike struture emerges s onsequene of the liner dependene of µ Isl (V G , V B )F he mgnitude of the sequentil urrent is determined y the tunneling resistnes R T S(D)-Isl = /2πe 2 |τ S(D) | 2 D S(D) (0)D Isl (0) of oth rriersF elthough mny trnsport hnnels re generlly involved due to the ontinuous hy of the islndD the low trnsmission used y the redued tunnel proility leds to resistnes generlly muh higher thn the spinEdegenerted qunE tum of resistne @R T S(D)-Isl h/2e 2 AD setting the wekEoupling regime onditionD neessry for the ler oservtion of individul hrge sttesF efsvs hseqew yp ri sxqviEivigyx exsy he stility digrm of stndrd i devies n e reonstruted from the mesurement of its V B EV G mp of urrent @pigF IFSAX white dimonds t low V B represent the goulom lokded regions where (x numer of eletrons in the islnd impedes the urrent )ow @pigF IFSAD the red nd lue dimonds depit ondution regions of positive nd negtive urrent respetivelyF eriodi goulom osilltions pper when sweeping the V G ross severl degenery points

V N -1 G , V N G , V N +1 G
,FFF @pigF IFSAF he hrteristi I -V B urves t onstnt V G show zeroEurrent rnge round zeroE V B D known s goulom gpD until the edge of the dimond is rehed @pigF IFS nd dAF snside the dimondsD the urrent shows liner ohmi dependene on V B determined y R T S(D)-Isl D with stepwise inrements eh time n dditionl hrge degenery @signled y drker dimondsA is essedD lying inside the V B EwindowF he pitnes of i devie n e extrted from the mesurement of suh urrent mp UHD UIF hile the vlue of E U determines the dimonds hlfEextension in isD the positive nd negtive dimond slopesD β + nd β -D orresponds to the lignment of µ Isl with the E F of the trnsport ledsY µ S = -eV B nd µ D = 0F fy imposing µ Isl = µ S nd µ Isl = µ D in iqF IFPFIWD liner reltions etween V B nd V G delineting the dimond edges re otinedF hile the independent term in the resulting formuls ounts for the gte positions of the degenery points positions @

V N -1 G , V N G , V N +1 G
,FFFAD the proportionlity ftors etween V B nd V G represent the slopes of the dimond edgesD whih depend on the hrteristi pitnes of the system sX

β + = C G C D + C G @for µ Isl = -eV B A nd β -= C G C S @for µ Isl = 0A, @IFPFPSA
he gte oupling prmeterD α G D de(ned in iqF IFPFIWD reltes vritions in the gte voltgeD ∆V G D with shifts in the islnd9s hemil potentilD sine ∆µ Isl = α G ∆V G F rving determined E U D the α G prmeter n e extrted from the gteEwidth of the dimond @the seprtion etween neighoring degenery points is equl to E U /eα G AF xotlyD the lrge vlues of E U present in our h trnsistors preluded us oth from rehing two onseutive degenery points within the whole experimentlly essile V G rngeD s well s the oservtion of the dimond extension in is sine the pplition of lrge vlues of V B n esily destroy the juntionsF gonsequentlyD omplete piture of whole dimond ould not e otinedD impeding the diret determintion of E U F xeverthelessD the gte oupling α G nd the pitive oupling symmetry of S nd D ould e extrted from the extrted slopes sX PH 1.2 Quantum dot junctions in the normal state he hrge disretiztion phenomen oserved in i devies ontting islndElike hs @onE tining mny eletrons nd ontinuous hyA is well desried y the goulom lokde e'et s explined from the yrthodox theory perspetiveF ome modi(tions need to e introduedD howeverD when onsidering hs owning disrete energy levelsF 1.2.2 Quantum-dot transistor: transport through discrete energy levels por oserving signi(nt energy disretiztion in the hEhyD sizes omprle to the permi wvelength of the mteril they re mde of need to e rehedF sn semionduting heterostruturesD the permi wvelengthD λ F D n e s lrge s few tens of nnometersD filitting the emergene of disrete energy levels for reltively lrge eletron droplets de(ned in Phiq system @lredy for sizes round IHH nm UPAF yn the ontrryD λ F ∼ 0.1 nm in most metlsD requiring to redue the dot9s size down to few nnometers t muhF pei( frition tehniquesD like eletromigrtionD hve een developed in the lst dedesD llowing to ontt individul hs of suh redued sizeD like metlli nnoprtiles or moleulesF he resulting energy levels re spinEdegenerted nd involve sptil proility distriution round nd inside the hD in the sme wy s tomi oritlsD eing possile to ddress them individully if their sping is lrge enoughF gyvywf fvyguehi sx e exwEhy exsy he desription of the goulom flokde e'et in h trnsistors requires slight modi(tions of the equtions presented previously to ount for the energies of the oritls in the dotF sn ftD rther thn spinEdegenerted oritls tht n tke more thn one eletronD the forml desription is done y onsidering nonEspinEdegenerte singleEprtile levels E n D s the hrge disretiztion imposed y goulom flokde merges together with the disrete oritls in the hEhyF he totl eletrostti energy of the system is written sX

C D C S = β - β + 1 -β + nd α G = β + β - β + + β -. @IFPFPTA
U QD (N ) = U T (N ) + N n=1 E n = e 2 2C (N -N ext ) 2 - (eN ext ) 2 2C + N n=1 E n . @IFPFPUA
nd the hemil potentil is lulted in the sme wy s previously doneD

µ QD (N, V B , V G ) = e 2 C N - 1 2 + E N -e C S C V B -e C G C V G = = -eα B V B -eα G (V G + V N G ), @IFPFPVA
the degenery point eing loted t V N G = (-e/C G )(N -1/2) -E N /eα G F he energy required to dd n eletron to the h now depends on the seprtion etween onseutive levelsX

E add (N ) = µ QD (N ) -µ QD (N -1) = e 2 C + E N -E N -1 = E U + E δ (N ), @IFPFPWA
elthough the eletrostti desription is similr to the nnoislnd seD the essentil disprity eE tween their ontinuous hy nd the disreteEspetrum of hs led to fundmentl di'erenes pE pering in the trnsport fetures nd properties of oth kinds of deviesF yn one hndD the energy levels t ondution ollpse the wve funtion of tunneling eletrons into the orresponding qunE tum stte t the dotF yn the other hndD the drsti redution of internl sttering proesses in the h (xes its eletroni distriution mong the levels t su0iently low temperturesD restritE ing their vilility for ontriuting to the sequentil urrentF hile suh trnsport properties re disussed lterD here we fous on the resulting modi(tions tht they use in the trnsport mps of h trnsistors with respet to nnoislnd isF pirstlyD the N Edependene of the level spingD

E δ (N ) = E N -E N -1 D origintes nonEuniform seprtions etween onseutive degenery pointsD s eα G (V N -1 G -V N G ) = E U + E δ (N )
UQ @ppreile in pigF IFTAF sn ftD the spinEdegenery of the tul oritls in hs vnishes the spingD E δ (N ) = 0D typilly for odd (lling ftorsD N F eondlyD the urrent inside onEstte regions eomes ompletely stirseEshpedD showing dditionl lines runE ning prllel to the dimond edges s susequent oritls enter the V B Ewindow @typilly displyed y devies ontting metlli nnoprtilesD pigF IFTAF vike thisD the E δ vlues of susequent oritls n e extrted either from the is voltge t the intersetion etween the orresponding line nd the dimond edgeD or from the seprtion etween onseutive degenery pointsF irtionl modes of the hD more ommonly oserved in moleulr deviesD n lso promote the dot9s ondution when the pplied V B orresponds to their exittion energy of resonneD ppering lso s lines running prllel to the dimond edges URD US @pigF IFTAF sn loser view of the phenomenology exhiited y these nnometerEsle isD the smller size of the entrl eletrode generlly rries long higher sensitivity to prmeters tken s onstnt in the yrthodox theoryF por exmpleD the hrging energy sle E U my su'er signi(nt inreses s more nd more eletrons re loded in the dot UUF smportnt di'erenes n lso pper in the pitive nd tunnel ouplings to the leds of di'erent energy levels elonging to the sme h UVD UWF sn dditionD s the leds generlly present size muh igger thn the dot itselfD they n indue sreening of the V G Egenerted eletril (eldD leding to nonEliner dependene of µ QD (V G )D iFeFD n e'etive vrition of α G (V G )F roweverD the hrteriztion nlysis in ll kinds of h trnsistors is generlly (rstEpprohed from the perspetive of the yrthodox theoryD s the mgnitude of these devitions is generlly smpleEdependent nd needs to e nlyzed for eh prtiulr se VHF iixsev xxivsxq sx e exwEhy exsy he overlpping of hrge nd energy disretiztion @respetively used y goulom lokde nd quntum on(nementAD requires to meet onditions onerning oth spings slesD E U nd E δ D for tivting the dot9s ondution TTD SVF e restrit the disussion to the typil regime of our smplesX E U E δ D in whih few levels n ontriute to the dot9s ondution t single hrge stte VIF he desription of the resulting sequentil tunneling is pprohed similrly to the nnoislnd seD y onsidering three ville hrging sttes @N -1, N, N + 1A in given V G rngeD nd trnsitions etween them re used y (rstEorder tunneling proesses supported y the singleEprtile energy levels lying in the V B rnge onsideredF por N eletrons eing initilly t the dot nd tunnel event moving one eletron inGout of the h fromGto the led l = S, DD the hemil potentil di'erenes etween prtiulr h singleEprtile level @nD of energy E n A nd the leds reX PP 1.2 Quantum dot junctions in the normal state

           ∆E in S (N, n) = µ QD (N + 1) -(-eV B ) = (e 2 /C)(N + 1/2) -eα G V G + (1 -α B )eV B + E n , ∆E out S (N, n) = µ QD (N ) -(-eV B ) = (e 2 /C)(N -1/2) -eα G V G + (1 -α B )eV B + E n , ∆E in D (N, n) = µ QD (N + 1) = (e 2 /C)(N + 1/2) -eα G V G -eα B V B + E n , ∆E out D (N, n) = µ QD (N ) = (e 2 /C)(N -1/2) -eα G V G -eα B V B + E n .
everl onsidertions need to e tken into ount for writing the tunneling rte equtionsF pirst of llD the disrete hEhy is expressed s set of hirEdelt funtionsD D QD = n δ(E -E n )F eondlyD the eletroni distriution funtion is disretized s wellX the possiility of the h to tkeGdeliver n eletron toGfrom the leds is modulted with the proility of eh level to e oupied @so tht it nnot tke n eletron from the ledsD ut it n deliver itA or empty @vie versAF he tunneling rtes etween the leds nd the nth level re expressed in terms of its ouption numerD m n occ D eing equl to 0(1) if the level is empty @(lledAD repling the usul permiEhir distriution funtion y uroneker9s deltX

Γ N,n S(D)→QD = 2π|τ S(D) | 2 D S(D) (0) f (E -eV S(D) )δ(E -∆E in S(D) (N, n))δ m n occ ,0 dE = = 2γ S(D) δ m n occ ,0 f S(D) (∆E in S(D) (N, n) -eV S(D) ), @IFPFQIA Γ N,n QD→S(D) = 2π|τ S(D) | 2 D S(D) (0) [1 -f (E -eV S(D) )]δ(E -∆E out S(D) (N, n))δ m n occ ,1 dE = 2γ S(D) δ m n occ ,1 1 -f S(D) (∆E out S(D) (N, n) -eV S(D) ) , @IFPFQPA
where γ S,D = πD S,D (0)|τ S,D | 2 D re the tunnel ouplings etween the dot nd eh respetive ledsD onsidered here s independent of the prtiulr level ddressedF he rtes Γ S,D show plteuE shpe dependene on the voltgesD with permiEhir smering on the sidesF he mximum vlue t the plteus )t summitD Γ S,D = max(Γ N,n QD→S,D )D is usully tken s hrteristi rte of the juntionD relted to the oupling s γ S,D = Γ S,D /2F vikewise the nnoislnd seD generi expression for the urrent )owing through n individul n level n e expressed in terms of its tunneling rtesF o otin the totl net urrentD it is neessry to sum this expression up to the mximum numer of levels in the dot onsidered @n max A nd over ll possile on(gurtions of the N eletrons present in the dotD distriuted mong ll the levels @{m i occ } = {m 1 occ , m 2 occ , ...}AX

I QD = -e nmax n=1 {m i occ } P ({m i occ }) Γ N,n D→QD + Γ N,n QD→S -Γ N,n S→QD -Γ N,n QD→D , @IFPFQQA
where P ({m n occ }) is the sttionry proility of eh {m n occ } eletroni on(gurtionF snterestinglyD t equilirium @V B = 0AD the proility distriution of eh on(gurtion is well desried the permiEhir funtion only for tempertures muh greter thn the levels9 energy di'ereneD llowing trnsitions etween themF roweverD s soon s the therml energy eomes onsiderly lower thn the verge level sping @E δ k B T AD eletroni trnsitions re gretly redued nd the equilirium on(gurtion is etter desried y the distriution of qisF hen ising voltge is pplied driving the system out of equiliriumD tunneling events ontinuE ously hnge the hrge stte etween N -1, N nd N + 1D nd the eletroni on(gurtion in the h devite from qis distriutionF ixpressions for the time evolution of eh nonEequilirium onE (gurtion proilityD P ({m n occ })D n e written using the mster eqution pprohF por onstnt V B nd V G D the kineti equtions re equl to zero nd only sttionry on(gurtions re possileD PQ 1 Electronic transport in quantum-dot junctions whose proilities n e lulted y solving the orresponding system of detiled lne equE tions @one eqution per singleEprtile levelAF olutions were found y Averin et al for the symmetri dotEsles @E U , k B T E δ nd E δ , k B T E U AD llowing them to otin the I -V B urves of the h juntion TTD nd to tke the e'et of relxtion rte t the h into onsidertion VPF epE rtelyD Carlo Beenakker inluded gte eletrode in this piture ndD y introduing linerEinEV B devition of the sttionry on(gurtions9 proilities from the equilirium distriutionD he developed linerEresponse theory desriing the trnsport in the h trnsistor t the zeroEV B limit for di'erent energyEsle hierrhies SVD disussed in the followingF gyxhgsyx exh rfshsesyx yp e sxqvi ixiq viiv yne of the most remrkle di'erenes rising in the trnsport fetures of h juntions ompred to nnoislndEsed devies stems from the spin degenery of the oritls in the hF he resulting e'ets mnifest t the onEstte ondution regions when the sequentil urrent is onveyed y n single h oritlF vrge reltive vlues of E U nd E δ re requiredD in omprison with the therml energyD whih must e kept smll to void therml exittions in the hD keeping its eletroni distriution t the ground stteX ll the oritls re ompletely (lled up to lowest unoupied oritlD whih rries the urrentF por n urte desriptionD the totl oupling @γ T = γ S + γ D AD must e the lowest energy sles of the systemD suppressing higherEorder proessesF he resulting hierrhy @E U E δ k B T γ T A is neessry to restrit the urrent to sequentil tunneling proesses onveyed y single oritlD ddressed individully t the orresponding hrgeEdegenery point @V n G A within isingErnge suh tht 0 < |eV B | < E δ F gonsidering doule spin degenery @↑ nd ↓AD the oritl under onsidertion n e either empty or hlfE(lled @pigF IFU or D respetivelyAF fy solving the rte equtions in this energyEsle regime nd tking into ount the e'et of the spin degeneryD Bonnet et al dedued simple expressions for the urrent3 in oth ses VQF sf the oritl is initilly empty @pigF IFUAD the (rst sequentil tunneling event @led → QDA n trnsfer n eletron of spin either ↑ nd ↓F roweverD the (xtion of the eletron9s spin t the h reduesD in the seond sequentil event @QD → ledAD the numer of essile sttes in the led to just hlf of its totl hy @onsidering spinElned ondution ndAF en symmetry ppers in the urrent expressionD depending on the diretion of the eletron trnsfer @S ← QD ← D for V B > 0D or S → QD → D for V B < 0AX

I n,+ QD(empty) = 4e γ S γ D γ S + 2γ D nd I n,- QD(empty) = - 4e γ S γ D 2γ S + γ D , @IFPFQRA
s onsequene of suh spinEindued ottlenek used in the seond sequentil tunneling eventF yn the ontrryD if the oritl is lredy hlfE(lled @pigF IFUAD the spinEindued ottlenek is originted t the (rst sequentil tunneling eventF he expression for the sequentil urrent t di'erent is signs re then reversedX

I n,+ QD(half) = 4e γ S γ D 2γ S + γ D nd I n,- QD(half) = - 4e γ S γ D γ S + 2γ D . @IFPFQSA
hile in the idel se of identil ouplings @γ S = γ D AD the spinEottlenek ts eqully in oth tunneling diretions nd for oth h oritl ouptions @resulting in equl urrents intensities for ±V B AD n dditionl tunneling ottlenekD stemming from n symmetry in the oupling hrterizing eh ledD usully omes into ply in tul smplesF sn ftD t given oritl ouptionD nd for V B polrity suh tht the sequentil tunneling event of spinEredued proility oinides with the led displying weker ouplingD oth ottleneking e'ets dd upD reduing the orresponding urrent step signi(ntly with respet to tht one mesured t the opposite is VRF hese reltions re extremely useful s they provide strightforwrd method for extrting the tunnel ouplings from the mesurement of the urrent t degenery point of h trnsistorF egrdless of the oupling di'erenes nd the onduting oritl ouptionD the urrent symmetry disppers t the V B → 0 limit nd the linerEresponse theory developed y Beenakker SV llowed him to derive n expression relting the tunnel ouplings with the topEondutne of the goulom resonne of the singleEprtile levelD ppering when sweeping V G through the orresponding degenE ery point @V n G AX

G n max = G n e 2 4k B T Γ S Γ D Γ S + Γ D = G n e 2 1 2k B T γ S γ D γ S + γ D , @IFPFQTA
rereD G ounts for the spin degeneryD equl to I@PA if the oritl is empty @hlfE(lledAF his reltion isD in prinipleD equivlent to the singleElevel urrent expressions oveD so tht it nnot e used independently to extrt the tunnel oupling ut it provides n lterntive methodF sn dditionD this theory lso desries the lineshpe of the resonne pek sX

G n QD = I V B V B →0 = G n max osh -2 eα G (V G -V n G ) 2k B T . @IFPFQUA
hile the zeroEtemperture divergene of this formul mkes it not suitle to desrie the onE dution in this limitD it reprodues urtely the widening used y the therml smering @origE inted y the permiEhir distriution of eletrons in the eletrodesAD leding to fullEwidth t hlfEmximum @prwA of the resonne pek round 3.5k B T /eα G t the wek oupling regime onsidered @E U E δ k B T γ T AF yn one hndD this result explins the (nite width of goulom osilltions oserved in mesurements despite the lleged hirEdelt hrter of the levels in the hEhy @pigF IFUAF yn the other hndD it settles theoretil upper oundry for the mximum spetrosopi resolution tht n e hieved with ontting leds in the norml @xA metlli stteD s limited y the therml rodeningF sn theoryD even t lowEtemperture regime @suh tht E U E δ γ T k B T D where iqsF IFPFQU nd IFPFQT do not hold nymoreA the prw of goulom resonnes sturtes t (nite vlueF etullyD the (nite tunneling rtes existing etween the dot nd the leds rry long n intrinsi widening of the spetrl lineshpe of the oritlsD known s lifeEtime rodeningD proportionl to the orresponding oupling sles @γ S,D AF he hyridiztion tht the h oritls undergoD s onsequene of their (nite oupling to the ontinuum of eletroni sttes in the hy of the ledsD rodens themD loosing their hirEdelt hrter even t zero tempertureF sn ftD this limit is studied in hpter T of efF SID from the perspetive of the vnduerEfuttiker formlismF fy expnding the singleElevel trnsmission oe0ients of ondution hnnels for smll ouplingsD t T = 0D vorentzinElike rodening is otined

τ n (E) = Γ S Γ D Γ S + Γ D L n (E) = Γ S Γ D Γ S + Γ D 1 π Γ T /2 ([E -E n ]/ ) 2 + (Γ T /2) 2 , @IFPFQVA

PS

where Γ T = Γ S + Γ D is the totl tunneling rteD nd L is vorentzin funtion entered t the energy E n of the orresponding nth level @tken s the energies originAF he resulting ondutne pek t the goulom resonne inherits the vorentzin @freitEignerA shpe SVX

G n QD (E) = G n e 2 h Γ S Γ D Γ S + Γ D L n (E) nd G n max G n e 2 4γ S γ D (γ S + γ D ) 2 @IFPFQWA
displying (nite lifetime rodening tht remins even t zero tempertureF sn this limitD the goulom pek displys prw equl to the totl tunnel rte Γ T D estlishing the mximum spetrosopi resolution rehle in xEstte h juntionsF he resonne9s topEondutne is renormlized with the oupling mplitudesD sturting for symmetri tunnel @γ S = γ D A t the ondutne quntumD 2e 2 / D for douly spinEdegenerted oritls @G n a PAF 1.2.3 Higher-order transport processes o fr we hve only onsidered (rstEorder elsti tunneling proessesD whih usully onstitute the min ontriution for the urrent in the wek oupling regimeF roweverD s the tunnel ouplings of the h juntion inresesD so does the proility of higherEorder proesses to tke pleF uh higherEorder proesses n e understood s set of singleEeletron tunneling eventsD eh of them hppening with proility modulted y γ S,D D depending if they involve n eletron trnsfer etween the h nd S or DF fy onsidering unique oupling sle γ ≈ γ S ≈ γ D for simpliityD the totl proility of prtiulr higherEorder proess omposed of N singleEeletron events is then proportionl to γ N D s it n e derived y pplying permi golden9s rule to the ensemle of events tht ompose it VTF reneD seondEorder proesses @omposed of just two singleEeletron tunneling eventsA emerge erlier for inresing ouplingsF sn spei( h juntionsD seondEorder proesses re esily oservleD lso lled otunneling proessesD whih enle the ondution of the devie inside the goulom loked regionsF elthough the totl energy of the system is onserved in ll sesD otunneling proesses re often lssi(ed s eing elsti @if the h eletroni distriution is kept in the ground stte on(gurtionD shown in pigF IFVA or inelsti @if the h ends up in n exited stteD illustrted in pigF IFVAF sn n experiment done on PhiqEh trnsistorD De Franceschi et al showed the pprison of oth types of otunneling VSF e nonEzero net urrent used y elsti otunneling tkes o' s soon s (nite is is ppliedD generting isEdependent ondutne kground inside the loked dimondsD regrdless of the prity of the hrging stte @ouption of the ondution oritlAF hi'erentlyD inelsti otunneling tkes ple only t evenEN hrge sttesD s one tunneling PT 1.2 Quantum dot junctions in the normal state event ddresses the susequent oritl in the h @t n energy of E δ with respet to the ondution oritlAF gonsequentlyD inelsti otunneling emerges in the trnsport mp t even dimondsD with shrp onset t |eV B | = E δ @pigF IFVAF efter n inelsti otunneling proess hs tken pleD the h is left in n exited stteD requiring for the h deexittion to restrt the proessF es PhiqE hs re emedded inside n heterostrutureD the dey is esily hieved y the signi(nt rte of eletronEphonon intertions in these kind of deviesF snterestinglyD the redued phononEmedited tunneling rte ssoited results in smller rodening of the orresponding ondutne feture with respet to dimond edgesD leding to n inresed spetrosopi resolution @down to IH µe of prwA t the inelstiEotunneling ondutne onsetsF yn the ontrryD the lrge hrging energy hrteristi of our h trnsistors @E U ∼ 10 -100 meAD mkes oth kinds of otunneling e'ets to e generlly inppreile in our mesurementsF he msterEeqution pproh previously employed to lulte the sequentil urrent tkes into onsidertion exlusively (rstEorder proessesF Meir and Wingreen derived generl expression for the urrentD ounting for proesses up to prede(ned orderD y desriing the tunneling proesses in the h juntion system under the ueldysh formlismD employing the qreen funtion method VUF he vnduerEtype formul otined with this pproh tkes into onsidertion the lifetime rodening of the h oritls nd the proilityEenhning e'et tht it exerts on higherEorder proessesF 1.2.4 Kondo eect: the intermediate-high coupling regime imilrly to superondutivityD the origin of uondo e'et lies on its phenomenologil disovery while rrying out lowEtemperture experimentsD populrized in the (rst hlf of the lst entury thnks to the tehnologil hievement of relium liqueftionF eginD the sujet under study ws the eletril resistne R of metls whihD in the permiEliquid theoryD is ssoited with sttering proesses of di'erent nture tht own distint temperture dependenesF he eletronEphonon intertionD sling s T 5 D is the min resistne soure t mient onditionsD vnishing rpidly s the temperture is deresedF he eletronEeletron intertion sles s T 2 D dominting over the phonon sttering t low temperturesF hese two ontriutions led to monotoni derese of the resistne with T D nd vnish in the zeroET limitD where R levels o' to (nite residul vlueD R 0 D determined y the presene of defets nd impurities @tempertureEindependent sttering souresAF roweverD it ws reported tht eg nd eu wires often show resistne inrese elow ertin T D ttriuted to di'erent degrees on the purity of the metl VVF his ehvior remined unexplined for QH yersD until Jun Kondo developed model to desrie the glol onsequene tht the spinEsttering e'ets indued y mgneti impurities hs on in the eletril resistne of the system VW @in the frme of perturtions9 theory for smll mgneti intertionAF st turned out lter tht impurities of mgneti mterilsD like pe or wnD re nturlly present in nole metlsD explining why this nomlous resistne inrese ws not oserved in similr wires mde of nonEnole elementsF uondo9s model is sed on the ntiferromgneti exhnge intertionD JD estlished etween the eletrons in the ondution nd of the ontinuous metlli medium nd mgneti impurity4 F he usul expression for the tunneling hmiltonin @iqF IFIFVA n e trnsformed to expliitly show its dependene on J s

H T = Js B S 0 = J 2 k,k ,σ,σ c † k σ σ σ ,σ c kσ • S 0 , @IFPFRHA
where S 0 is the spin of the impurity nd s B is the verge spin of the ondutionEnd eletrons t the impurity site @r 0 AD whih n e expressed in terms of the retionGnnihiltion opertors s s B (r 0 ) = 1/2(c † (r 0 )σc(r 0 )) @where σ represent uli9s mtrixAF fy tkling the prolem using linerEresponse theoryD uondo omputed the spinEsttering proilityD otining logrithmi dependene of the resistne of n impurityEontminted wire with tempertureX

R(T ) = R 0 1 -2JD(0) ln k B T W + ... , @IFPFRIA
where R 0 is the residul resistne t T = 0D while D(0) nd W re the hy t E F of the metl medium nd its ondution hlfEndwidthF es the temperture is deresed elow W/k B D logE rithmi inrese of the resistne is otinedD eventully diverging for T → 0F sn ftD y onsidering following higherEorder sttering proessesD nd summing up the min ontriutionsD Alekséi Abrikosov rrived to n pproximte expression for the overll resistne WHD showing n even stronger diverE gene t the zeroEtemperture limitX

R(T ) ≈ R 0 [1 + 2JD(0) ln(k B T /W )] 2 .
@IFPFRPA prom this formulD it is possile to estimte the mgnitude of the divergene t di'erent temperE turesD independently from the system9s prtiulr resistneF he soElled uondo tempertureD

k B T K ≈ W 2JD(0) exp - 1 2JD(0)
, @IFPFRQA identi(es the energy sle tht hrterizes suh uondo e'et nd indites the temperture t whih the perturtion in iqF IFPFRI eomes of order oneF imilr expressions in the literture di'er y √ 2 multiplitive ftor depending on the de(nition of J vogillyD uondo9s perturtion pproh is unsuitle for desriing the system t low tempertures @T T K A s the exhnge intertion eomes dominnt nd nnot e treted s perturtion nymoreF rllel in timeD Phil Anderson ws studying the sme prolem from the lol perspetive @with the rrtreeEpok methodAD onsidering single tomiElike mgneti impurity tunnel oupled to the metlli medium WQF re proposed n lterntive wy for desriing the low temperture limitD y pplying sling theory nd representing uondo9s systems y orseEgrined modelD tht eomes orser when reduing the temperture WRF snspired y this ideD Kenneth Wilson developed numeril tehnique sed on the renormliztion group theory for omputing this sling pproh WS @known s numeril renormliztion group methodD or xqAF his nonEperturtive tehnique llowed him to desrie the uondo system urtely t the zeroEtemperture limitD onstituting entrl prt of the work for whih he ws wrded xoel prizeF ris results were orroorted fterwrdsD when prtiulr solutions of the uondo model ould e (nlly found nlytilly WTD WUF sn the elusive lowEtemperture regime @T < T K AD uondo e'et is understood s mnyEody phenomenon in whih the freeEeletrons in the ondution nd of the metl ongregte round the impurity to sreen out its mgneti (eld @pigF IFWAF his gglomertion of sreening eletronsD PV 1.2 Quantum dot junctions in the normal state known s the uondoEloudD owns totl verge spin equl nd opposite to tht of the impurityF e spinEsinglet lol ground stte @with onding energy of k B T K A is then estlished mutully etween the metl nd the impurityD onforming spinEorrelted systemF he length sle λ K ∼ v F /k B T K @where v F is the permi veloityA determines the sptil extension of the spin orreltions in the metlli medi @in other wordsD the extension of the uondo loudAF roweverD the exponentil dey of uondo orreltions intensity t distnes lrger thn λ F nd its sensiility to detetion systems mkes di0ult to proe the uondo loud wy from the impurityF ynly reentlyD spei(llyEdesigned smples involving mesuring systems of redued invsivenessD hve demonstrted uondo loud extension up to few µm wy from the impurity in Phiq systems WI @pigF IFWAF elthough ll the eletrons in the metlli nd prtiipte in the sreening proessD more e0ient sreening is grnted y highEenergy eletrons @round E F AF he di'erent sreening ontriutions results in lolly modi(ed metlli hy lose to the impurityD mnifesting itself in the spetrum of the system s resonne pek pinned t the permiElevel @reprodued y xq simultionsD s shown in pigF IFWdAD whih onstitutes distintive nd identifying feture of uondoEorrelted systemsF uyxhy ippig sx exwEhy exsy sn tunnel juntions ontting mgneti h t n intermedite oupling regime @E U γ T k B T A the hEled distne strts to e short enough for signi(nt J intertion to e estlished etween the eletrons in oth ojetsF pin orreltions extend lolly over uondoEoupled eletrodes @pigF IFIHAD imposing ommon ground stte t eh hEled system tht origintes remrkle di'erenes in the trnsport fetures with respet to wekly oupled juntionsF hese orreltions intensify s the rtio E U /γ T dereses nd govern the trnsport ompletely t the strongEoupling regime @γ T E U k B T AF rdoxillyD opposite to the resistne inrese oserved for impuE rities emedded in ontinuous mediumD the orrelted stte in the hEjuntion geometry @where the impurity onstitutes link etween two semiEontinuous metlli mediA results in surprising enhnement of the dot9s ondutionD well desried y the singleEimpurity enderson9s model @sewA WVD WWF e vst mount of uondoEssisted trnsport hs een reported in h juntions over the lst three dedesD thnks to the experimentl essiility for ontting eh time smller dot strutures tht results in higher loliztion of the unpiredEspin nd nrrower hEled gp tht strengthen the ouplingF ome exmples of h juntions tht my disply uondoEorreltions inlude Phiq systems IHHD IHID IHPD gxs IHQD nd di'erent kinds of olloidl hs like metlli nnoprtiles IHRD fullerenes IHSD IHT or wireElike moleules IHUD IHVD s well s mgneti dtoms investigted y w IHWD just to nme fewF wore exoti systems my exhiit dditionl feturesD like lowE intensity stellite resonnes originted y eletroni exittions t the dot IIH or twofold min resonne ppering for integerEspin impurities UVD IIIF he sew simpli(es the h y onsidering single spinEdegenerted resonnt oritl whih n e emptyD hlfE(lled or ompletely (lled @with respetive ouption numers of N = 0, 1, 2AF sf hlfE (lledD oddly oupied oritl dopts doulet on(gurtion @either Ψ 0 = |↑ or |↓ A whose unpired spin onfers the dot mgneti hrter @regrdless of the mteril it is mde ofAD leding to the formtion of n oppositeEspin uondo loud t the eletrodeF he hEled forms spinEorrelted systemD dopting lol sreening ground stte desried s uondoEsingletD |Ψ K F he mgneti hrter is lost for n even (lling ftor @orresponding to singlet dotEsttes of Ψ 0 = |0 , |↑↓ for N = 0, 2AD mking the spin orreltions to vnish nd the uondo loud to dissolveF he omintion of the orthodox theory with the rrtreeEpok pproh to the mnyEody prolem llows the sew to desrie the hEled system long the three hrge sttes @N = 0, 1, 2AF hile nlytil solutions of the model hve een found wellEinside the hrge sttesD t the di'use frontier of the degenery points uondo e'et merges with (rstEorder proesses llowed y goulom lokdeD nd xq simultions re required to reprodue the system9s ehviorF ih eletrode in the h juntion is ounted for in the stndrd sew hmiltonin y pir of terms H l N nd H l T D @respetively desriing the freeEeletrons of momentum κ = k, q ssuming n sEwve hrter t eh ledD l = S, DD nd their respetive tunnel intertion with the hD γ S,D AD tht shre the sme dot omponentD H 0 @representing the two singleEprtile levels of the dot9s dElike oritlAX

H = H l N + H 0 + H l T = σ,κ=k,q l=S,D κ c † κσ c κσ + σ 0 d † σ d σ + E U d † ↑ d ↑ d † ↓ d ↓ + σ,κ=k,q l=S,D τ κ c † κσ d σ + τ * κ d † σ c κσ , @IFPFRRA
he level depthD 0 D is the hemil potentil of the h oritlD nd κ=k,q re the energy of freeE eletrons t eh ledD ll mesured with respet to n origin tken t E D F of the drin @s depited in pigF IFIH for single eletrodeAF sndeedD 0 orresponds to shifted µ QD @de(ned in iqF IFPFPVAD y tking the

V G origin t gte vlue of V 0 G = (-e/C G )(N -1/2) -E N /eα G D where the hrge degenery etween N = 0 nd N = 1 is lotedX 5 0 (V B , V G ) = µ QD (N, V B , V G -V 0 G ) = -eα B V B -eα G (V G -V 0 G ). @IFPFRSA
hrough nonil trnsformtionD Schrieer and Wol demonstrted the reltion etween the ondutionEnd spinEopertor s B in uondo9s hmiltoninD with the mirosopi h prmeters onsidered in the sew IIPF his llows to express the exhnge intertion of the h with eh respetive led nd its orresponding interting hmiltonin omponent s the sum of two termsD ssoited with the energies of the two singleEprtile levels of the dot @t 0 nd 0 +E U D s indited in pigF IFIHA WWD IIQX

JD(0) ∼ γ 1 0 + E U -κ + 1 κ -0 , @IFPFRTA H T ∼ κ,κ ,σ,σ γ 0 + E U -κ c † κσ c k σ d † σ d σ + γ κ -0 c κ σ c † κσ d σ d † σ . @IFPFRUA
wo tunneling events onstituting n inelsti otunneling proess pper expliitly in this form of the intertive hmiltoninD reting @nnihiltingA n eletron κ, σ @κ , σA in one led nd nnihilting @retingA it t the dotF uh uondoEindued otunnelingD in whih the unpired eletron t the dot is interEexhnged with one from the loud in the ledD rise s onsequene of n inresed loliztion of sreening eletrons round the impurityD oosting up the proility of suh higherE order proesses to hppenF ih otunneling proess rries long spinE)ip of the systemD esily understood y deomposing it in singleEeletron tunneling eventsX n eletron from the loud t κ tunnels into the hlfE(lled dot t the ville level of energy 0 + E U @(rst term in H T D indited exchanging electrons with both leads and resulting in a spin-ip of the system. In the virtual state, the order of the tunneling events determines if the excitation is electron-like 12. in pigF IFII s event IAD or the unpired eletron in the hD t 0 D tunnels out into the led t its permi levelD κ @seond term of H T D mrked in pigF IFII s event PAF he ontinuous ourrene of spinE)ipping otunneling proesses estlish tunneling resonne etween the h nd the eletrons t E F of the ledD with timeEverged totl spin of the system S = 0D eing the uondoEsinglet stte superposition of oth possile spin on(gurtions of the loudEdotF gonsidering now seond uondoEoupled eletrodeD spinEorreltions will extend over it equivlentlyF he otunneling resonne n our simultneously etween the h nd oth ledsD ypssing goulom lokdeF en overll inrese of the dot9s ondution with respet to nonEmgneti hrge sttes is otinedD speilly strong t V B = 0D where the permi levels of oth leds re ligned @pigF IFIIAF reneD uondo e'et mnifests s ondution resonne t zeroEisD emerging long oddE ouption dimondsD with n mplitude renormlized y the oupling prmetersD expressed in the zeroEtemperture limit s

G 0 = 2e 2 h 4γ S γ D (γ S + γ D ) 2 , @IFPFRVA
rehing the unitry limit for symmetri oupling @γ S = γ D AF he inding energy of the loudEdot singlet stteD iFeFD the uondo energy sle k B T K @indited in pigF IFIHA determines the resonne widthF etullyD s the exhnge intertionD JD depends on ll other mirosopi energy sles @iqF IFPFRTAD the orresponding sle k B T K lso inherits dependene on these quntitiesD resulting in sreening louds of distint hrteristis for di'erent vlues of E U , γ, 0 F wo di'erent regimes re de(ned ttending to the level depth position t the oddEdimond @delimited y the hrge degenery points t 0 = -E U nd 0 = 0AX

, The Kondo regime @-E U + γ < 0 < -γAF he resonnt level is uried well elow E F F he ehvior of the system is well desried y the uondo model solutionD nd the resonne ppers wellEdeveloped nd isolted t zeroEV B F sn prtiulrD severl works rry out studies t 0 = -E U /2 @t the preise enter of the odd dimondAD where oth resonnt nd empty levels of the h re t the sme distne from E F D preserving prtileEhole energy symmetryF

, The Mixed-Valence (MV) regime @-γ < 0 < 0 or -E U < 0 < -E U + γAX ppering s
the system pprohes one of the degenery pointsD nd the uondo nd goulom ondutne resonnes merge togetherD omining the orresponding tunneling proessesF he desription of the system grows in omplexityD nd xq simultions re required for n urte desription of the systemF por very spei( energyEsle hierrhyD suh tht @W E U γ k B T AD nd t the uondo regime @-E U + γ < 0 < -γAD Haldane extended the nlytil formul of k B T K found in uondo9s model @iqF IFPFRQAD expressing it in terms of the sew mirosopi prmeters IIRD s he multiplitive ftor in this k B T K de(nition depends on the prtiulr vlue of 0 nd hnges for di'erent rtios etween W, E U nd γ 6 F gonsequentlyD ertin vriility in the riterion hosen to de(ne k B T K is ommonly found in the litertureF impirillyD this sle is often extrted from the resonne9s widthD tking k B T K s prwD prwGPD prwGQ or similrF hespite the preise vlue of suh preftorD the gte eletrode present in h trnsistors llows to mp the zeroEV B resonne s funtion of 0 (V G )D forming ridge tht extends over the entire V G Ernge of the oddEstte dimonds @pigF IFIPAF he exponentil dependene of k B T K ( 0 ) is re)eted in the mesurement s vrition in the resonne9s lineshpe long the uond ridgeF uh vrition is qulittively ptured y iqF IFPFRW round the odd dimond enter if the h juntion disply the orresponding energy sle regime @W, E U γ k B T AD ut it devites s the degenery points re pprohed @entering the w regimeD s indited in pigF IFIPAF snside the evenEouption dimondsD the mgneti hrter of the h vnishes nd the uondo resonne disppersF e more relile method for deduing the urte vlues of T K lies in studying the evolution of the resonne9s topEondutneD when n dditionl orreltionEdestroying prmeter @like tempertureD s shown in pigF IFIPA is grdully introduedF xsiev iyvsyx yp ri uyxhy gyxhgexgi st hs een demonstrted tht the mplitude of the zeroEV B ondutne through the h used y uondo e'et only depends on the reltive vlue of k B T K nd the hrteristi energy sle of the perturtion @E x = gµ B B, k B T, eV B for mgneti (eldD temperture nd ising voltge respetivelyAF hi'erent tendenies re followed the reltive mgnitude oth e'ets @hrterized y suh E x /k B T K reltive sleAX , For high-energy disrupting eects @E x k B T K AX issentillyD the loud formtion is not fully developed in this regimeD nd the mgneti impurity ts s n inelsti sttererD leding to ondutne of the form G(E x ) ∼ 1/ ln 2 (E x /k B T K )D in greement with the results derived y uondo nd erikosov t the high temperture limit @k B T k B T K A previously disussedF , For low-energy perturbations @E x k B T K AX Nozières showed tht the eletrons forming the loud ehve s permi liquidD ting s n elsti stterer IISF sn this regimeD the ondutne follows

k B T K ∼ γE U 2 exp π 0 ( 0 + E U ) 2γE U , @IFPFRWA
G(E x ) ∼ G 0 (1 -C(E x /k B T K )) 2 D
where C is onstnt tht depends on the type of the perturtionF 6 Only at particle-hole symmetry ( 0 = -EU /2) a precise value of 0.182 for the multiplicative factor has been obtained, leading to kBTK = 0.182EU 8γ/πEU exp{-πEU /8γ} [113].

QP 1.3 Quantum dot junctions in the superconducting state hile there is no nlytil model tht desries the trnsition from the perturtion to the highE energy rngeD Costi et al pplied ilson9s xq method to otin the ehvior of n enderson9s system t (nite tempertures WPF st ws found tht the zeroEV B xq ondutne t the uondo regime follows tendeny desried s

G(E x ) ∼ G 0 F (E x /k B T K ) + G Bgnd . @IFPFSHA
hile G 0 @the pek9s topEondutne for negligile perturtionD E x ≈ 0A nd G Bgnd @ounting for ondutne kground used y dditionl tunneling proessesA depend on the prtiulr smple under studyD the generi funtion F @di'erent for distint kinds of perturtionsA only depends on the uondo sle of the systemD onstituting the min reson why k B T K is lled n universl energy sleF sn the prtiulr se of temperture perturtion @E x = k B T AD Goldhaber-Gordon et al phenomenologilly found prtiulr form of the F funtionD le to (t the temperture evolution of the xq ondutne t vrious vlues of the levelEdepth @within the uondo regimeA IHIF por mgneti impurities owning semiEinteger spinD it hs the formX

G(T ) = G 0 T 2 T 2 K (2 1/s -1) + 1 -s + G Bgnd , @IFPFSIA
where s is (tting prmeter tht reprodues est the xqEgenerted dt for vlue of 0.22F his empiril expression o'ers n lterntive method of extrting T K y (tting it to the experimentlly mesured tempertureEdependene of the uondo resonne mximum @like those represented in pigF IFIPAD eing equivlent to xq lultions ut t lower omputtionl ostsF 1.3 Quantum dot junctions in the superconducting state he inlusion of g mterils in the frition proesses of mesosopi nd nnodeviesD llow to study superondutivity t mirosopi levelF he employment of luminum hs eome generlE ized due to the fesiility o'ered y this mteril to rete tunnel juntionsD nd the onventionl superondutivity tht it presentsD well desried y the fg theoryD in generlF sn this wyD we strt this setion y giving rief overview on the fg theory nd the typil phenomenology oserved in g devies mde of luminum @IFQFIAF pollowing the disussion in the previous setionD we ontinue y desriing the eletroni trnsport in wekly oupled is nd h trnsistors with g ledsD foE using on the singleEenergyElevel ondution regime @IFQFPAF pinllyD we explin how the onurrene of uondoElike nd superondutingEpiring orreltions in more strongly oupled devies results in ompetition of superondutivity nd uondo e'et to estlish the ground stte of the systemD giving rise to the emergene of uEhiEusinov @A sttes @IFQFQAF 1.3.1 BCS theory and aluminum-based superconducting devices elmost SH yers pssed from the experimentl disovery of superondutivity efore the development of theory tht ould explin the phenomenonF he soElled fg mirosopi theory is uilt on the sis of estlishing n ttrtive intertionD V k,k D in freeEeletron gsD whih ouples eletrons of opposite moment @|k, ↑ nd |-k, ↓ A together IITAF reneD superondutors @gsA re desried y the usul freeEeletron gs hmiltonin plus n ttrtive termD s

H SC = k,σ k c † k,σ c k,σ - k,k V k,k c † k,↑ c † -k,↓ c -k ,↓ c k ,↑ . @IFQFSPA
et the superonduting @gA stte of mtterD pirs of eletrons ouple together forming singlets ound sttes known s gooper pirs @gsAF he ingenuity of this theory resides in employing selfEonsistent menE(eld pproh to relx the onstrint on the totl numer of eletrons in the systemD N D treting the oupny c † -k,↓ c † k,↑ of given kEstte sttistillyF ystems with lrge N QQ 1 Electronic transport in quantum-dot junctions disply smll oupny )ututionsD llowing this pproximtion to desrie them urtelyF he menE(eld hmiltonin is

H SC = k,σ k c † k,σ c k,σ - k ∆ k c † k,↑ c † -k,↓ + ∆ * k c k,↑ c -k,↓ , @IFQFSQA
where the origin of energies is tken t the permi level nd the quntity

∆ k = -1 N k V k,k c † -k ,↓ c † k ,↑
is de(ned s the ounding energy per eletron in g @requiring n mount of energy of 2∆ k to rek the ound stteAF he ground stte of superondutor n e then written sX

Ψ SC (ϕ) = k |u(k)| + |v(k)|e iϕ c † k,↑ c † -k,↓ |φ 0 , @IFQFSRA
where |φ 0 is the vuum stte nd the oe0ients represent the proility of the pir (k ↑, -k ↓) to e oupied @|v| 2 A or empty @|u| 2 AD implying |v| 2 + |u| 2 = 1F hese omplex oe0ients di'er y phse ϕD nd their mplitude is derived y pplying the vritionl methodD otining

|v(k)| 2 = 1 2 1 - k E k nd |u(k)| 2 = 1 2 1 + k E k , @IFQFSSA
where the energy of exittions resulting from the rekge of g is de(ned s E k = ∆ 2 k + 2 k F ixittions in g re di'erent from their ounterprts in regulr permi liquidX they onsist in superposition of n eletron nd hole of opposite momentF uh exittions @known s fogoliuov qusiprtilesD fA n e ddressedD for exmpleD y injeting single eletron to the superondutorD oupying one slot of the g while the other is emptyD onstituting n exittion tht eventully ouples with nother fD deying into the g ground stteD Ψ SC (ϕ)F emperture or eletromgneti rdition n led to the genertion of fD whose numer derese exponentilly s k B T is deresed elow ∆D only vnishing ompletely for T = 0F hue to their osoni ntureD the gs in the g form foseEiinstein ondensteD shring the sme ground stte @iqF IFQFSRAD no mtter the size of the systemD nd resulting in rther unique exmple of mrosopi quntum phenomenonF his stte of mtter is rehed s the temperture is redued under ritil vlueD elow whih the phonons strt mediting the ttrtive intertionD onstituting phse trnsition of seond orderF he order prmeter of suh trnsition

∆ k = ∆(k)e iϕ ,
@IFQFSTA is omplex numer de(ned y modulus equl to the g onding energy per eletronD ∆(k)D nd the g phseD ϕ @introdued in iqF IFQFSRAF hile ϕ is onstnt long the g systemD ∆(k) n disply vritions with respet to the momentumD kD of the eletrons tht integrte eh gF sn the se of onventionl @type sA superondutivityD the ttrting intertion is onstnt @V k,k = V AD leding to the sptil isotropy of ∆(k) = ∆ in the kEspeF es mtter of ftD nd in greement with the lol pproximtion done in the menE(eld theoryD the determintion of ϕ leds to the unertinty on the numer of gs in the systemD s estlished y reisenerg9s reltion for hrge nd phseF hi'erent g mterils disply distint vlues of the g energy sleD ∆D typilly rnging round ∆ ∼ 0.1-1 meF es it is the ounding energy of gsD it lso represents the minimum energy required to rete n elementl f exittionD mnifesting in the qusiprtiles9 hy @gEhy or D SC A s n energy gp opening round E F F he gEhyD D SC (E k )D desries the energies t whih singleEeletrons n e injetedGextrted from the g @forming fAF sn ontinuous nottionD it is ommon to normlize the gEhy with the normlEstte hy @xEhyA of the orresponding mteril s

D SC (E) D(E) = Re |E| √ E 2 -∆ 2 , @IFQFSUA
eing exponentilly lose for |E| ∆F sn ontrstD lose to the permi levelD D SC (E) displys strong dependene on energy delineting 2∆ gp of foridden sttes round E F nd diverging singulr points right on the gp sides @lled g oherene peksAF QR 1.3 Quantum dot junctions in the superconducting state igyxhgsxq xexyhisgi feih yx evwsxw sn the erly TH9sD Ivar Giaever demonstrted tht the gpped struture of the gEhy @in iqF IFQFSUA n e spetrosopilly proed in mesosopi tunnel juntionF iver sineD the inorporE tion of g mterils hs eome extrordinrily ommon in mesosopi nd nnodeviesD promoting the progression of this reserh reF xot only mesosopi tunnel juntions enle to perform spetroE sopi studies of di'erent types of superondutivity nd its response when sujeted to perturtions @like tempertureD externl mgneti (eldD etA ut lso the opertion of more omplex nnodevies ene(t or is entirely sed on spei( g properties @like g quitsD shD nnoresontorsD eleE troni thermometers nd oolersD etAF he development of suh hyrid devies is prtly due to the omptiility of luminum with frition proesses nd setupsX its g phse trnsition ours t essile ryogeni tempertures @round IFP uAD nd its rpid oxidtion nd the roustness of the oxide lyer mkes of it n idel mteril for reting g tunnel juntionsF hese physil properties together with its hep prie nd the onventionl superondutivity displyed y elD hve turned it into the min mteril t use for these purposesF roweverD s more preise nd urte devies hve een developedD it hs een relized tht the employment of this metl n e doule edged swordF ine long it hs een known tht thin metlli (lms present modi(ed nd strutureD minly deriving from order e'ets tht distorts in the rystlline lttieF he resulting hy experienes n overll singleElevel redution nd looses its smooth energy dependeneD dopting spiky lineE shpe IIWF gonsequentlyD strong modi(tions rise in the gEstte properties @like ∆ nd T c A rehing vlues ounterEintuitively lrger thn the nominl ones in ulkEg IPHF sn ftD it hs een predited tht quntum on(nement lso plys role when the thikness is shrunken down to few ÅD introduing osilltions in the vlues of suh prmeters s funtion of the thikness IPIF fesides these generi ehviorsD it hs een shown tht thin (lms of el prepred y therml evportion present polyrystlline struture integrted y grins of very di'erent sizes @∼ 10 -100 nmA nd hoti rrngementD strongly depending on the deposition prmeters IPP @the vuum level during evportionD the nominl deposition rte vlue nd typil )ututions round itD nd the purity of the initil el trgetAF uh grnulrity leds to disordered porous morphology tht oxygen n prtilly penetrteD oxidizing the exposed grin oundries nd onforming n oxide mtrix with metlliGg nulei distriuted inside itF he disorder of el thin (lms is re)eted in its eletril properties s n inrese in the (lm resistivity whihD for exmpleD n e enhned y inresing the y 2 prtil pressure during the evportionD eventully rehing the metlEinsultor trnsitionD when the (lm9s hy drops to zero t E F F urprisinglyD it hs een shown oth in theory IPQ nd experiments IPR tht g remins roust ginst suh disorder even eyond the metlEinsultor trnsitionD reking down t ertin point IPSF purthermoreD nnostrutured el (lms hve een predited to disply endreevEtype sugp resonnesD ttriuted to diverse phenomenD ll of them linked with disorder nd quntum on(nementF eent mesurements in highlyEdisordered el (lmsD oth with n w IPT nd using g resontors IPU hveD indeedD on(rmed the presene of suh disorderEindued sugp resonnesF elthough one would guess tht disorder e'ets re neessrily detrimentl for the opertion of elEsed g devies to greter or lesser extentD there exist some exmples tking dvntge of suh devitions from the fg ehviorF he thiknessEdependene of the g gp in elD inresing ove 300 µe in thin (lms of few nnometers @douling its nominl ulk vlue of ∆ = 170 µeD s shown in pigF IFIQAD llows to engineer gp pro(le over the devie employing (lms of di'erent thiknesses IIVD IIU @pigF IFIQ nd AF yther interesting pplitions stem from the inresed kineti indutne hieved in highlyEgrnulr el g resontors IPVD ll in llD ontriuting to the populrity of grnulr el for its onsolidtion s redisovered mteril to e exploitedF iven our el reking juntions my ene(t from n disorderEindued inrese of resistivity for the rther ggressive eletromigrtion required @see setion PFRFPAF es generl onlusionD when working with g thin el lyersD it is highly dvisle to hrterize its propertiesD s nonEnegligile devitions my pper with respet to its ulk vluesF 1.3.2 Superconductor-quantum dot transistors in the weak-coupling regime he prompt generliztion of el s the predominnt frition mteril to rete tunnel juntions leded to its employment in some of the (rst experimentl oneptions of nnoislnd is IPWD IQHF hese erly demonstrtions settled the sis to rete gEi devies @with either the ledsD or the islnd or oth re mde of elA in whih ertin energy slesD like E U or γ ould e ontrolledD up to some extentD in the frition proessF xowdysD gEis re frited routinely nd inorported into lrger nd more omplex iruitsD typilly for hrge detetion purposes IQID IQPD IQQD IQRF pine resolution lithogrphi tehniques enle to uild gEis of moderte hrging energies @E U ∼ 1 -10 meAD signi(ntly lrger thn the g gp of the thin el lyers their strutures re mde of @∆ = 170 -340 µeAF he simultneous tunneling of the two eletrons tht integrte g is foridden y the strong goulom repulsion t the islnd in gEi devies displying suh reltive sle @E U ∆AD restriting the trnsport to single eletronsD tht rete eletronGhole exittions in the g ledsF ri igyxhgsxq sxqviEivigyx exsy sn nlogy with our gEhEg trnsistorsD we onsider gEi onsisting of xEstte islnd wekly oupled to the S nd D ledsD in the g stte @eing ∆ S nd ∆ D the respetive gpsD here onsidered equlD ∆ S = ∆ D = ∆D for the ske of simpliityAF he gp perture in the gEhy round E F indues strong urrent suppression tht dds up to goulom lokdeD resulting in gteEdependent totl spetrosopi gpD Ω(V G )D with minimum vlue of 4∆ t the degenery points nd mximum vlue of 4∆ + 2E U t the enter of the dimondsF he system is formlly desried similrly to the x seX two tunnel juntions etween the islnd nd eh led re onsideredD nd the urrent n e lulted y mens of the mster eqution pproh RUF uperondutivity in the leds is tken into ount y inluding the gEhyD D SC (E)D in the orresponding rte expressions @iqsF IFPFPI nd IFPFPPAF he I -V B urves t di'erent V G n e lultedD tring out the gEi urrent mp @pigF IFIRAF es the gEhy sturtes to the xEhy for E ∆D the urrent )owing through the gEi devie reovers the hrteristi xEstte liner dependene on the tunnel resistne t ising voltges well ove ΩF et the spetrosopi gp order @for |eV B | ≈ ΩAD the shrp divergene of the gEhy t the leds is smoothed euse of the therml smering of the permiEhir distriution in the xEstte islndF en in(nitely shrp divergene of the gEhy t |E| = ∆ rise only t zero temperture in the fg theoryD nd implies n in(nite lifetime τ of the f exittionsF sn ontrstD dynmi equilirium is expeted in experiments @t (nite tempertureAD in whih gs re ontinuously eing exited into fs ove the gpD eventully reomining k into pirs due to inelsti sttering with phonons IQSF pinite vlues of τ use ertin rodening of the gEhyD smoothing the divergenesD nd suh dynmi equilirium ensures the presene of f ove the g gp tht originte (nite tunneling urrent in g tunnel juntions t ises elow the spetrosopi gpF fy deresing the QT 1.3 Quantum dot junctions in the superconducting state smple temperture well elow ∆D the equilirium popultion of fs eomes exponentilly smllD leding to lrger lifetime vluesD s on(rmed y lowEtemperture mesurements performed in ulkE el tunnel juntions @extending over ertin reA otining vlues of τ ∼ 10 -5 s for k B T = 0.1 × ∆ IQTF roweverD similr studies rried out in grnulr el showed tht disorder derese this hrteristi time few orders of mgnitudeD demonstrting tht eletronEeletron intertions @inresed y disorderA lso 'ets the g lifetime IQUF egrdless of the sttering soureD the ssoited energy sle ϑ = h/τ D lso lled hynes prmeter @eing ϑ ∼ ∆ × 10 -6 for ulk elD nd vrying etween ∆ × (10 -2 nd ∆ for highly grnulr elAD n e inluded in the expression of D SC (E)D s generi rodening ftor ounting for ny kind of g reking e'etD y repling E → E + iϑF sn generlD the nonEnegligile sugp urrent oserved in gEjuntion systems @like the gEiA mesured for k B T ∆ is onviningly desried y phenomenologilly hynesErodened version of the gEhy @pigF IFIRAF xeverthelessD it should e kept in mind tht dditionl prsiti e'ets n eqully originte the exittion of fsD nd ttriuting the whole sugp urrent lekge to el disorder might e risky rgumentF sn efsF IQVD IQWD it ws demonstrted tht the sugp urrent lekge n e explined y the presene of residul eletromgneti rdition in the smple vityD developing model to desrie this e'etD perfetly onsistent with the phenomenologil hynesErodened gEhy @pigF IFIRAF sn this workD the group of Pekola et al lso shows how the inlusion of n onEhip ground plne round the mesosopi tunnel juntion shields it nd diminish very signi(ntly the sugp lekge urrentF ri igyxhgsxqEexw hy exsy es for gEhEg trnsistors in wekEoupling regimeD the pioneering work of Ralph et al settled the sis on the study of this kind of systemsF he employment of n originl smple geometry llowed them to ontt individul metlli nnoprtiles with el ledsD dodging the oxidtion prolem lredy in the mid WH9s IF he prtiles9 size @2 -15 nmA ws djusted in their frition proessD otining gEhEg trnsistors displying lrge energy spings @E U ≈ 5 me nd E δ ≈ 0.5 meA nd smll ouplings t the tunnel rriers @γ T 10 µeAD reted y the ontrolled oxidtion of the smpleF ixperiments demonstrted mild hierrhy of energy sles @suh tht E U E δ ∆ k B T γ T AD inditing reltively wekEoupling regimeF yn one hndD lrge reltive sle of E δ /∆ impedes to the g trnsition of the el prtilesD onserving the spetrl fetures of usul hs PF yn the other hndD lrge vlues of E U /∆ nd E U /γ T opposes to the doule ouption of the h t low V B D inhiiting the trnsport of gs y higherEorder proesses nd restriting the trnsport to minly (rstEorder tunneling of single eletrons @forming fs t the ledsAF QU he urrent )owing throw wekly oupled gEhEg juntions is proportionl to the onvolution of the gEhy in oth ledsF his is diret onsequene of pplying permi9s qolden rule to system owning disrete spetrum represented y hir9s delt funtionsF he delt funtions evlute the integrl of the tunneling rte expressions @iqsF IFIFIH nd IFIFIIA t the energy of eh energy levelD estlishing proportionlity etween Γ nd the gEhy in the ledsF sf E U nd E δ re su0iently lrgeD the ontriution of eh individul level ppers seprtelyD nd the sequentil urrent replites the fg pro(le t the singleElevel ondution regime @for 2∆ < |eV B | < 2∆ + E δ AF gonsequentlyD the dimond edges @hisA re shrpened for the g stte of the ledsD s they orrespond to the lignment of the energy levels t the h with the oherene peks t the one of the ledsD nd with oth of them t the dimond pex signling the degenery point @pigF IFISAF fy pplying mgneti (eld @fAD the smple ould lso e hrterized for the xEstte of the leds @pigF IFISAD showing displement in V B of the dimond onsetD orresponding oth to pitive e'ets nd the opening of the g gp round zeroEisF fy mesuring the di'erentil ondutneD dI/dV B D of the smples in the xEstteD the ondutne pek orresponding to the dimond onset displyed liner temperture dependene lose to 3.5 k B T D inditing the therml limit of the spetrosopi resolution @inset of pigF IFISAF roweverD the liner tendeny sturted t low temperturesD pointing towrds the lifetime rodening s the limiting ftor t tempertures of QH muF yn the other hndD the prw of the ondutne pek mesured for the gEstte of the eletrodes presented prw IH times smllerD re)eting the shrp urrent inrese t the lignment of the h energy level with oherene pek t one ledF hese oservtions put into mnifesttion the improvement in the spetrosopi resolution tht the divergenes of the gEhy genertes in wekly oupled h trnsistorsF hile the smples studied in efsF I nd P simply onsist on gEhEg juntionsD the ddition of gte eletrode ws implemented shortly fter QD llowing to mesure the trnsport mp of the resulting h trnsistorF edditionllyD we present the dI/dV B mp of n llEluminum h trnsistor reted y eletromigrtion within our groupD respetively for the x nd g stte of the leds @pigF IFIS nd dAF yne dimond edge @hiA on pnel ppers eemnEsplit s onsequene of the lrge f ppliedD llowing to determine the prity of the h @odd t the left of the degenery pointD loted round V G = -2.1 AF et the g stteD n spetrosopi gp Ω SC ≈ 4∆ opens round zero isD oserved t the degenery pointF he his eome shrperD s well s susequent eletroni exittions inside the dimondD s onsequene of the enhned spetrosopi resolution @noteD howeverD the di'erene in the voltge rnges of oth grphsAF efsvs hseqew yp ri igyxhgsxqEexw hy exsy he dimond struture ppering in the trnsport mps of wekly oupled h trnsistors puts into mnifesttion the dependene of the dot9s hemil potentilD µ QD @or level depthD 0 D orresponding to tke the origin of energies t degenery pointAD on V B nd V G F fy mesuring the trnsport mp QV 1.3 Quantum dot junctions in the superconducting state of h trnsistorD oth for the x nd g stte of the ledsD ertin shift n e oserved in the position of the hisD stemming from the opening of the g energy gp of mgnitude 2∆ round the permi level of the ledsF hile suh displements re lmost inppreile in lrge vriety of h systemsD the generlly lrger spetrosopi resolution hieved with metlli nnoprtilesD further enhned y the g stte of the ledsD mkes these smll e'ets of pitive origin to eome pprent in the orresponding gEhEg juntionsF sn the xEstteD the pexes of the lower nd upper onEstte dimond @respetively ppering t positive nd negtive isA touh eh other t V B = 0 signling the preise gte vlueD V 0 G D of the degenery pointF sn the gEstteD the spetrosopi gp Ω SC = 4∆ opening round zero is impedes the eletron )ow t hrge degenery @pigF IFITAF gondution n e rehed y pplying is voltge overoming the gpD suh tht |eV B | ≥ 2∆F nder idelly symmetril onditions @symmetri ising voltgeD so tht

V S = -V D = V B /2D symmetril dotEled pitnesD C S = C D nd symmetril gEgps in oth ledsD ∆ S = ∆ D AD
the pplition of (nite V B does not distur the h level positionD nd the pexes of the ondution dimonds in gEstte re found t the ext sme gte vlueD V 0 G F roweverD tul h juntions often present symmetries in these prmetersD nd n symmetrilly ising on(gurtion @suh tht V S = V B nd V D = 0A is ommonly employed to mesure themF he V B Eshifts displyed y the his when trnsiting from the x to g stte in ungted nd symmetrilly ised gEhEg juntions were hrterized in efF IF fy onsidering n uniform gp @tking ∆ S = ∆ D = ∆A they demonstrted tht displements in the V B oordinte re modulted y (C S +C D )/C S nd (C S +C D )/C D ftors @depending on the V B signAD relting them with the pitive symmetryF sn the se of symmetrilly ised juntionsD further devitions with respet to these V B Eshifts vlues pperF sn the followingD we extend their derivtion for lulting the mislignment of the ondutionEdimond pexes in symmetrilly ised gEhEg trnsistorsF e strt y onsidering n gEhEg juntion in equilirium @V B = 0AD tuned t the gte vlue of ertin hrge degenery pointD V 0 G D s shown in pigF IFITF o overome the g gp nd reh the pexes of the onEstte dimondsD it is neessry to pply ising voltge of ∆V 0 B = 2∆/eF fy doing soD vrition is indued t the dot9s level depth with respet to its zeroEis vlueD 0 (0, 0)D used y the is lever rmD α B @s indited in iqF IFPFPV nd highlighted in mgent in pigF IFITAF he mgnitude of this vrition is 

∆ 0 = 0 (0, 0) -0 (∆V 0 B , 0) = eα B ∆V 0 B = 2C S C S + C D + C G ∆. @IFQFSVA
(0, ∆V CA G ) = ∆ 0 → eα G ∆V CA G = eα B ∆V 0 B → → ∆V CA G = α B α G 2∆/e = 2C S C G ∆/e. @IFQFSWA
sf we ssume tht ∆V 0 B to indue signi(nt vrition of the level depthD then the resulting horizontl displement is negligile @∆V CA G ≈ 0AD nd the gte voltge vrition neessry to reh ondution is simply equl to the g gp of the drin eletrodeD ∆V 0 G = ∆/eα G F yn the ontrryD if the e'et of the is lever rm is tken into ountD the vlue of this gte detuning is redued y n mount of ∆V CA G D s shown in pigF IFIT nd D leding to seprtion of the dimond pexes ppering in the mesurement equl to

∆V 0 G = ∆/α G e -V CA G = C S + C D + C G C G ∆/e - 2C S C G ∆/e = = -C S + C D + C G C G ∆/e. @IFQFTHA
he ising nd pitne symmetries results in the pprison of the ondutionEdimonds pexes t gte vlue etween V 0 G nd V 0 G ± ∆/eD equl nd opposite in sign for oth onEstte dimondsF sf xEstte dt nnot e essedD the vlue of V 0

G n e simply otined from the midpoint etween the two pexesF sdellyD voltge ising ondition n e engineered to ompenste the pitne symmetryD removing the is lever rm e'etsF his simple lultion n e further generlized for the se of symmetri g energy gpsD nd reltions for the V B Eshifts of the his n lso e extrted7 y omining the V G Eshifts otined here with the reltions for the dimond edges slopes in iqsF IFPFPSF everl studies on eletromigrtion h trnsistors ontting metlli nnoprtiles followed the experiments of Ralph et al in the following yers IRHD IRID UTD IRPF xowdysD moleulr trnsistors mde y eletromigrtionD using di'erent kinds of moleules s the entrl nnostruture hve eome more populrF revious experiments done within our group hve studied the ondution of gTH moleules in the presene of g ledsD y employing eletromigrtion onstritions of either pure luminum or proximizedEgold QWF eulirlyD the ondutne fetures oserved in suh devies often presented reltively lrge linewidths round 100 µeD well ove the xEstte therml threshold @3.5k B T ≈ 24 µe for T = 80 muAD even t g stte @pigF IFITdAF hile suh inresed linewidths re ommonly oserved in single moleule trnsistorsD the origin of suh rodening is unertinF xevertheless smll sle e'ets suh s the mislignment of the pexes of the onEstte dimonds is still oservle in the trnsport mp t the g stte of these deviesF rfshsesyx sx e igyxhgyEexw hy exsy ekly oupled gEhEg trnsistors reted y the eletromigrtion of our llEluminum junE tions @fter the deposition of olloidl solution of S nm dimeter gold prtilesAD disply rther unique set of energy slesD owning pronouned hierrhyD suh tht

E U E δ ∆ k B T γ
T F e reltively shrp gEhy t the leds is reveled in the hrteristi urvesD showing sequentil urrent t the onEstte dimonds tht presents fg lineshpeD with n rupt gp nd keen oherE ene peks @pigF IFIUAF he strong suppression of urrent inside the spetrosopi gp indites vnishingly smll numer of fs t the ledsD s expeted for k B T ∆F roweverD the smoothed dey of the urrent t the hi mnifest low ut (nite tunneling proility right elow the g gp edge @pigF IFIUAF o understnd the origin of the softened urrent deyD (ts sed on models ounting for di'erent phenomen hve een performed prior to my work es it ws explined t the end of setion IFPFPD sequentil tunneling proesses etween the energy levels in the dot nd xEstte leds re desried y onstnt oupling prmeterD γF sn ftD the reltive )tness of the xEhyD D(0)D round the permiElevel results in n uniform hyridiztion of the h levels for ny voltges pplied @vorentzin spetrl funtion of regulr shpeAF sn ontrstD the strong dependene on energy of the gEhyD D SC (E)D round E F is expeted to introdue signi(nt vritions of the hyridiztion for distint vlues of the hemil potentil di'ereneD D etween the dot nd eh g led @identil to 0 D ut de(ned for single ledAF gonsequentlyD the tunneling proility is no longer onstntD ut funtion of D de(ned s γ( ) = γD SC ( )/D(0)F uh energyEdependent ouplings re onsidered in qreenEfuntion methods developed for lulting the ondution in gEhEg juntions IRQD IRRD whih lso ount for otunneling ontriutions up to n ritrry higherEorder @ove whih the orresponding qreen funtions re truntedAF he expression for the urrent rried y single spinEdegenerte level derived from the qreenEfuntion otunneling model in the wekEoupling regime onsidered

I(V B , V G ) = 4e h (2 -n QD ) [f S (E -eV B ) -f D (E)] × γ S (E -eV B ) γ D (E) (E -0 (V B , V G )) 2 + [ γ S (E -eV B ) + γ D (E)] 2 dE, @IFQFTIA
ws determined y KangF he onEdot goulom repulsion is tken into ount in the preftor

(2 -n QD )D where n QD is the h9s (lling ftorD expressing the proility of the h level to e (lled for given on(gurtion of pplied voltgesF e selfEonsistent expression for n QD (V B , V G )D inluding ll possile energyEonserving otunneling proesses up to the trunted order IRSD llows to lulte this quntity independently nd ompute the urrentF sndeedD the urrent dey t the hi of the gEhEg trnsistors is well ptured y the otunneling model @red solid line in pigF IFIUAD wheres the mster eqution pproh nnot reprodue it neither when onsidering hynesErodened gEhy t the leds @grey dshed linesA nor when introduing qussin noise @lue dshed linesA QVF st is then possile to lim tht hrd fgElike gEhy is present in our deviesD nd to dismiss noiseEindued rodening e'ets in our ryogeni setEups @owning highlyE(ltered eletril linesA nd the spetrosopi resolution in these devies is only limited y the lifetime rodening inherent to (nite tunnel ouplingF 1.3.3 Emergence of Yu-Shiba-Rusinov states in the Kondo-coupling regime he presene of impurities in freeEeletron gs introdues lol disruptions t the periodi potentil of the rystlline lttieF he eletrons in the nd tend to ongregte round the impurity for sreening itD so tht the potentil reovers its periodi strutureD giving rise to uondo e'etF sn the se of superondutor @gAD suh sreening proess is rried out y gsD leding to lol redution of their ounding energy with respet to the orresponding ulk vlue @∆A s onsequene of the ttrtive intertion exerted y the potentil deep indued y the impurityF he lol gEhy round n impurity my then disply qusiprtile exittions t energies elow ∆D generilly lled endreev ound sttes @efAF sn the se of mgneti impuritiesD the potentil )utution is mpli(ed y the exhnge intertionD JD nd the spei( ef reeive the nme of uEhiEusinov @A sttes IRTF snsted of onsidering n impurity emedded in ontinuous medium @whose sole presene lredy disrupts the potentilAD n interesting se rises when mgneti impurities re pled on top of g surfeF he potentil disruption is then purely mgnetiD eing exlusively used y JD nd sttes rise lolly in the re elow it IRU @pigF IFIVAF por su0iently lrge ouplingsD gEh juntions my disply this ehviorD s the spinD S 0 D of the unpired eletron t oddEouption hrge sttes grnts the dot mgneti hrterF he forml desription of suh endersonEtype impurities is done from the perspetive of the sewD repling the xEstte eletrode in enderson9s hmiltonin @iqF IFPFRRA y superondutor @iqF IFQFSQAF uondo9s hmiltonin is prtiulr se of the sew hmiltonin @for E U → ∞ nd -E U < 0 < 0A whose superonduting version is otined equivlentlyD leding to

H = H SC + H 0 + H T = k,σ k c † k,σ c k,σ - k ∆ k c † k,↑ c † -k,↓ + hFF + σ 0 d † σ d σ + E U d † ↑ d ↑ d † ↓ d ↓ + + J 2 k,k ,σ,σ c † k σ σ σσ c kσ • S 0 @IFQFTPA
his g version of uondo9s hmiltonin ws digonlized independently y Lu Yu IRVD Hiroyuki Shiba IRW nd A. I. Rusinov ISHD ISIF sn uondo9s hmiltoninD the spin in the h is lssilD equivlent to lol mgneti (eld s its quntum mehnil nd dynmil properties re negleted @J → 0 nd S 0 → ∞D so tht their produt is (niteAF frie)yD the solutions otined y uD hi nd usinov desrie set of qusiprtile exittions rising lolly in the g stte of the medium due to sttering of the gs with the impurityF he energy dispersion of the lowest exited stte @viA ws otined to follow tendeny of the form RP where ζ = JS 0 πD(0)/2 is positive quntity nd thusD the vi shll lwys e found lying elow the g gpD ∆F sf the g onsidered is su0iently lrge @ontining lrge numer of prtilesAD for the menE(eld pproh to e vlidD the vi n e essed equivlently y injetingGextrting n eletron toGfrom the systemF nder this pproximtionD the vi exittion mnifests s two suEgp resonnes @of prtileElike nd holeElike hrters respetivelyA emerging t symmetri energies of ±E Y SR in the exittion spetrum of the orrelted systemD nd umulting ertin prt of the fg prtileGhole spetrl weight depending on the strength of J @leding to lol )ttening of the oherene peks of the gEhyD s illustrted in pigF IFIVAF hereforeD the energy spetrum of the gEh system n e spetrosopilly proedD for exmpleD with the gEtip of w @pigF IFIVA llowing for the experimentl oservtion of the resonnesF iiswixev wexspiesyx yp ri ErsfeEsxy iyxexgi sn the lst ouple of dedesD extensive experimentl work hve een devoted to hrterize lrge vriety of dotElike nnostrutures strongly oupled to superondutorsD grdully revelE ing the rihful phenomenology tht these systems n displyD s mny energy sles re involved @E U , E δ , ∆ S,D , γ S,D , k B T S,D K D leling oth S nd D eletrodesA nd distint rtios etween them re otined in di'erent smple on(gurtionsF reding devies exploring the omintion of uondo e'et nd superondutivity were generlly sed on semionduting xs nd gxsD symmetrilly oupled to pir of g eletrodesF he high trnsmission proility of gs in devies displying reltively strong γ S,D nd low E U resulted in the omplete g proximiztion of the dot strutureD rehing the soElled pryEérot regime where superurrent )ows through the devie t zeroEis nd severl multipleEendreev re)etions @wesA pper t (nite ises SD IID TD UD VF egrdless of the smpleD these ondution fetures presented periodi gte modultionD previously oserved previously in gEi devies WD lrgely deresing their mplitude t even hrge sttes of the hD putting into mnifesttion the importne of the h ouption prity in the hrge trnsE port mehnismsF vter onD the g proximity e'et ws wekened in h devies inresing E U D where the ondutne fetures t odd hrge sttes evolve into lrge uondo resonne imposing over the g gp IPF gertin works reh intermedite vlues of E U D reltive to γ S,D D otining h trnsistors were proximity e'et disply strength similr to uondo e'etF sn these smplesD sttes riseD ppering duplited s four ondutne resonnes in the hrteristi urvesD s the spinEorreltions of the dot extended over oth g leds of the juntion IRD IQD PQD PTF gonsequentlyD the trnsport ws ompletely orrelted nd the spetrum of oth leds pper onvoluted in the ondutne mesurementF wore reent experiments hve een le to mesure the spetrum y reduing the oupling sle of one of the leds into the wekEoupling regimeD ting s proe tht performs spetrosopy on the gEh orrelted system t the other side of the gEhEg juntion QID PRD PSD PWD QHD RIF uh these systems ould study the ontinuous evolution of the spetrum for di'erent vlues 0 tuned vi gte eletrodeF purthermoreD the zeroEV B uondo resonne ws reovered in mesurements for the x stte of the ledsD rehed y suppressing superondutivity with n externl mgneti (eld @pig IFIW nd AD llowing for the determintion of the uondo energyD k B T K D nd moreoverD to hrterize the trnsition from the pryEerot to the uondo regime PV @s the mgneti (eld grdully redues ∆D wekening the proximity e'etAF sn these symmetrilly oupled juntionsD the energy sles hrterizing the uondoEoupled led @∆ nd γA re fundmentlly involved in determining the trnsport properties of the systemD while the weklyEoupled eletrode @hrterized y γ W nd ∆ W A simply onstitutes wy for proing the spetrumF sn ftD suh symmetri on(gurtion mthes nturlly the rrngement of w setEupsD in whih xGg tip n e djusted t tunle distnes over the smpleD whih n e prepred s len g surfeD overed y selfErrnged lyers mgneti moleules or dtoms tht estlish ritrrily strong ouplings to the sustrteF etullyD resonnes were lredy eing investigted y w few yers efore their (rst oservtion in solid stte devies QPF wny inE teresting fetures hve een mesured in w experimentsD for exmpleD strong symmetries in the spetrl weights of oth resonnes tht osilltes with the distne from the impurity QQD or the simultneous presene of severl resonnes rising from the omplex oritl strutures of speE i( mgneti moleules ISPF pitting our disussionD the group of Franke et al demonstrted the ouplingEdependene of E Y SR y ddressing moleules owning slightly di'erent uondoEouplings to the sustrte with n wD showing tht oth resonnes my disply rossing t zeroEenergy8 stemming from the ompetition etween uondo e'et nd superondutivity IHF e digrm displyE ing the ontinuous evolution of E Y SR nd pturing the rossing point n then e reonstruted y dding together the spetrum of di'erent moleules QRD or tuning γ on single moleule y pushing it down with the w tip QS @pig IFIW nd dAF uperonduting moleulr trnsistors frited y eletromigrtion hve lso een proven s vlid ndidte to study resonnesD if the moleule hppen to dispose in the right symmetri oupling on(gurtion QWD QT @pigF IFPHAF he lrge reltive vlue of the dot9s sping sles @E U nd E δ A in suh devies is omprle to the moleulr juntions studied y wF fesidesD eletromigrtion h trnsistors re not likely reh the lrge ouplings tht n e hieved with gxs nd xs @in whih the g led is diretly deposited on top of the nnostruture long the frition proessAF eltogether mkes tht proximity e'et is severely redued in h trnsistors mde y eletromigrtionF hen ouplings hppen to e strong enough to generte signi(nt uondo orreltions with one ledD the other led is normlly wekly oupledD llowing to perform spetrosopy of the resulting wellEdeveloped sttes t the g stte @pigF IFPHAD whih my even pper uried elow uondo resonne tht imposes over the g gp for n lrger vlue of the strong oupling sle @displying residue of the stte t the summitD s it n e oserved in pigF IFPHAF hespite the lk of ontrol on the ouplings during the frition of eletromigrtion deviesD they o'er rther unique pltform for the hrteriztion of the resonnesD s they omine the energyEsle hierrhy typil of moleulr juntions with gte eletrodeF purthermoreD the spetrosopi resolution n e muh inresed with respet to the mesurements shown in pigsF IFPH y repling the proximizedEgold ontts in these experiments y pure luminum onesD nd employing metlli nnoprtiles rther thn moleules @whih hve systemtilly presented present lrge linewidths well ove the therml limitAF igyxhgss F uyxhy ippigX ri HEπ exssyx he resonnes ould lredy e predited y solving the gEuondo hmiltonin tht onsiders lssil spinF xeverthelessD n urte desription of the experiments disussed ove requires the onsidertion of quntum spinF yn one hndD for n e'etive sreening of the h9s mgnetismD the formtion of fs t the g led is requiredF vike thisD uondo orreltions exert disruptive in)uene on the superondutivity t strongly oupled ledD estlishing the formtion of sreening loud nd onstituting uondoElike singlet lol stteF yn the other hndD the g piring orreltions oppose to the umultion of qusiprtilesD keeping eletrons ounded y pirs into g singletsF et the sme timeD the g proximity e'et fvors the extension of piring orreltions t the dotF elthough oth e'ets relies on the existene of permi surfe t the freeEeletron gsD the origin of the driving fores nd the resulting mnyEody quntum stte re di'erentF e omplex ompetition etween oth phenomen tht depends on the reltive vlue of the relevnt energy slesX E U D γD 0 nd ∆F o simplify the pitureD only k B T K nd ∆ re sometimes onsideredD inluding the (rst three sles into the uondo energyF elthough this is not formlly orretD nd k B T K is de(ned in the sene of preftorD it is ommon to restrit the disussion to the reltive vlues of this two sles for simpli(tion purposesF sn this senseD the estlishment of one of the two possile regimes nd the orresponding ground sttesD rising from this interplyD might e sried to the k B T K /∆ rtioD one of them eing hrterized y the prevlene of mgnetism @for k B T K ∆AD or superondutivity for the other @for k B T K ∆AX , Free-spin doublet ground state: the weak J limit @k B T K ∆AF he gs re roust ginst wek exhnge intertionD nd the lol g piring energies re slightly 'etedD resulting in n spetrum where resonnes ly exponentilly lose to the gp edgeF he g gp depletes the qusiprtile hy round E F D suppressing uondo sreening nd the unpired spin t the h remins unsreenedD so tht the system dopts doulet ground stte |Ψ σ on(gurtionX either |↑ or |↓ D with timeEverged lol spin of S = 1/2F , Kondo-screening singlet ground state: the strong J limit @k B T K ∆AF sn this regimeD the exhnge intertion is strong enough to impose over the g piringF roweverD the resulting singlet is fundmentlly di'erent from the uondoEsinglet in the xEstteF en eletron of the roken pir inds together with the eletron t the dotD forming g on their own tht resontes etween the h nd the gF he wve funtion of the two resulting eigensttes |Ψ ± @one of them onforming the ground stteA is equivlent to g singletD displying timeEverged lol spin of S = 0 nd n spetrum where the resonnes lso pproh the gp edgeF rdoxillyD while this regime is hrterized y uondo e'et governing the systemD the orresponding ground stte is fgElike due to proximity e'etD hrterized y gs resonting etween the reservoir nd the hF et the intermedite regimeD where k B T K ∼ ∆D oth sttes |Ψ σ nd |Ψ ± own similr energiesF he lowest one onstitutes the q of the systemD while the other one eomes the viF he resonnes show up t the orresponding energy di'ereneD E Y SR = E LES -E GS D lying well elow ∆F fy pplying ertin V B D suh tht the proing eletrode rehes the resonnes t ±E Y SR D the orrelted system is rought from the q to the vi eh time n eletron is injetedGextrted toGfrom the proeD eventully relxing k to the qD generting suEgp urrentF sf the k B T K /∆ rtio is tuned from regime where k B T K /∆ 1 to regime where k B T K /∆ 1D for exmple y tuning J @nd onsequently k B T K AD oth resonnes disply ross t zeroEenergyF his rossing pointD where E Y SR drops to zeroD identi(es the ritil vlue of J = J crit D where the system undergoes n inversion of the singletEdoulet sttesD where the q t one regime eomes the vi t the otherD rrying long hnge in the system9s verge spin y n mount of ∆S = ±1/2 @pigF IFPIAF elthough this trnsition onstitutes no more thn levelErossingD suh qEvi swpping is often referred to s quntumEphse trnsition in the literture ISQD ISR @ in the reminderAF he exhnge oupling is onsidered s the order prmeterD nd the verge spin of the q is ontemplted s the ontrol prmeter @ruptly swithing from 0 to 1/2D inditing (rstEorder trnsitionAF imilr trnsitions re oserved y lifting the spinEdegenery of on(ned eletrons in h with n externl mgneti (eld ISSD or in uondo systems with integer spin IIIF he prolem of the quntum spin ws (rstly solved y Tamusa Matsuura ISTD otining reltion desriing the energy dispersion of the resonnes t the strong oupling regime @k B T K ∆AF sn his solutionD the prmeter ζ in iqF IFQFTQ is e expressed s

E Y SR = ∆ 1 -ζ 2 1 + ζ 2 , @IFQFTQA
ζ = π∆ 4k B T K 1 + ln 4k B T K π∆ , @IFQFTRA
elthough this reltion is only stritly vlid t the strong oupling limitD it n e extended towrds the intermedite regimeD displying the rossing of the resonnes qulittivelyD for (k B T K /∆) c ∼ 1 @pigF IFPIAF sn ftD the resonneErossing reonstruted from w mesurements on di'erently oupled moleules follow the sme tendeny @pigF IFPIAF he zeroEenergy rossing of the resonnes onstitutes the min trnsport feture inditing the phse trnsition in the gEh orrelted systemD proed with weklyEoupled ledF sn ontrstD if this eletrode is lso strongly oupledD the trnsport ross the juntion eomes ompletely orreltedD enling the trnsport of resonting gs through the h tht estlish superurrent ross the juntion ISUF he mnifest in suh symmetrilly oupled gEhEg juntions s sign inversion of the g order prmeterD orresponding to πEshift in the phse di'ereneD ϕD of the g wve funtion of oth leds t the douletEq phse of the system ISV @pig IFPP nd AF uh shift of the gEphse implies reversl of the superurrent )owing through the h when tuning the system ross the into the douletEq regionD s it hs een demonstrted y severl mesurements rried out in sh devies @with symmetrilly oupled gEhEg juntions onforming one or oth of the wek links in the g loopA ITD IUD IVD IWD PHD PSD RQ @pig IFPP nd dAF RT 1.3 Quantum dot junctions in the superconducting state exevsgev yvsyx exh xq swvesyx elredy for lssil spinD A. I. Rusinov predited the sptil osilltions of the resonnes spetrl weight when vrying the distne from the impurity ISHD ISID experimentlly on(rmed mny yers lter QQF por the quntumEspin seD generl solution vlid for ll possile energyEsle hierrhies nd desriing preisely the spetrl fetures of the systemD hs not een found up to the dteF en nlytil desription of the prolem is possile when the onEdot repulsion is ompletely negleted ISW @E U → 0D ommonly known s the nonEinterting limitAF et this regimeD goulom lokde e'et vnishes nd proximity e'et imposes g singlet stte t the dotD dismissing for the possiility of stilizing doulet stteF sf (nite E U is onsideredD pproximted solutions n e otined for spei( limits y employing nlytil tehniques ITH @suh s menE(eld theory or perturtion expnsionsAF xeverthelessD the superonduting tomi limit @in whih W ∆ E U γA onstitutes prtiulrly interesting se s nlytil expressions for oth the doulet nd singlet sttes n e inferredF fy mens of the qreenEfuntion formlismD n e'etive lol hmiltonin for the dot omponent is derived from the gEsewX

H e 0 = σ 0 d † σ d σ -γ ϕ e i(ϕ S +ϕ D )/2 d † ↑ d † ↓ + hFF + E U σ d † σ d σ -1 2 , @IFQFTSA
where the dditionl term ounts for the g proximity e'et indued t the dot y the two g leds forming the juntion @S nd DD onsidering symmetri ouplingAF he resulting onEdot piring mplitude is expressed s

γ ϕ = 2γ T π arctan D ∆ cos ϕ S -ϕ D 2 , @IFQFTTA
eing proportionl to the totl tunnel oupling γ T = γ S + γ D nd depending on the di'erene of the respetive g phsesD ϕ S nd ϕ D @ single vlue for the g gp t oth eletrodes is onsideredD 

|Ψ + = u 0 |↑↓ + v * 0 |0 , |Ψ -= -v * 0 |↑↓ + u 0 |0 , @IFQFTUA
where

u 0 = 1/2 1 + ξ 0 / ξ 2 0 + γ 2 ϕ nd v 0 = 1/2 1 -ξ 0 / ξ 2 0 + γ 2 ϕ @IFQFTVA
orresponding to fgElike singletsD eing their respetive eigenenergies equl to E ± = E U /2 + ξ 0 ± ξ 2 0 + γ 2 ϕ F pour resonnes pper t energies of ±a 0 nd ±b 0 D otined from the energy di'erene of the e'etive hmiltonin9s eigensttes

a 0 = E --E σ = E U 2 -ξ 2 0 + γ 2 ϕ , b 0 = E + -E σ = E U 2 + ξ 2 0 + γ 2 ϕ . @IFQFTWA
hile ±b 0 desries two resonnes ppering t higher energiesD ±a 0 orresponds to the lowEenergy pirD eventully rossing for a 0 = 0D or equivlentlyD for ξ 2 0 + γ 2 ϕ = E 2 U /4D giving the nlytil expression for the oundry seprting oth phses @lk line in pigF IFPQAF hespite the diverging ∆ vlue onsidered in this limit nd the onsequent enhnement of proximity e'etD the presene of (nite E U D eing muh lrger thn γD mkes possile to stilize single spin t the dotD llowing for the existene of douletEq phseF fy pplying the xq methodD few theoretil studies hve explored the in gEh orrelted systems t spei( regimesD desried either from the perspetive of the gEuondo model @lssil spinA or the gEsew @quntum spinAF sn the (rst seD ritil vlue of (k B T K /∆) c ≈ 0.3 hs een otined for the ourrene of the t wekEoupling limitD suh tht ∆, E U γ ITQD ITRD deresing down to (k B T K /∆) c ≈ 0.2 s the oupling is inresed IIQF sn the lter seD the trnsition t the wekEoupling regime ws found round (k B T K /∆) c ≈ 0.42 ISVD in greement with the qulittive vlue of (k B T K /∆) c ∼ 1.0 found t the strongEoupling regime y Matsuura ISTF imilr ut onsistently lrger ritil vlues of (k B T K /∆) c ≈ 0.6 -0.8 hve een RV 1.3 Quantum dot junctions in the superconducting state otined experimentlly from hnges in the tendeny of the reltive ondutne t the g nd x stte in symmetrilly oupled devies SD IPD PVD or y oserving the zeroEenergy rossing of the resonnes in symmetrilly oupled devies PTD QHF iven lrger vlues of (k B T K /∆) c ≈ 1.0 hve een typilly reported in moleulr juntions mesured y w IHD ITSF etullyD ll suh disrepnies re ttriuted to ertin vriility of the preftor in the uondo sle k B T K onsidered t eh studyD s it is de(ned di'erently t the vrious theoretil frmeworks ITTD nd diversely extrted from experimentl dtF sn spite of the lk of greementD the settlement of n universl riterion is not simpleD sine it is not lwys possile to mesure ertin quntities in spei( experimentl on(gurtions or numeril pprohesD together with the sene of (xed expression of k B T K D vlid for ny regimeF sn tht senseD k B T K is generlly tken s pproximte quntityD nd speil re must e tken when ompring the uondo sles of di'erent worksF en extended xq study of the quntum gEh system ws done y Bauer et al providing desription for the full prmeter rnge from the wek to the strong oupling ITIF ogether with the energy dispersion nd spetrl fetures of the sttes @pigF IFPR nd AD they otined the phse oundry seprting the douletEq nd singletEq phses for di'erent reltive vlues of the mirosopi energy sles @olored dots in pigF IFPQ nd AF he lulted trjetories of the phse oundry in the E U /γ vs ξ 0 /E U plneD for di'erent vlues of ∆/γD reh the mximum E U /γ vlue t the prtileEhole symmetri point @ξ 0 = 0 or 0 = E U /2AD oiniding with the sturtion of E Y SR nd the minimum of the spetrl weights @w ± AF et the singletEq phseD w ± reh mximum vlue with the shpe of rodened kinkD displying n inversion of their reltive vlue t the D s well s sudden drop in intensityD further deresing up to prtileEhole symmetryF e ouple of yers fter the pulition of this workD frmework pplying perturtion theory to the gEtomi limit disussed ove demonstrted the otinment of quntittively similr results ITPD presenting slight devitions ut resulting more prtil thn the omputtionlly demnding xq simultions @olored lines in pigF IFPQ nd lk line in AF RW 2 Sample fabrication and electromigration Selectively contacting individual metallic particles or molecules of only a few nanometers in size would involve the fabrication of electrode structures so small that are currently unreachable by available lithographic technologies. Breaking junctions provide a suitable alternative, despite the stochastic nature of the cracking procedures that impede sample reproducibility and own relatively moderate yields of successful fabrication of a stable junction system. Separately, the employment of standard metallic lines, made by lithography, for the on-chip transmission of radio-frequency signals down to mesoscopic devices can induce high power losses that are strongly frequency-dependent, detrimental for an accurate control of the incoming signal at the device site, as well as introducing a notable increment of the electromagnetic noise in the sample environment. Specically adapted designs, like the grounded coplanar waveguide, can ensure a at transmission of radio-frequency signals along the line over a wide range of frequencies. In this chapter, we explain in detail the bottom up approach followed for the implementation of a radio-frequency-compatible local back gate electrode combined with previously developed electromigration breaking junctions, entirely made of aluminum and optimized for contacting colloidal nanoparticles, while signaling the diculties found in the whole procedure and the key points to avoid them. At the end of the chapter, we comment on the characterization of the electromigration process and show the aluminum-compatible quantum-dot deposition methods tried out, indicating the corresponding success rates and identifying the critical parameters that allow to improve them. 
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2.1 Introduction to the fabrication of quantum-dot transistors he empiril onept of quntum dot @hA hs evolved from its (rst experimentl reliztionsD more thn QH yers goD s lithogrphilly ptterned metlli islnds nd isolted eletron droplets in semionduting heterostrutures of sizes ∼ IHH nmD up to the presentD ordingly to the grdE ul progression of nnofrition tehnologies llowing to rete nd ontt strutures eh time smllerF e wide vriety of solid stte devies hve een developed to study the eletroni trnsport through hsD displying lever smple geometries nd dpted h deposition methods or growing proeduresF he minusule size of olloidl hsD suh s fewEnnometers dimeter metlli prtiE les or moleules @lled this wy s they re usully stored in olloidl solutionsAD enles to reh the lrgeEhrgingEenergy limit nd otin wellEseprted eletroni energy levelsD when ontted y tunnel juntions to pir of trnsport eletrodesF et the eginning of this setionD we rie)y review generl rekingEjuntion pprohesD tht provide the most ommon nd experimentlly essile wy to onnet individul olloidl hs with mrosopi iruit @PFIFIAF henD we introdue the onept of eletrostti gting s method to ontrol the hemil potentil of mesosopi ojetsD enumerting the most ommon gteEeletrode on(gurtions nd their omptiility with distint reking juntions geometries @PFIFPAF efter thtD we omment on the fesiility of employing superonduting @gA mterils for reting reking juntions @PFIFQAF pinllyD we de(ne our strtegy for friting gEi ontting individul olloidl hsD inluding n dpted gte eletrode for the trnsmission of eg signls in the rdioEfrequeny @pA rnge @PFIFRAF 2.1.1 Breaking junctions for contacting individual quantum dots gontting olloidl hs remins hllenging tskD sine the typil sizes involved @I!IH nm diE meter of the dotD plus distnes elow I nm for the ontting tunnel rriersA remin one order of mgnitude smller thn the shortest lithogrphilly essile resolutionF he (rst suessful pproh ddressing individul moleules ws hieved in the lte VH9s y the group of Aviram et alD who used snning tunneling mirosope @wA to investigte surfes funtionlized with moleulr monoElyers ITUF osterior progression in the (eld suggested the possiility of reting singleEmoleule juntions y rshing the w tip into the funtionlized sustrte nd then retrieving it gentlyD grdully reking the formed onstrition @pigF PFIAF fy employing iEfuntionl liner moleules owning hemilly tive terminls t oth extremesD nd tip mde of spei( metls reting with the moleulr terminlsD it is likely to reh sitution in whih single moleule ends up ridging the tip nd the sustrteD right fter the metlli wek link is ompletely roken@s done in efsF ITVD ITWD IUHAF he suess nd fesiility of suh wEreking juntions @wEftsA settled the onept of wek metlli linkD funtionlized with moleulr monoElyersD then rti(illy roken under ontrolled onditionsD s suitle method for otining singleEmoleule juntionsF st should e mentioned tht the rpid progression on these systems stems from the employment of gold @euAD owning very speil set of properties tht inludes very spei( retivity @tht filittes the tthment of moleules to its surfeAD high mlleility @fvoring its tomi rerrngement during the reking proedureAD nd lk of oxidtion @tolerting its exposure to mient onditions nd simplifying smple mnipultionAD whih mkes it n idel pltform for the development of reking juntionsF fsed on wEftsD di'erent kinds of solid stte deviesD in whih two mssive eletrodes re onneted y thin nrrow onstrition @of typil ross setions round 100 × 10 nm 2 AD re frited y lithogrphy following ottomEup pprohesF eording to eh di'erent geometryD spei( tehniques hve een developed to rek eh prtiulr kind of onstrition in ontrolled fshionD opening nnometri (ssure tht seprtes oth ledsF rior to or diretly fter the reking proedureD deposition of olloidl hs n e rried out on the surfe @y selfEssemled moleulr monoElyersD diret dropEsting or y therml evportionAD so tht h n eventully fll in the rkD sndwihed etween oth leds nd onneted to them y tunnel juntionsF fy pplying ising voltgeD SP V B D ross suh h juntionD the ondutne through the dot n e mesured in twoEterminl geometryF gompensting the lk of sptil )exiility grnted y snning proes setupsD integrted devies ene(t from n improved mehnil stility nd introdue the possiility of reting more omplex devies tht onnet the h juntion to other iruit elementsD for exmpleD gte eletrodeD onforming hEsed singleEeletron trnsistor @hEiAF wehnillyEontrollle reking juntions @wgftAD initilly oneived to study the ondutne of quntum point onttsD were suessfully employed to otin singleEmoleule devies for (rst time in the lte WH9s IUID selfEssemled on the eletrodes from olloidl suspensionF he priniple of opertion of wgfts onsist on exerting physil tension on the smple sustrte @for instne pushing the sustrte from elow with piezoeletri elementA tht pulls the onstritionEonneted leds in opposite diretionsD grdully reduing the onstrition setion nd (nlly reking it prtD similrly to wEft @pigsF PFI nd AF hiverse experimentl work hs een rried out ever sine in oth experimentl systems @wgft nd wEftA IUPD studying the trnsport properties of the h juntion s funtion of the leds sping IUQD IURD modifying its tunnel oupling IHT nd even mnging to rerrnge the hEled ontt geometry nd lign the moleule IUSD IUTD IUUF sn IWWWD new reking proedureD sed on n oldEknown phenomenon lled eletromigrtionD emerged s n lterntive wy for reting nnometrilly seprted eletrodes IVHF sn shortD this tehnique onsist on imposing n inresing urrent )ow etween the leds onneted y wek linkD tht will eventully rek the onstrition due to the momentum trnsfer of the moving eletrons to the stti metlli ions @see pigF PFIdAF sf the proess is rried out in ontrolled mnnerD nnometri (ssures n e engineeredF ypposite to w nd wgftD the sene of mehnilly moving prts in eletromigrtion reking juntions @iwftA disles the option of moving or rerrnging the hF yn the other hndD its min dvntge resides in the possiility of inluding reltivelyEwell oupled gte eletrode tht n e used to modify the hemil potentil of the dotD llowing to study its trnsport properties over this di'erent degree of freedomF eleit the presene of olloidl h in the opening rk seems very improleD the yields of suess found in iwft experiments @I!IH7A suggest tendeny of nnoprtiles nd moleules to ridge the gp when eletromigrtion tkes pleF roweverD up to the dteD it is thought to e rndom proess over whih we hve no ontrolD nd no future perspetives of mssive prodution of h juntions using iwft n e drwn t the momentF 2.1.2 Gated-quantum-dot electromigration junctions he onept of the gte eletrode is on the foundtions of quntum nnoeletronisF fy pplying voltgeD V G D to the gte eletrode it is possile to tune the hemil potentil of quntum ojets pitively oupled to itF sn this senseD the qulity of gte eletrode is de(ned y the gte pitive oupling prmeter @α G D tht determines the hemil potentil hnge due to ertin V G shiftA nd the voidne of lekge urrent toGfrom the trnsport eletrodesF he implementtion of gte eletrodes owning di'erent geometries hve een developed long with the progression in nnofrition tehnologiesF hi'erent kinds of gte eletrodes n then e dpted nd omined depending on the nture of the smple nd the prtiulr phenomen to e mesuredX , Planar back-gateX the extended use of dopedEi wfers with topping therml oxide lyer enles to employ the onduting silion ulk s for the glol gting of nnostrutures pledGfrited on topF he thikness of the therml oxide @∼ 100 nmA determines the gte ouplingD ommonly vlid for reltively lrge mesosopi struturesD like PhEmteril mirometri )kes or ron nnotues or nnowiresD ut fr too wek for tiny olloidl hsF hevies employing this gting method re shown in pigsF PFP nd F , Local top-gateX lso lled topgtesD these re dedEend eletril lines ptterned y lithogrE phyD generlly used for lol depletionGumultion of eletrons in semionduting nnostruE turesF gomplex potentil lndspesD suh s eletron droplets ting s hsD n e indued t the Phiq y friting multiple topgtes following spei( designs @pigsF PFPdD fD g nd iAF , Lateral gateX lso known s sidegtesD eing s well dedEend eletril lines ptterned y lithogrphyD n e used in devies involving quntum ojets lrge enough to provide signifE int gte oupling t lithogrphillyEessile distnes @pigsF PFPD nd iAF , Local back-gateX elso referred to s kgtesD re gin dedEend eletril lines ptterned y lithogrphyD generlly overed with thin oxide lyer for their eletril isoltion from the strutures ptterned on top @pigF PFPe nd hAF SR es explined in the previous hpter @IFPFIAD the hrge stte of the dot in h juntion following the threeEterminl i on(gurtion n e modi(ed y sweeping V G F gommon i devies involving lithogrphillyEde(ned hsD suh s metlli nnoislnds RUD eletron droplets de(ned in twoE dimensionl eletron gs @PhiqA IVRD in semionduting nnowires @xA IUD IVSD IVT or ron nnotues @gxA ITD re frited inorporting lol top nd lterl gte eletrodesD generlly otining reltively lrge gte ouplings @up to α G ∼ I!IH7A tht llow few hrge sttes to e ddressedF sn ontrstD gting olloidl hs in reking juntions is not so simpleD s the lrge size of the onstrition eletrodes with respet to the fewEnnometers dotsD sreen the gte eletri (eld inside the nnogpD resulting in muh lower gte ouplingsF o mximize this prmeterD lol kgtes overed y extremely thin oxide lyers @of out IH nmA re employed in iwftsD leding to typil pitive ouplings to the gte of α G ≈ I7F he sope of reting gted nd reErrngele h juntions tht omines the sptil resolution of wsD the (ne nd stle tunnel oupling modi(tion nd h geometry rerrngement of wgftsD nd the hemil potentil tuning with the gte present in iwftsD hs fueled the explortion of exoti experimentl on(gurtionsF sn snning proe setupsD limited gting methods like inEsitu queousE solution medi @tht provides eletrohemil gting of spei( redox moleulesA IVUD IVVD nd rti(il rrngements of individul toms lose to the juntion IVW hve een demonstrted so frF puture perspetives my introdue wEomptile smples tht inlude lithogrphilly ptterned gte eletrodesF sn prllel reserh lineD diverse pprohes hve studied the fesiility of dding gting eletrode in wgftsF fy inluding kgte IWH or sidegte IUW moderte in)uene over the I -V B hrteristis hs een reportedD even mnging to hnge the h9s hrge stte IWIF elthough the gte ouplings hieved re round one order of mgnitude elow iwfts @α G ∼ HFI7A more reent experiments hve mnged to implement lol kgte long the wek link ridge @4sndwih4 on(gurtionA IWPD IWQD IWRD IWS enhning the gte oupling to vlues loser to the typil ones otined in iwftsF 2.1.3 Superconductor-quantum-dot electromigration junctions sn the lst PH yersD the implementtion of gEh hyrid deviesD in whih the mrosopi quntum stte of superondutivity @gA is omined with eletron on(nement t the dotD hve oosted up to explore novel trnsport properties rising in these systemsF xeverthelessD intrinsi di0ulties re found in the usge of onventionl superondutorsD s most of them oxidize rpidly even t medium vuumF uh spet does not ollide for the frition of devies sed on gxs ITD IVD PH or semionduting xs TD IUD IWT or nnorystls IPD QID s the g mteril n e diretly deposited on top of the nnostrutures to form the onttF he frition proedures of juntions ontting metlli nnoislnds tke pro(t of this property s they re sed in shdow ngle evportionsD interlted with ontrolled oxidtion proesses enling to ontrol the tunnel rrier of the islnd ontts RTD RUF roweverD the employment of gs to frite reking juntions hve turned out to e not so strightforwrdF yn one hndD it is not ler tht proper eletromigrtionD leding to the formtion of nnoEsped eletrodesD n e performed in g mterilsF yn the otherD the extremely high y 2 retivity displyed y most onventionl gs requires to rry out the reking proedure inEsitu underD t lestD highEvuum onditionsF es onsequene of these drwksD only few exmples on the experimentl oneption of g reking juntions exist in the litertureD whih employ proximizedEeu t the onstrition QWD QTF sn ftD the presene of shrp fgElike hy with n rupt energy gpD tht leds to totl suppression of urrent t energies elow the g gpD ∆D is mndtory for the turnstile opertion of gEhEg i juntions @see ennex eAF sn this reserh lineD previous students t xéel snstitute hve optimized the frition proess of stteEofEtheErt eletromigrtion onstritions entirely mde of el QUD whih were proven suessful for ontting olloidl hs QVF purthermoreD hrge pumping mesurements were performed in some of these smplesD demonstrting their fesiility s eletronE turnstile devies RVD though showing redued frequenyErnge of opertionD ttriuted to the lk of pEdpted gte eletrodeF 2.1.4 Fabrication objectives he min nnofrition ojetive of this projet is to implement pEomptile gte eletrode mthed t the impedne of the ryogeni p lines @SH ΩAF his tsk n e omplished y the inlusion of ground plneD thus requiring the modi(tion of the previous iwfts smple deE signF woreoverD the high dieletri permittivity of intrinsi i @three times lrger thn usul dopedEi sustrtesA llows to design impedneEmthed gte eletrodes wide enough to hror the iwft strutures on topD repling previously employed dopedEi sustrtesF edditionllyD the replement of lumin @el 2 y 3 A s the gte nd ground plne oxide insultion lyer y zironi @ry 2 A enled us to pttern onding lines y optil lithogrphy thnks to its resistne ginst the developing hemil gents used in the proessD esides providing n inresed gte oupling due to its lrger reltive dieletri permittivityF pew hundreds of individul hips @si unity tht n e ooled down t timeA ontining totl of QH eletromigrtion onstritions eh @ugmented with respet to previous smple designsA ould e prepred simultneously in threeEstep lithogrphy proessD inresing the proility of suessful eletromigrtion per ool downF he design nd djustment of the whole frition proess prmeters @summrized in ennex hA were the fruit of lose ollortion with the postdotorl reserher David M. T. van Zanten nd the tehnil st' omposing the xexypef pltformF 2.2 Waveguide gate electrode fabrication he design of the gte eletrode must e done ording to the following key pointsX while the lol kEgte is the only gting geometry omptile with eletromigrtion tht provides su0iently lrge ouplings to ess di'erent hrging sttes in olloidl h juntionsD its design must e rrnged to wrrnt n dequtely )t trnsmission of p signls from the smpleEholder onnetorsF everl on(gurtions ommonly employed in miroEeletronis for oneiving wveguide eletrodes re reviewed t the eginning of this setion @PFPFIAF henD we desried the lithogrphy proessD whih employ iElyer resist tehnique to hieve highly )tness of the strutures tht integrte the gte lyer to void induing filures on the iwfts tht will e ptterned on top @PFPFPAF pinllyD n oxide lyer is used to over the gte struturesD providing the eletril insultion from the juntions @PFPFQAF 2.2.1 Transmission line geometries reisely pEdriven h juntions require n urte ontrol of the eg signl rriving to the gte eletrodeF e goodEqulity p line eomes essentil to ensure the proper trnsmission of the signl from the wveEgenertorD into the ryostt nd down to the gte eletrode of the smpleF smpedne disontinuities ppering in p lines etween the entrl ondutor nd the grounded oxil jket generte stnding wves long the lineD leding to frequenyEdependent trnsmission oe0ientD mplifying or ttenuting the osilltion mplitude in segments of the line mthed t di'erent impednesF o void the formtion of stnding wvesD p omponent nd les re metiulously designed nd tested to present nominl impedne vluesD stndrdized t SH ΩF sn pst experimentsD it ws oserved tht the hemil potentil osilltion indued in some h juntions displyed strong dependene on the signl9s frequeny @see ennex eAD pointing towrds n impedne mismthF wesurements performed with vetor network nlyzer re0rmed the good stte of the ryogeni p lineD lolizing the mismth t the smpleEholder stgeF he pility of identil smpleE holders nd miroEonding wires for properly trnsmitting p signls in similr experimentl setupsD then leded us to suspet out the gte eletrode s the mismthing spotF et the eginning of my projetD we strted investigting how to implement n impedneEmthed gte eletrode @ting s wveguideA imitting trnsmission line designsF e detiled desription on the propgtion of eg signls in trnsmission lines nd severl e'ets tht my indue vritions of the gte oupling prmeter for eg signls n e found in ennex fF ST he smll size nd plnr struture of integrted iruits in the vriety of miro nd nnoeletroni devies mkes impossile the use of oxil lesD ommonly employed in mrosopi eletronis to rry eg signlsF et this sleD oxil les re repled y trnsmission linesX metlli strips ptterned on sustrtes y lithogrphi proesses tht t s wveguide for the osillting signlD minimizing losses in form of rdition nd keeping highEqulity trnsmission over ertin frequeny rngeF sn nswer to the puli demnd of eletronis rehing lrger ndwidthsD redued noise nd produed t lower ostsD di'erent designs hve een developedD mong whih the following stnd outX , StriplineX his lssil on(gurtionD lso lled triplte line @pigF PFQAD ws developed during orld r ss IWUF st onsists in thin )t metlli strip uried in n insultor @idelly irA sndwihed etween two prllel ground plnesF he width of the wveguide strip @w w AD its distne with respet to the ground plnes @h w A nd the reltive permittivity of the insultor @ε R A determine the impedne of the ensemleF his design provides for environmentl noise immunity nd little power lossesD llowing highEfrequeny performne up to IH qrzF , MicrostripX he mirostrip on(gurtion @pigF PFQA ws developed few yers fter IWV s more ompt nd ostEe0ient lterntive to the strip lineF sn this se the metlli strip is frited on sustrte pled on top of single grounded metlli plteF hespite displying signi(nt power losses t high p frequenies due to the di'erent dieletri onstnts of the two surrounding medi nd induing unintentionl rossEtlks if other iruit omponents re not wellErrngedD mirostrips re widely used in di'erent pplitions up to few qrzF , Co-planar waveguide (CPW)X he g on(gurtion ws designed in the lte THs IWWF his geometry dds ouple of rod ground plnes on oth sides of the trnsmission line to the mirostrip designF st introdues n esilyEmodi(le prmeterX the sping etween the oplnr ground plnes nd the trnsmission line @s w AF fy properly setting the vlues of w w nd s w D it is possile to djust the impedne of the trnsmission line for di'erent sustrtes @h w nd ε R AD ensuring highEtrnsmission over lrger ndwidth @up to severl qrzA thn its little rotherY the mirostripF vter designs inlude ground plte under the sustrteD ptized s grounded oplnr wveguide @qg or ondutorEked gD pigF PFQAF snterestinglyD innovtive designs sed on wveguide integrte y rrys of shs llow the externl modi(tion of the g line impedne with mgneti (eld PHHF he dptility o'ered y the g designD optimizle for di'erent frequeny rngesD together with its open geometry mkes it perfet sustitute of onventionl mirostripsD eoming populr in the (eld of quntum nnoEeletronisD speilly for experiments tht require lrge ndwidths @for instneD the trnsmission of ultrshort p pulses for singleEeletron mnipultion PHIAF sn ftD s pointed out in setions IFQFPD the presene of eletromgneti noise in the smple environment indues the rodening of the g densityEofEsttes shrp feturesD generting suEgp lekge urrent in gEis tht is enhned when these devies re operted s turnstiles due to power losses if using mirostrip gteF xot only roder ndwidth n e hieved y dding ground plnes following the g on(gurtionD ut it hs lso een demonstrted tht the suEgp urrent is gretly inhiited s onsequene of redued power losses in the wveguide gte IQVD PHPF king dvntge of the djustle impedne o'ered y the g geometryD we strted severl frition tests for its implementtion in our iwft smples s the gte eletrodeF imultions were done to selet the preferred sustrte mteril nd determine the preise dimensions of the g designD mthing it t the SH Ω stndrdF ypposite to the lssilly used dopedEi wfers with reltive permittivity round QFWD intrinsiEi provides three times lrger dieletri onstnt @ε Si R = 11.9A permitting IEµmEwide SHEΩEmthed gte eletrodeD rod enough to omfortly hold iwfts on topF sntrinsiEi wfers ville in the mrket hve typil thikness of h w a PUS µmD for whih our simultions estlish g struture of sizes of w w a QFV µm nd s w a PFQ µm @detils on the simultion n e found in ennex gAF hen the whole frition proess is (nished nd single hips ontining onstritions redy for eletromigrtion re died out to e individully ooled down nd testedD onduting glue @silver pste model RWPWxA is used to glue the hips on the metlli plte of the smpleEholder tht provides the ottom ground plne of the qg on(gurtionF edditionl ene(ts resulting from the ground plnes in the smple inlude etter therml ondution for het evution during eletromigrtionD nd the formtion of pitors t the onding lines of the juntions ting s onEhip high frequeny (ltersF 2.2.2 Coplanar waveguide gate lithography vol k gtes of nnoeletroni devies must e frited s )t s possileF gonventionl lithogrphi proesses sed on single resist lyer often indues upstnding edges @top row of pigF PFRAF uh spiky ridges result detrimentl for vertil )ow on suessive lithogrphiesD s they n esily rete disonnetions in the strutures ptterned on top or shortEiruits with the eletrodes elowF e iElyer tehnique for optil lithogrphy developed t the xnof pltform of xéel snstitute llows to rete n underut in the resist msk @ottom row of pigF PFRAD voiding the formtion of upstnding edgesX (rstD thik ottom lyer of resist @vyQeAD sensitive to the developer gentD is spinEoted on the sustrteF henD seond lyer of photoEresist @IVHSA is spinEoted on topF efter the insultionD the smple is sumerged in the hemil developerD whih will immeditely dissolve the insulted pttern on the top photoEresistD nd will grdully et wy the exposed res of the ottom resistF he developing timeD the resist thiknesses nd the exposure dose re the key prmeters to rete stle underut tht will prevent the ontt etween the metl deposited on the sustrte nd on top of the resist iElyer @pigF PFSAF hese prmeters need to e djusted depending on the totl re of exposure of eh prtiulr designD otherwise the resulting underut might e too lrge nd ollpse during the metl evportion or too smll nd unle to prevent upstnding edges @pigF PFSAF es in our g design two thin resist lines @round 2.3 µm wideA re surrounded y hevily insulted lrge re orresponding to the ground plneD the unintentionl prtil insultion of the resist lines y proximity due to lser em de)etion is highD induing upstnding edges ll over the struture @pigF PFSA if the most strightforwrd singleEresist lyer pproh is employedF yur g design inludes gte eletrode lrge enough to support QH iwft per hip @eh hip ontins one gteAF pew ompt rrngements were prepred for ommeril PEinhes intrinsiEi wfersD mximizing the numer of hips per disk @ISH!PSHAF everl tests were done to optimize the prmeters of the iElyer optil lithogrphyF sn shortD the surfe is lened y n y 2 dry retive ion ething plsm @siA nd the resists re spinEoted nd kedF he insultion is done with reidelerg lser lithogrphy mhineD with minimum resolution of I µmD slightly elow the smller sizes of our g designF reise lignment with the rystlline xis of the wfer must e done to filitte its lter diing into individul hipsF efter the exposureD the wfer is developed nd we proeed with the evportion of iEeu lyer using n eletronEem metl evportorF pinllyD we put the smple into lift o' solvents tht remove the remining mskF itures showing the g struture integrting the gte lyer of single hip n e seen in pigF PFTD inluding rossEshped mrkers used in the lignment of susequent lithogrphy stepsF e detiled reipe ontining the djusted vlues of ll the prmeters in the proess n e found in ennex h @F hFIAF 

Gate oxide insulation

rditionllyD the silion industry use iy 2 s the insulting lyer for gte eletrodes in wypi trnsistorsD where the gte oupling is determined y its reltive dieletri permittivity @ε SiO 2 R = 3.9A nd its thikness @usully thermlly grown iy 2 lyers of few hundred nnometersAF he inresing omplexity of integrted iruits @envisioning Qh strutures nd vertil rhiteturesA soon demnded for onforml insultion of the metlli struturesF snitillyD elements mde of luminum were used for this purposeD oxidizing its surfe t ontrollle oxygen pressuresF roweverD undesired detrimentl e'etsD suh s low rekdown voltges or urrent lekgesD rising from the smll thikness of this nturl oxide @∼P nmAD hve promoted the development of oxide deposition tehniques like hemil vpor deposition @ghA or tomiElyer deposition @evhA in the lst dedesF hese proesses llow to deposit n oxide lyer of preseleted mteril on n ritrry surfe tomi lyer y lyerD ontrolling the thikness down to the tomi sle up to few hundreds of nm of totl thiknessF he resulting deposition is onforml nd uniform long the whole smple surfeD ensuring the omplete insultion of the strutures underneth nd the onservtion of reltively )t surfe for friting of strutures on topF he possiility of growing lyers of highEκ dieletris @ε high-κ R

> ε

SiO 2 R A PHQ regrdless of the smple surfe omposition or morphology hs een key for the suess of these methodsF he employment of oxides s el 2 y 3 @ε

Al 2 O 3 R = 9AD or more reently rfy 2 nd ry 2 @ε HfO 2 R , ε ZrO 2 R
≈ 25A PHR hs eome inresingly ommonD lthough the hrteriztion of their eletril properties is still reserh (eld on its ownD s it hs een demonstrted tht tul vlues of ε high-κ R depends strongly on the prmeters of the deposition proess PHSD PHTF es the evh method redues the onentrtion of impurities in the oxide while keeping the morE phous strutureD neessry for highEqulity eletrillyEinsulting lyer @ensuring high rekdown voltges nd smll lekge urrents PHUD PHVD PHWAD it hs een our preferred oxide growth pprohF emong our mteril hoiesD previous students9 experiene indite tht el 2 y 3 oxide gets ethed y ommon hemil developers @wpPTeAD nd oservtions of unexpeted resistivity inreses in thin el (lms when deposited on top of rfy 2 due to unknown uses leded us to use of ry 2 D sine it did not show ny on)its with the frition proess while owning highEκ dieletri hrterF etullyD the good qulity of the insulting lyer is of prmount importne nd its deposition is ritil frition stepX on one hndD fewEnm oxide must insulte e'etively n re of out R mm 2 @totl re of the gteGground plne struturesAD dvoting for lrge thiknesses to void the pperne of shortEiruits etween the gteGgroundEplne nd the juntionsD whih will ompletely invlidte the whole wferF yn the other hndD thin oxide lyers provide lrger α G to the olloidl hs in the juntions tht will e otined eventullyF st ws pointed out y Supriyo DattaD tht the gte oupling dependene on the oxide thikness sturtes round IH nm for tpered eletrode geometryD elow whih α G is mostly inhiited y the sreening of the nnoEsped eletrodes in n eletromigrtion juntion PIHF igni(nt work ws done to djust the oxide deposition prmetersD nd fir ompromise for this trdeEo' ws found for oxide thiknesses of L ox ≈ 18 nmD orrespondE ing to IVH itertive steps of the growth proedure shown in ennex h @F hFPAF he eletril hrteriztion of the resulting ry 2 lyers is shown in setion PFRFPF 2.3 Electromigration constrictions fabrication he iruit onstituting our iwfts is frited in two lithogrphy stepsF vrge struturesD suh s the onding pds nd ess linesD re (rstly ptterned y deep ultrEviolet @hA optil lithogrphy using hrd msk ligner @o'ering redued minimum resolution of few µm ut fst insultion times of out QH sAF sn the seond stepD the nnometerEsized onstritions re ptterned on top of the gte eletrode nd onneted to the ess lines y eletron em lithogrphy @ifvA owning IHEnm resolutionF e iElyer tehnique is used gin for oth lithogrphiesD in the se of the ess lines to void upstnding edges tht my result in poor ontts with the juntions lines @PFQFIAD nd in the se of the iwfts eing stritly neessry @PFQFPA s shdowEngled metl evportion TH 2.3 Electromigration constrictions fabrication tehnique is employed to frite the luminum onstritions elow the resist underut @PFQFQAF et the end of this setion we dedite few prgrphs ommenting on the grdul deteriortion of our luminum smples fter their fritionD relevnt for their storge @PFQFRAF 2.3.1 Access lines optical lithography he ess lines of the eletromigrtion juntions inlude onding pd reD where eh line n e onded to the smpleEholder pds nd onneted to the ryostt linesF he onding re must stik out of the ground plneD s the miroEonding proedure is rther ggressive nd ould esily rek the evh oxide lyer reting shortEiruit with the ground plneD if the onding res would hve een ptterned on top of itF he metlli strutures onstituting the ess lines mount on top of the oxideE overed ground plneD extending the onding pds towrds the entrl prt of the smpleD where the onstritions will e ptterned lterF e h optil ligner is used in hrd ontt mode to insulte the ondingEpdsEessElines @fevA pttern on the smpleF e iElyer resist ws lso employed in this step to void the genertion of upstnding edges nd ensure good eletril ontt of the ess lines with the onstrition linesF e hromium photoEmsk inorporting the fev designD s well s lignment mrkers ptterned in the gte lithogrphy step for preise lignment ws ordered nd hs een employed for the frition of ll smples in this thesisF he optil ligner ounts with SHH gdGe lmp of PRHEQTSnm wvelength nd minimum resolution ∼ 2µmF yne the exposure (nishedD wfer were developed nd metllized with iEeu lyer onstituting the onding pds nd ess linesD then put into solvent to remove the remining resist @pigF PFUAF purther detils on the lithogrphy proess prmeters n e found in ennex h @F hFQAF yxEgrs vyEe psvi he ess lines design ws outlined tking into ount their overlpping re with the ground plneD rnging etween A AL = 0.06 -0.1 mm 2 D depending on the line numer @I!QPAF he zironi lyer sndwihed in etween forms plne pitor to groundD e'etively ting s n onEhip lowE pss (lter @vpA ene(il for noise (lteringF gonsidering n oxide thikness of L ox ≈ 18 nm nd ssuming relisti permittivity of ε 

Constrictions electron-beam lithography

eduing the dimensions of threeEterminl devies down to the sle of olloidl hs @few nmA hs reveled the pprition of sizeEsling issues tht e'etively redue the gte ouplingF e detiled nlysis performed y Datta et al studying the eletri (eld sreening e'et of nnoEsped ontting leds showed tht the geometril shpe of the juntion @prmetrized y the nnogp sping s nd width dD nd the eletrode thikness t nd ngle θA plys myor role determining α G D s importnt s the oxide lyer prmetersX dieletri permittivity ε ox R nd thikness L ox PIH @pigF PFVAF elthough eletromigrtion does not llow preise ontrol on the nnogp typil sizes @s nd dAD the shpe of the metlli onstrition enle to reh ertin reproduiility for (xed prmeters of the eletromigrtion proedureF e few key points regrding the design of eletromigrtion onstritions to otin nnogps of similr sizes nd improve the hnes of hving lrge α G D re listed elowX , he whole nnometerEsized onstrition must e frited on top of the gte eletrode lolE izing the nnogp retion on this reF , he onstritions must e onneted to the extreme of the ess lines @previously ptterned y h lithogrphy in our seAF sdellyD the totl essing lines must hve negligile resistneD so tht when pplying tension the min voltge drop hppens ross the onstrition @neessry for orret evolvement of eletromigrtionAF , por the onstrition designD tpered shpes @with θ < 120 fowEtie shped onstritions re designed with n eletrode pex ngle of θ EM = 30 • nd totl length of l EM = 200 nm @pigF PFWAF he ifv ws performed on iElyer resist with ottom lyer of wweGwwe T7 eE TIU @thikness of t bot res ≈ 290 nmA nd top lyer of wwe Q7 @thikness of t top res ≈ 140 nmAF he presene of n wwe opolymer in the ottom resist lyer mkes it more sensitive to the eletron em exposureF sn this wyD ptterns n e insulted in the lower resist @tht will get ethed wy with the hemil developerA keeping the upper resist in ple nd retingD for instneD resist ridges of nnometri sizeF fy slightly inresing the em dose t the exposure of the onstritionsD the lower resist n e e'etively insulted in the surrounding re y proximity @pigF PFWAF hen introduing the smple in the developer hemilD the gent will et wy the proximityE insulted lower resist round the pex of the onstritionD leving the upper resist intt nd reting topEresist ridge t the enter of the owEtie design @pigF PFWAF hose nd development tests were rried out to rete n underut signi(ntly greter thn l EM /2D ut keeping stle resist ridgeF fy rotting the smple with respet to the longitudinl diretion of the resist ridgeD metl n e deposited in the re elow the resist ridge @pigF PFWAF he onstrition length nd the resists heights (x the minimum ngle for the tilted metl evportion to ϕ ev > tan -1 (l EM /2t bot res ) = 19 • F everl thes of hips were frited with di'erent shdowEngled evportion prmetersX t ngles of ϕ ev ± 23 • , 24 • nd 25 • nd thiknesses of t ev = 13, 14 nd 15 nmD for eletromigrtion tests @disussed in the following setionAF por these omintionsD we expet n e'etive thikness of the luminum lyers forming the onstrition in rnge of t EM = t ev cos(ϕ ev ) = 11.8 -13.6 nm @pigF PFWdAF he resist ridge over the onstrition overs it from lst perpendiulr evportionD performed to inrese the thikness of the essing linesD reduing its resistne nd ensuring good ontt with the previously hEptterned ess linesF pinllyD the smple ws put into liftEo' solvent to remove the remining resistF he resulting onstrition strutures re shown in pigF PFIHF he djusted prmeters for the whole lithogrphy proess re repitulted in ennex h @F hFRAF yur hip design ontins ouple of liner onstrition rrys per hip @orresponding to lines IEIT nd IUEQP in pigF PFIHAF ih onding pd is onneted to two onstritions t the sme time @forming shpeAF huring the eletromigrtion proessD if h juntion is deteted t one of the onstritionsD the onstritions on the sides must e eletromigrted in order to equte the pitnes to the gte nd ground of the soure nd drin essing linesD s prsiti e'ets my pper otherwise @see uppF wtF of RVAF his ompt rrngement mximizes the numer of onstritions per hipD inresing the hnes of otining h juntion per ooldownF elignment mrksD onsisting on RFS nm squre holesD were ptterned on the ground plne during the gte lithogrphy stepD on the re round the onstritions @pigF PFIHAF hese mrkers llowed for n onEhip lirtion of the eletron em lose to the orresponding write(eldD immeditely efore the onstritions exposureD voiding mislignments due to em drifts in long time exposuresF 2.3.4 Sample storage efter the onstritions9 lithogrphy step is (nishedD we spinot thik lyer of resist tht protets the thin luminum onstritions from oxidtion @re el onstritions ompletely oxidize fter PR hours otherwiseAF he smple is then died nd the individul hips re simply stored in plsti oxes until the ryogeni mesurement setup is villeF etullyD in the ourse of our workD we hve found tht the series resistne of the ess linesD mesured from one onding pd to the next one ross the onstritionD inreses t rte of ≈ 50 -100 ΩGmonthF he grdul formtion of purple plgue @n elEeu intermediry ompound with poor eletril ondutivityA t the overlpping ontt of round PS µm 2 etween the el nd eu ess lines is elieved to e the use of this smple ging @pigF PFII nd AF his e'etD stemming from eu tomi di'usion into elD redues the hnes of performing suessful eletromigrtion due to the pperne of n onEseries resistne in the ess lines on the order of the onstritions resistneF o void the purple plgue formtionD we stopped the proess fter the eu ess lines fritionD died the P inh wfer into piees ontining severl single hipsD nd proeed with the lst lithogrphy step @ifv of the onstritions nd el evportionA in one piee every monthD restriting our ool downs for hips ontining fresh nd pristine el reking juntionsF elterntivelyD we lso tried storing fullyEfrited smples in liquid x 2 @using vuum gsA to redue the tempertureEenhned gold di'usion nd dely the purple plge formtionF roweverD we found tht the protetive resist rks t x 2 tempertures @pigF PFIIA nd the onstritions in smples stored this wy were not onduting t llD inditing omplete oxidtion of the luminumF yther di0ulties ppered over the optimiztion of the whole frition proessD minly relted with the frgility of the evh oxide lyerF elthough the hrdEontt mode of the h msk ligner @t the ess lines lithogrphy stepA helps to reh etter lignment nd n dequte insultion of the iElyer resistD it n use dmges in the oxide lyerD mking it to peel o' the smple9s surfe when removing the msk fter the exposureF elso t this frition stepD we oserved tht nonEnegligile mount of hips presented ules elow the essElines re right fter the metl evportionF e ttriute the ule formtion to heting smple surfe during the metl depositionD induing the physil desorption of gses trpped in interstitil positions t the oxide lyer @possily residul gsses of the evh growth proessD s r 2 AF uh dmges in the oxide lyer generlly result in shortEiruits of the orresponding ess line to the ground plne @pigsF PFIId nd eAD invlidting its employment for eletromigrtionF epling the h y lser lithogrphy signi(ntly inreses the frition time ut it will remove these prolems from the proessF e reful lirtion of the h ligner hrdEontt mode is highly dvisle otherwiseF 2.4 Electromigration constrictions characterization iletromigrtion ws disovered y Gerardin in IVTI when studying the eletril properties of metlli lloysF his phenomenon remined untouhed for IHH yers until the (rst systemti mesuresD rried out y Seith and Wever in the erly SHsD reveled tht the nture of eletromigrtion depends on the dominnt hrge rriers @eletron or holesAD nd ould e reversed PIPF sn the following dedesD di'erent groups identi(ed the reltion etween the driving fore nd the hrge rriers momentumD oining the nme of eletron wind PIQD PIRF he study of eletromigrtion dvned stedily until it ws identi(ed s the use of disonnetion of luminum lines in integrted iruitsD thretening the growth of the young semiondutor industry PISF he generl interest in eletromigrtion oosted upD eing hrterized in detil t industril lortories while theory desriing the phenomenon ws developed @summrized in efF IVPAF he hne of tking dvntge of eletromigrtion for the frition of nnoEsped eletrodes ws (rst explored in the lte WH9s y the group of Park et al IVHF he stunning suess of their experiment onduted n rupt introdution of eletromigrtion in moleulr eletronisD estlishing s one of the min frition methods due to its gteEeletrode omptiilityF gonstritions mde of pure eu URD IHUD IHVD IRHD UTD IHS or euEsed lloys USD UV hve een widely employed for the frition of threeEterminl moleulr devies ever sineD s the high tomi moility nd di'usion of this metl filittes the proessD nd di'erent tehniques llowing to rek the onstrition progressively nd in ontrolled fshion hve een developed @repitulted in efF QUAF he employment of di'erent mterils for the frition of nnoEsped eletrodes y eletromigrtion @like eg PITD PIUD dPIVD tPIWD or even grphene PPHD PPIA hs een demonstrted in the lst dedeF roweverD the employment of superonduting @gA mterils in eletromigrtion juntions remins hllenging nowdysD the high y 2 Eretivity of most superondutors @tht leds to n immedite oxidtion of the juntion ontts if the onstrition is exposed to the tmosphere during or fter the reking proedureA eing the min ostleF ome groups hve mnged to rete proximizedEg moleulr trnsistors y inluding thik lyer of g mteril @either el QW or woe PPPD QTA in diret onttD nery the eu onstritionF roweverD the highly urte hrgeEpumping experiments in gEi requires shrp gp in the leds9 hyD not hieved in proximized metlsF xeverthelessD previous students in our group hve demonstrted the fesiility of otining h juntions y eletromigrting onstritions entirely mde of luminum QUD QVD RVD onstituting the min nteedent of my thesis workF o void the oxidtion of the nnoEgp @tking ple in mtter of seonds even t medium or feele highEvuum levels PPQAD the eletromigrtion proess ws rried out inEsitu inside the ryogeni mesurement setupD t temperture of R u nd under ultrEhigh vuum onditions @∼ 10 -8 mrsAF elthough eletromigrtion n e desried with n nlytil modelD the prtiulr nnostruturE tion of the metl t the onstrition @defetsD grinsD oxidized grin oundriesDFFFA mkes impossile to predit the evolution nd size of the nnogpF he eletril resistne of the onstritionD R EM @(xed y the omintion of oth metlli disorder nd geometril sizesAD n provides generl ide of its qulity nd fesiility for suessful rekgeF sn ftD fter eletromigrtionD nnogps disply nonEuniform width round or elow I nm t some spots tht llows diret tunneling etween oth eletrodes @even in the sene of hD or ypssing it otherwiseAD resulting in ertin shunt resistneD R sh D onsistently present in ll our inEsitu roken onstritionsF ypil vlues of R sh were lso used to evlute nd determine the qulity of the nnogpF sn n e'ort to optimize the otinE ment of h deviesD few prmeters regrding the frition of onstritions @nmely the ngle nd thikness of the shdow evportionA were vried for performing tests long the eletromigrtion of rel smplesD oth t tempertures of QHH u nd R uF pollowing phenomenologil pprohD the dt otined from the systemti physil nd eletril hrteriztion of the onstritions hs een treted sttistilly to help us frite nd ondut eletromigrtion in the desired wyD iFeFD iming for vlues of R sh rnging from I wΩ to few qΩsD s determined fvorle for trpping nnoprtiles y previous experiene in our groupF 2.4.1 Physical characterization he geometril prmeters of our eletromigrtion onstritionsD (xed during the frition proess @l EM D l ev D d EM D θ EM nd t EM AD prtilly determine the resistne of the onstrition R EM together with the prtiulr elEdisorder present t eh tul onstritionF ystemti iw oservtions reveled tht the ifvEptterned onstritions disply sizes vritions in the following rngesX l EM = 195 -225 nm nd θ EM = 29 -31D ttriuted to slight unintended irregulrities in the dose ftorD the resist thikness nd ge or development timeF roweverD no signi(nt orreltion of R EM or R sh ould e stritly linked to these vritionsF egrding our frition testsD onstritions mde with di'erent evportion ngles of ϕ ev = 23 • , 24 • nd 25 • presented di'erent sizes of the ngled evportion TT overlppingD rnging etween l ev = 45 -65 nm nd d EM = 60 -80 nmF eginD we did not oserve signi(nt dependene of oth R EM nd R sh for identil eletromigrtion routinesD (nlly stiking to ϕ ev = 25 • s the stndrd ngle of our reipeF yne the ngle ws (xedD smples with di'erent totl evportion thiknesses of t ev = 13, 14 nd 15 nmD leding to e'etive onstrition thiknesses of t EM = 11.8, 12.7 nd 13.6 nm were testedF he epw mesurements in pigF PFIP show thtD lthough the verge thikness orresponds to our estimtionsD the high grnulrity of the el deposited indues roughness )ututions of ±P nmD t lestF hile room temperture nd inEsitu eletromigrtion worked out properly for ll three thiknessesD we oserved n slight inrese on the totl numer of juntions displying R sh < 1 wΩ for t ev = IQ nmF he evportion thikness ws (nlly settled to t ev = 14.5 nmD leding to n e'etive onstrition thikness of t EM = t ev cos(25 • ) = 13.1 nmF sn ll these testsD the evportion rte ws lwys kept onstnt t HFHS ÅGs with n evportor vuum round 3 × 10 -6 mrD expeting similr el nnostruturtion in ll smplesF 2.4.2 Electrical characterization he lrge resistne per unit length present t the onstritions @R EM /l EM A in omprison with the rest of the iruit @ess linesD smpleEholder pds nd miroEonding wiresD ryogeni setup wires nd onnetorsDFFFA mkes eletromigrtion to tke ple preisely t this spotD on top of the gte eletrodeF sn shortD to perform eletromigrtion we pply voltge tension etween the lines onneted to the sides of onstritionD )owing urrent through itF he high vlue of R EM /l EM origintes lol toule heting of the metl nd inreses its tempertureD fvoring the movement of the metlli toms tht integrte the onstritionF fy inresing the voltgeGurrentD the onstrition temperture lso inresesD eventully enling the displement of the ions pushed wy y eletron stteringD leding to onstrition nrrowing until the link is ompletely rokenF elthough heting up the metl is neessryD n unontrolled temperture inrese will led to melting or even exploding the onstritionF he rt of eletromigrtion for reting nnoEsped eletrodes resides in the regultion of the proessD rehing regime where the temperture is enough to llow ions displement ut insu0ient to melt it downF hen this regime is rehedD eletromigrtion tkes ple rpidlyD requiring su0iently relEtime mesurement system @ontrolled with fst feedk loopA tht stops the voltge rmp nd drops it to zero s soon s trgeted resistne is rehedF he mximum voltge pplied in suh proessD V Break @lled the reking voltgeA is lso used s n inditive prmeterD slightly orrelted with resulting R sh vluesF ough estimtions on the smple qulity of given dge n e done y hrterizing its typil vlues of R EM nd V Break in room temperture proe sttion prior to their ool downD sving the preious ryostt time nd ryogeni resouresF ivigywsqesyx e yyw iwiei ystemti hrteriztion of sets of individul hips ws done fter eh ifv lithogrphy with proe sttion t room tempertureD T R D to test the qulity of the onstritionsF wesurements performed in single hip etween onseutive onding pds ross single onstritionD usully showed totl resistne in the rnge of R T = VH nd QHH Ω @pigF PFIQAF wesurements etween nononseutive lines ross few onstritions of the rryD showed resistnes inresing y typil mount of R EM = 40 Ω per onstritionF es the verge onstrition length ws mesured to e round PHH nmD hrteristi vlues of R EM /l EM ≈ 2.5 × 10 8 ΩGm re found for our juntionsF he typil resistne of the ess lines is otined s R AL = (R T -R EM )/2 = 20 -130 Ω @ttriuted to slight mislignments etween the h nd ifv lithogrphies tht redue the e'etive elEeu ontt reAF es ess lines own n verge length of I mmD typil resistnes per unit length round 2 -13 × 10 4 ΩGm re found for the ess linesD muh smller thn t the onstritionsF e voltgeEis feedk routine ws implemented with the help of the hh student hvid nderD llowing us to eletromigrte the onstritions t T R @pigF PFIQA nd extrt representtive reking voltge vlues @pigF PFIQAF gonstrition thes showing n R T in the rnge of VH nd QHH ΩD usully rek t voltges of V Break = 0.4 -0.7 t T R @for voltge rmping speeds of S mGsA nd often provide R sh in the desired rnge when eletromigrted inEsituF sn dditionD we onsistently found tht onstritions few weeks old presented vlues of R T up to RHH Ω or oveD nd often roke s soon s the voltge rmp strtsD impeding eletromigrtion nd ttriuted to the detrimentl e'ets spei(ed in setion PFQFRF ivigywsqesyx e gyqixsg iwiei snEsitu eletromigrtion ws performed in the ryostt with PEterminl on(gurtion under high vuum onditions nd ryogeni tempertures of R uF e employed voltgeEising feedk lgorithm developed y E. Bonet, C. Thirion and R. PicuerelD exeuted y n edwin qold ss hegEehg onverter tht ounts with SHH krz proessor @see setion QFPFIAF imploying this instrumentD the voltge ws rmped up t speeds settled etween I!SH mGsD while reording the urrent @onverted to n mpli(ed voltge using pemto lowEnoise mpli(er in full ndwidth modeAF e (x the reset ondition for ondutnes smller thn 2e 2 /hD stopping the voltge rmp nd rpidly returning it to zero @within IH µsAF ight efore rehing the reset onditionD we generlly oserved sudden drop of the urrent hppening t reking voltges etween HFS nd P @pigF PFIR nd AF he hnge in the typil V Break vlues t room nd ryogeni tempertures re due to the reltive temperture di'erene etween the onstrition nd the environmentF wost iwfts showed resistnes well elow h/2e 2 fter single lunhing of the reking proedureD inditing the totl onstrition rekge nd TV 2.4 Electromigration constrictions characterization entrne into the tunneling regimeF epproximtely hlf of the tunnel juntions reh the trget vlues of R sh ∼ 1 -10.000 wΩ @pigF PFIRAF elthough little orreltion ould e found etween V Break nd the resulting R sh D we oserved tht hips ontining onstritions reking round V Break = 0.4 -0.7 t T R nd V Break = 1.5 -2 t R uD often led to R sh in the trgeted rngeF evh yshi vei greegisesyx o hrterize the ry 2 lyer deposited y evh on top of the gte eletrode nd ground plneD we strt y eletromigrting ll the onstritions in n individul hip in order to isolte the ess lines from eh otherF henD we mesure the oxide hrteristi urve y pplying voltge tensionD V G D to the gte nd mesuring the urrentD ID t onding pdF he mesurements in pigF PFISD quired using proe sttion t mient onditionsD show tht the oxide in most smples n hold voltges higher thn IS D lthough some ess lines undergo n eletril rekdown or showed -10 0 10

V G (V) signi(nt leking urrent t voltges etween V!IS D imposing the upper oundry tht n e sfely pplied on V G without dmging the oxideF me mesurements rried out in the ryosttD t tempertures of R uD @PFISA demonstrte tht the oxide lyer in most hips ws roust for |V G | ≤ 10 t low temperturesD leding to n oxide resistne of R ox > 1 Ω @drk lue lineAF xeverthelessD smll numer of smples showed urrent leks of few neD whih indite the d qulity of the oxide lyer present in them @light lue lineAF elthough these two ehviors were ommonly found in smples frited togetherD they n e ttriuted to lol dmges of the oxide during the rest of the frition proessD s explined in setion PFQFRF 2.5 Quantum dots deposition methods he (rst devies sed on fewEnm hs were oneived in the lte TH9sD prepred y onneting two metlli eletrodes y tunnel rrier ontining multiple metlli nnoprtilesD grown y the evportion of thin metlli (lm on the oxide rrierD tht gglomertes under the in)uene of the surfe tension smll prtilesF qlol trnsport properties of the nnoprtiles ould e studied in suh smplesD like their trnsition into the stte PPRD nd the (rst experimentl signtures of hrge quntiztion due to goulom lokde PPSD PPTF eround QH yers lterD the development of the (rst eletroni lithogrphy tehnologies mde possileD lthough not strightforwrdD the frition of eletrodes with nnometri seprtion @∼ 10 nmAF hiverse methods for friting nd ontting individul fewEnm nnoprtiles rose in the following yersD for exmpleD the group of Ralph et al.

implemented the suEmono lyer evportion pproh in novel smple geometryD llowing them to ontt prtiles individully in twoEterminl on(gurtion ID dding third gting eletrode shortly fter QF eprtelyD the group of Klein et al. imported the selfEssemled monoElyer @ewA tehniqueD initilly employed in w experiments to mesure the ondutne of single moleules of selfEssemled lyer ITUD PPUD PPVF he ew method onsists on funtionlizing the surfe of eu eletrodes with linker moleules ontining doule Ethiol @rA ending groupD hemilly ounding to the leds on one side @forming monoElyer tht overs their whole surfeA ndD y introduing the smple into olloidl solution of metlli nnoprtilesD to the prtiles on the other sideD eventully ridging the nnoEsped eletrodes PPWD R @pigF PFITAF ther uniform distriutions with wellE ontrolled densityD nd the (rm tthment of the prtiles to the surfe turned the ew method into the min deposition tehnique for the oneption of fewEnm h juntions in the WH9s llowing to ddress individul nd stle nnoprtiles with w tip PQHD PQID to pproh the singleEmoleule limit in gted devies PQP or to otin h juntions y eletromigrtion IVHF es the nnomterils industry growsD diverse nd heper produts @olloidl solutions of di'erent kinds of nnoprtilesD onEdemnd ustomized moleulesDFFFA hve eome ville in the mrketD fueling reserh projets tht omined the ew method with reking juntionsF yn one hndD some groups foused on the optimiztion of the nnoprtileEtrpping proessD tking dvntge of the nonEneutrl eletril hrge of metlli prtiles in spei( olloids omined with funtionlizing moleules owning hrged lignds @repling the Ethiol y Emine groupsA UT or using dieletrophoreti fores PQQF yn the other hndD the ew method ws further developedD repling the usul nnoprE tile in the juntion y just one single moleule of the monoElyerD whih ssumes the role of the h PQR @pigF PFITAF emrkle work ws done following this pprohX thnks to the vriility of the hemil speies in the moleulesD novel energy sle hierrhies ould e rehedD hieving regimes of lrge tunnel ouplingsD hrging energies nd level spingD mking possile to oserve nd hrterize virtionl US nd eletroni exittions UV nd the mnifesttion of the uondo e'et in gted h juntions IHVD IHUD PQSF wore verstile prospets were explored fter thtD for exmpleD y mnully dropEsting the olloidl suspension diretly on the re smple surfeD skipping the funtionlizing monoElyerF hespite its simpliityD this pproh lso turned out to e suitle for oneiving h juntionsD lthough it involved signi(ntly lower suess rte thn the lssil ew tehniqueF he dropEsting method opened up se of possiilitiesD sine it did not present ny onstrints regrding the eletrodes mteril nd ny kind of moleulesGnnoprtiles ould e employedF et (rstD numerous devies hrterizing the trnsport properties single g 60 fullerenes emergedD oth in wgfts nd iwfts @pigF PFITAD llowing to mp the virtionl struture of this textook moleule URD study the uondo phenomenology tht it presents PQTD IHTD IHSD IIID nd the modi(tion of its ondution fetures when oupled to ferromgneti PQU or superonduting eletrodes QWF p to the presentD vst mount of studies hve een rried out employing diverse types of moleulesD some of them owning more exoti phenomen like engineered oritl strutures PQV or intrinsi mgnetism PQWF nfortuntelyD it ws oserved y previous students tht the entire el strutures of our iwfts get rpidly orroded in the presene of the id medi of ew nnoprtile solutions QUD dismissing this possiilityF he preferred hoie were ommeril nnoprtile solutions @in orgni solventsAD diretly dropEsted on the smples prior to the insertion of smples in the ryostt for inEsitu eletromigrtionD tht resulted in yield of suess ∼ 3%F sn the ourse of my workD we tried to optimize the solution dropEsting proedure @PFSFIAD s well s other omptile h deposition pprohes @PFSFP nd PFSFQAD intended to improve the suess rteF sn ll sesD the h deposition ws done on hips ontining reently frited el iwfts @one month t mostAD sine the progressive degrdtion of elEeu ontting interfes t the ess lines hinds eletromigrtionF edditionllyD we note tht to void the oxidtion of the el onstritionsD the whole hip preprtion proess @removl the protetive resistD h depositionD gluing nd miroEonding the hip to the smpleEholder nd its insertion into the ryosttA must e done within the sme dyF 2.5.1 Colloidal suspension drop-casting he simplest nd quikest method for performing h deposition is y dropEsting some droplets of olloidl solution diretly on the surfe of the smple nd low dry itF his pproh ws hosen y previous studentsD due to its strightforwrdness nd the inomptiility of el with the ew tehniqueF o rete the olloidl solutionD I mg of ommeril powder of S nm eu nnoprtiles funtionlized with dodenethiol lignds PRH ws dispersed in SHH µv of pure tolueneD otining highly onentrted stok solutionD of out C stock = 2 gGvF mll mounts of testing solution @further dilutedA were prepred from the stok one nd were employed in to rry out h depositionsF he dropEsting proedure pursued initilly onsist of the following stepsX IF onite the olloidl solution t mximum power forD t lestD QH minutes @using n ivwe sErEIH sonition mhineAF PF hile holding the hip in the ir with tweezerD st ∼IH µv droplet of the olloidl solution onto the its surfe @using miroEpipetteAF QF vy the hip downD on top of lenEroom tissue nd remove the liquid wy from hip immeE ditelyD y lowEdrying its surfe with pressurized x 2 gun t high intensityF he lowEdrying proess must e done rpidlyD s soon s the smple touhes the tissue to void the nnoprtile gglomertion @generlly hppening if the solution is let to selfEevute y pillry foresAF RF epet the proess from point P until the trgeted numer of droplets @typilly IHA is rehedF sn sight of the limited suess rte found for this method in the pstD we onveyed severl tests intended to optimize the dropEsting proedure in terms of totl numer of droplets stedD onduE tion of the lowEdrying proeeding nd solution onentrtionF edditionllyD it hs een demonstrted tht di'erent tunnel oupling etween the h nd the leds in moleulr juntions n e rehed y employing moleules with distint terminl groups IHVD PRIF sn the spirit of fvor stronger ouplings in our deviesD similr ommeril solution of eu nnoprtiles funtionlized shorter Ethiol lignds @otnethiolAD ws tried overF hile this produt ws lredy dispersed in orgni solvents @tolueneD in prinipleA y the mnufturerD lowEonentrtion solutions were prepred nd tested in the sme wyD following the dropEsting proedureF roweverD we oserved systemti inrese on the onstrition resistnes up to few tens of kΩ minutes fter the h depositionD possily inditing tht the solvents ttked the el nd disling it s vile optionF hyvi i trting from the highly onentrted stok solution @C stock = 2 µgGµvAD testing solution ws prepred y further diluting SH µv from the stok into USH µv of pure toluene @C 1 = 0.125 µgGµvAF piveD ten nd (fteen droplets from the test solution were sted on three di'erent hips following the initil dropEsting proedureF sn posterior iw pitures of the three hips we ould oserve tht rdilly smll numer of nnoprtiles @tiny right dots in pigF PFIUA ws found on top of the el onforming the onstrition in ll three sesD lso reveling tht the resulting surfe density of prtiles depends little on the numer of droplets sted with this proedureF iquivlent tests were repeted for di'erent testing solution onentrtions of HFPS nd HFS µgGµvD ut no signi(nt di'erene ws oservedF fvyEhsxq i he little dependene of the nnoprtiles surfe density on the numer of droplets leded us to elieve tht most of the prtiles were removed in the lowEdrying stepF usequent tests were performed with the sme testing solution @C 1 = 0.125 µgGµvAF his timeD insted of the quik nd vigorous lowEdrying tion done s soon s the smple touhes the lenEroom tissue fter sting eh dropletD let the solution slip wy from the smple surfe into the tissue y pillrity @tking round S seondsD while some leftovers remin on the smple9s surfeAF elthough this modi(tion gretly inresed the prtiles surfe density nd its presene on top of the el onstritionsD most of them pper gglomerted @pigF PFIVD nd AF sn ftD juntions overrowded with prtiles re thought to e more likely to disply hrgeEo'set swithesD ppering spontneously in the gte voltgeD oserved in some of our h juntions @shown in setion RFIFPAF ndom hrgingGdishrging of other nnoprtiles nery the eletromigrtion gp my modify the eletrostti environment round the tul prtile ridging the juntionD induing instilities on the gte ontrol of the h hemil potentil nd mking impossile to perform stedy trnsport mesurementsF UP Fig. 2.18: SEM images of electromigration constrictions after drop-casting 5 droplets from a colloidal solution of nanoparticles (with a concentration of 0.125 µg/µL) following the procedure described above but completely avoiding the blow drying step (a, b and c) or by gently blow-drying 5, 3 and 1 seconds after the sample touches the clean room paper surface (d, e and f, respectively). While in the no-blow-drying case the nanoparticles are completely agglomerated around the constriction structures, in the gently blow-drying case the deposition presents low agglomeration that decreases with decreasing waiting time, and some particles are present on top of the Al structures. The smaller bright dots in the pictures are identied as nanoparticles, while bigger circular structures are attributed to resist residues. e identi(ed the lowEdrying step s the ritil prmeter tht determines the qulity of the h deposition in terms of lustering nd surfe densityF here is trdeEo' etween n ggressive lowE dryingD tht redues the surfe density @nd ordingly the possiilities of getting prtile trpped t the nnoEgpAD ut leds to higher hnges of getting stle h juntionsD s most of the prtiles re isoltedF sn ontrstD the removl of the lowEdrying step my result in higher suess rtesD ut lower qulity of the smple in terms of gte stilityF sn further testsD we oserved tht gently lowEdried smples @strting the )ow few seonds fter the hip is let resting on the lenEroom pper ut efore ll the solution slips wy y pillrityA present surfe density tht remins highD while the gglomertion dereses signi(ntlyD depending on the witing time @pigF PFIVdD e nd fAF pinllyD we settled the witing time t P seonds to optimize the trdeEo' etween gglomertion nd surfe densityF nfortuntelyD we do not ount with speilized equipment to regulte preisely the lowEdrying proessD nd lthough deent degrees of reproduiility were oservedD n utomti lowEdrying proess would help ensuring the uniformity of the depositionsF yvsyx gyxgixesyx i nder the )g of inresing the surfe density of prtiles while keeping low gglomertionD two dditionl test solutions of higher onentrtion thn the initil one @C 1 = 0.125 µgGµvA were prepred y diluting SH µv of the stok solution in PSH nd SHH µv of toluene @otining onentrtions of C 2 = 0.25 µgGµv nd C 3 = 0.5 µgGµvAF he initil dropEsting proedureD modi(ed y gently lowEdrying fter P s of witing timeD ws repeted for S droplets of eh solution in three di'erent hipsF he iw imges reveled nnoprtiles surfe densities gretly inresing for higher solution onentrtions @pigF PFIWAF rtiles ould e oserved lerly pled on top of the el onstritionsD while little gglomertion ws presentF he hip prepred using the C 3 solution displyed n verge of more thn IH wellEsped nnoprtiles on top of the onstritionsD giving rise to good ompromise of surfe density nd smll gglomertionD t (rst sightF Fig. 2.19: SEM images of electromigration constrictions after drop-casting 5 droplets (with a blow-drying waiting time of ≈ 2 s) from three colloidal solutions of nanoparticles with dierent concentrations concentration of (a) 0.125 µg/µL, (b) 0.25 µg/µL and (c) 0.5 µg/µL. Low-agglomeration nanoparticle densities increase for higher colloidal solution concentrations, leading to an optimal surface distribution for 0.5 µg/µL (c). The smaller bright dots in the pictures are identied as nanoparticles, while bigger circular features are attributed to resist residues. yswsih hyEgesxq ygihi efter these tests we n onlude tht the min ftor 'eting the nnoprtiles distriution on the smple9s surfe is the lowEdrying proedureF hile short lowEdrying witing time n void the prtile9s gglomertionD the onentrtion of the olloidl solution n e djusted to reh deent surfe densitiesD rther thn y dropEsting lrger numers of solution dropletsF he resulting optimized proedure n e written s followsX IF onite the olloidl solution @C 3 = 0.5 µgGµvA t mximum power forD t lestD I hour @using n ivwe sErEIH sonition mhineAF PF hile holding the hip in the ir with some tweezersD st IH µv droplet of the olloidl solution onto the its surfe @using miroEpipetteAF QF repre the pressurized x 2 gun redy for lowEdrying nd ly the hip down onto piee of lenEroom pper tissue @keeping the tweezers holding itAF RF efter the hip touhes the tissue nd pillry fores strt evuting the liquidD wit for pE proximtely P seondsD then gently low dry the remining liquid on the smple surfeF SF epet the proess from point P until S droplets hve een dropEstedF wost of the smples used for dropEsting tests were lso ooled down nd eletromigrted inEsituD resulting in some of the h juntions mesurements presented in hpter RF yne the optimized proedure desried ove ws rehedD we stik to these steps for the rest of the olloidl h depositionsF yverllD we eletromigrted t R u more thn QHH onstritions prepred y dropEsting olloidl solutions of dodenethiolEppedD S nmD eu nnoprtilesD out of whih we oserved ler nd stle h ondution signtures in IR of themD deriving totl suess rte of out S7F roweverD onsidering merely the smples in whih the h deposition ws done following the optimized proedureD we estimte n inresed suess rte up to ∼IH7F 2.5.2 In-situ evaporation of fullerenes snspired y ultrEhigh vuum setups llowing to rry out inEsitu surfe preprtion proesses @seeD for exmpleD referenes PQRD IHAD we designed nd frited n ohmiEheting moleule evportor s removle unitD tthle to the ryostt smple vity @shown in setion QFIFSAF he quenh ondenstion methodD onsisting on inEsitu evportions of moleules t ryogeni temperturesD hs een long employed for depositing g 60 fullerenes PRP nd proven suessful for the otinment of h juntions in smples ontining nnoEsped eletrodes PRQD motivting us to try this pproh in n ttempt to improve the suess rte of the dropEsting methodF e employed ommeril t resistor @lumped elementA s the evportor heting devieD whose resistne displys wellEknown liner temperture dependeneD llowing to ontrol the temperture nd lirte the evportion proessF e IH µv droplet of g 60 olloidl solution in toluene @with reltively high onentrtion UR of C C60 = 1 µgGµvA ws sted on top of the t resistor nd let for the solvent to evporteF everl tests were performedD initilly in highEvuum toy setup t room temperture on re silion sustrtesD nd lter in the ryostt t R u on hips ontining el onstritionsF elthough the desorption temperture of fullerene moleules depends oth on the fullerene type nd the dsorption surfeD it is ommonly found in literture tht the desorption rte is mximum round T = 250-500 • g PRRF es we look towrds depositions of suEmono lyerD to void the gglomertion of moleulesD we imed for short evportion times t the onset of the desorption rte @typilly for T = 200 -250 • gAF iw imges of smples exposed to uninterrupted long evportion times of RS minutes showed lurred onstritionsD pointing towrds lyer of moleules ompletely overing the smple surfe @pigsF PFPH nd AF efter severl lirtion testsD we outlined n evportion proedure sed on onseutive )sh evportions of QH s durtionF hile smples prepred this wy do not present ny ler fetures inditing the presene of g 60 moleules @pigsF PFPH nd dAD the luminum ppers lurrier thn in nked onstritionsD whih my e n indition of suessful evportionsF e omplete explntion of the evportor lirtion nd the )shing proedure n e found in ennex iF elong the lirtion tests of few moleule evportor versionsD one suessful h juntionD nd ler h ondution fetures in two moreD were oserved from the eletromigrtion nd explortion of totl of QQ onstritionsF he redued yield of suess n possily e meliorted y optimizing the evportion proedureF sn ny seD we onsider tht insu0ient juntions hve een mesured to e onlusive out this suess rteD nd tests with lrger smpling rte must e rried outF US 2.5.3 Metallic sub-mono layer evaporation es explined t the eginning of this setionD the evportion of thin metlli lyer @∼ 1 nmA on sustrte n turn into fewEnm nnoprtiles formed due to the surfe tensionD overing the whole smple surfeF pollowing the funding fthers9 stepsD we lso tried the metlli suEmono lyer pprohD to explore nother possiility tht my inrese the h juntions yield of suessF everl tests on the evportion of thin gold (lms on eletromigrtion onstritions mde of elD eu nd t were rried out together with fivs hutt nd hnil wjidi @hh students in our groupAF ine eu nd t re nole metls tht do not oxidizeD eletromigrtion of onstritions mde of these mterils n e rried out either t mient or ryogeni temperturesD llowing to deposit the metlli suE mono lyer fter eletromigrtion in the (rst seF sn oth sesD the surfe of the smple ws lened y si oxygen plsm proedure of IH power for S sD right efore the suEmono lyer evportionF foth pprohes showed n extrordinrily high yield of suess @∼ 70%A ndD lthough mny of these h juntions displyed onstnt hrgeEo'set gte swithesD some of them re stle nd preise mesurements ould e tken PRSD PIWF e oserved tht the typil prtileEsize @nd therefore the surfe densityA depends on the evported thiknessF he suEmono lyer thikness ws optimized in this respetD (nding the est ompromise for yield of suess nd deent eletrostti stility of the smples for IFP nm of euD evported t rte of HFHS ÅGsF sn the se of el onstritionsD eletromigrtion must lwys e rried out inEsitu under highE vuumD to void the oxidtion of the nnogp ontt ledsF me tests were performed in el onstritions @pigF PFPIAD y lening the smple with si proessD evporting I!P nm of eu nd eletromigrting the onstritions t R uF elthough eletromigrtion seemed to work out properly in QT onstritionsD retrieving the usul vlues for V Break nd R sh D nd the urrent ross the roken onstrition often displyed ertin dependene on V G D we ould never otin properly oupled h juntionF e ttriute this lk of suess to the ft tht eletromigrtion in el ours in rther violent wyD in opposition to eu reking juntionsD proly tering prt the suEmono lyer formed on top of the onstrition @pigF PFPIAF 

UT 3 Experimental implementation

As quantum physics studies nature in the limit of small length scales, the typical energies that drives the behavior of particles (like electrons) in such quantum systems are often extremely low, resting negligible with respect to the thermal energy at room temperature. Commonly, uctuations at ambient conditions are large enough to completely bury the signature of quantum eects, making them inappreciable. Most of experimental setups devoted to the study of quantum physics require of an enclosed environment, where samples can be isolated from ambient noise (light radiation, pressure waves, mechanical vibrations, temperature,...) and cooled down to temperatures close to absolute zero, so that quantum eects become distinguishable and measurable. A cryostat (or cryogenic refrigerator) is a device created to fulll this objective, allowing to maintain samples cold and isolated while measurements can be pursued. Moreover, since the presence of superconducting leads is on the basis of our study (typically aluminum display a critical temperature around 1.2 K) and keeping their contact surfaces unoxidized after electromigration is a must, the low-temperature and high vacuum conditions reached in cryogenic setups are doubly required in our case. Here we will briey review the cryostats employed in this project, commenting on the improvements performed on them and the implementation of our measurement setup. 
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3.1 Cryogenic transport setup he ryostts t our disposl re two inverted dilution refrigertorsD nmed e nd f @pigF QFIAF ypposite to the lssil ryostt rrngement where the smples re tthed to dipstik tht is inserted into re 4 thD the peulir design nd funtioning of inverted dilution refrigertors @lso lled ionludiD verln inversion for dilutionA reminds of n stlin o'ee kettleD s the ryostt is mounted on top of re 4 hewr vseF e vuum shielded pipe onnets the ottom of the hewr vse with re 4 potD pled inside the ryostt nd onneted on the other side to re 4 reovery lineF fy reting n overEpressure in the hewr vse ontining liquid re 4 D the )uid sends through the pipeD rehing nd (lling the re 4 potD resemling the oiling wter rehing to the upper side of stlin kettles when the pressure in the lower prt inreses when heting it upF ionludis re seprted in onentri stgesD hrterized y di'erent selfEestlished equilirium tempertures during its opertionD eing older s the stge is loser to the enter of the ryostt @mtrioshk strutureAF ih stge ounts with n horizontl metlli plteD where rdition shields re (xted nd wires re thermlizedF e n distinguish etween the hotterGouter stges @t tempertures of VH uD PH u nd R uD rehed utomtilly y the ryostt isoltion qulity nd the temperture grdient etween T R nd the re 4 potA nd the olderGinner stgesF hilution refrigertors re sed on re 3 Gre 4 mixture tht )ows inside nd out of the ryostt through losedEiruit pipes systemD with the help of pumps nd ompressorsF elong irulting through the iruitD the mixture undergoes thermodynmi yleD rehing di'erent equilirium tempertures t the distint prts of the iruitX I u t the still stgeD PHH mu t the old stge nd the lowest @seA tempertureD round SHEVH muD is rehed t the mixing hmer stgeD to whih smple is tthed @see the shemti shown in pigF QFUAF he re 4 pot open iruit provides fst ooling of the ryostt stges down to R u when strting the ool down proess from room tempertureD nd strong preEooling of the irulting mixture injeted into the ryosttF he ionludi onept ws developed nd ptented y our lortory @xéel snstitute in qrenoleA nd few genertions of ryostts ttending to slight di'erent designs hve een frited lolly in the pst yersF hile we will not disuss the ext detils of the ionludi opertionD more detils on these sujets n e (nd in the theses of Norbert Moussy PRT nd Stefan Thiele PRUF he on(gurtion nd funtioning of oth ionludis e nd f is equivlent @despite owning slightly di'erent designAD inluding n identil smpleEholder reeptle so tht the sme smpleEholders n e use indistintlyF pirstD we rie)y desrie their strutureD s neessry to understnd the key points regrding the instlltion of eletril lines performed long my work @QFIFIAF foth ionludis were mostly wired y previous studentsD inluding the thermometry system t the ryostt stges nd highly (ltered ut eletromigrtion omptile hg mesurement lines @QFIFPAD s well s oil for the genertion of perpendiulr mgneti (elds in the smple stge of ryostt f @llowing us to hrterize our luminum juntions in the norml stte t low temperturesAF huring my projetD s minly worked in ryostt eD where we instlled three rdioEfrequeny @pA linesD one of them devoted for the egEdriven turnstile mesurements @QFIFQAF romeEdesigned gf pltes were ordered nd then mnully prepred s smpleEholdersD inluding the soldering of p onnetors nd lumpedEelement isEtee iruit neessry for proper oupling of the gte eletrode eg nd hg signls t smpleE holder onding pd @QFIFRAF e ouple of hg lines were lso instlled in ryostt eD providing the power for homeEmde moleule evportor unit tht we frited nd tested in our smples @QFIFSAF 3.1.1 Thermal isolation and radiation screening o reh tempertures lose to solute zeroD the het ondution etween the outer prt of the ryostt @room temperture shield or vuum ellA nd the entrl se temperture stge @olored in drk lue in pigF QFUA should e minimizedF hi'usive therml ondution is neled y pumping vuum in the systemD rehing highEvuum level ∼ 10 -8 mr thnks to ryosorption t temperE tures of R u or elowF o redue the therml ondution y lkEody rditionD eh of the outer ryostt stges is equipped with rdition sreening shieldD onsisting on hollow opper ylinder with polished nd goldEplted surfe to void oxidtionD keeping it highly re)etiveF UV he se temperture stge of our ionludis onsist on hollow opper diskEshped lokD gold or silver otedD with n upstnding entrl ylinder where the smpleEholder reeptle is loted @see pigF QFQAF he whole hunk is tthed to the re 3 Gre 4 mixing hmerD nd its inside is divided in two seprte vities providing two wellEshielded environments t se temperture @pitures tken efore to the losure of the se temperture stge of ryostt e re shown in pigF QFPAF he vities re isolted from eh otherD eing the initil vity used for (ltering the hg mesurement lines nd its thermliztion t se tempertureD while the smpleEholder is plugged nd onneted to the (ltered nd thermlized mesurement lines t the seondD 4len4 smple vityF en shemti lyout of the whole ryostt struture nd eletril lines n e seen in pigF QFUF 3.1.2 Electromigration-compatible measurement DC lines he smll vlues of typil urrents nd voltges involved in trnsport mesurements of mesosopi deE vies require dequte shielding nd extensive (ltering of the eletril lines to redue the noiseGsignl rtio s muh s possileF nshielded wires my sor eletromgneti lkEody rdition from the wrmer stges of the ryostt on their wy from the room temperture onnetors to the smple stgeD inresing the noise in the mesurementF he PU hg lines in eh ryostt re divided into Q pillry oxil overgeD tht t s sreening shields proteting the wires from lkEody rdition t intermedite ryostt stgesF eprt from proteting the wires from the pikEup of mient rdition inside the ryosttD the selfErdition tht wires rry from its onnetion to mesuring instruments t room temperture must lso e (ltered outF por thisD the pillries re (lled with eosor PRV @ dissiptive dieletri used for (rst (ltering stepA while therml nhors re used to thermlize them t eh ryostt stgeF et the se temperture stgeD eh hg line is onneted to πE(lter soldered in gf plte @with utEo' frequeny round IH wrzA tht removes most of the highE frequeny noise in the lines nd thermlizes it t se temperture in the initil vityD shown in pigF QFPF hermogox oxil les PRWD onneted to the πE(ltersD ring the hg lines into the smple vity ross feedEthrough pssgeD shown in pigF QFPF sn the smple vityD the hermogox les re onneted to opper wires soldered to seond gf plte @pigF QFPAD whih ring the hg lines to the spring onnetors in the smpleEholder reeptle @pigF QFQAF he totl length of eh line is out Q m nd shows totl resistne round IHHEPHH ΩD displying negligile resistnes per unit length with respet to our el onstritions @∼ 10 8 ΩGmAF es the eletromigrtion voltge rmp requires good trnsmission for ndwidths up to of ∼ 1 wrzD no diret lowEpss (lter with similr utEo' frequenies n e inluded in the hg linesF yur peulir (ltering strtegyD sed on dissiptive dieletris @eosorA nd lossy les @hermogoxAD is spei(lly designed for hieving omptiility etween inEsitu eletromigrtion nd (ltering system ensuring lowEnoise eletril setup s neessry for preise turnstile mesurementsF sn ftD the nonElinerity of this (ltering system mkes the fst reset of the eletromigrtion voltge rmps to get smoothed outD nd the reking proedure nnot e performed in grdul nd progressive wy @opposite to eletromigrtion experiments employing modern feedk lgorithms tht llows preise ontrol on the reking proedure PSHAF roweverD rther ggressive eletromigrtion my e fvorle for our purposesD opening nnogps wide enough to (t S nm nnoprtiles in themF VH 3.1 Cryogenic transport setup 3.1.3 Installation of radio-frequency lines iletril lines intended to rry n eg signl re ommonly oneived s onduting wire pled inside grounded oxil shieldD seprted y dieletri mediF hile the oxil shield protets the inner ondutor from the sorption of externl noise nd prevents the emission of prt of the eg signl power in form of rditionD the presene of solid dieletri (xes the inner ondutor t the enter of the leD ensuring onstnt impedne to ground long the whole le lengthF eny dmge or disontinuity of the dieletri or the oxil shield will rete lol impedne mismth resulting in the genertion of stnding wves in the line ndGor power lossesF reneD the goodE qulity of ryogeni p lines used for egEdriven experiments is extremely importntD espeilly in lind on(gurtions involving dedEend eletrodesD like our gteD sine there is no inditor of the hrteristis of the signl rriving t the smple other thn the h turnstile urrent itselfF hree p lines were set up in ryostt e during my hhD one of themD RF G D devoted to provide the eg signlD V AC G D to the gte eletrode in our iwfts @s explined in ennex eAD nd two others @RF I nd RF O A for di'erent projet involving trnsmission experiments in p nnoresontorsF por this purposeD semiErigid wirogox les PSID were mnully prepredD dpting them to the ryostt spe onstrints @inluding reful endingD utting nd soldering we onnetorsAF es the RF I nd RF O lines need of sustntil lowEtemperture p equipment @highEfrequenyEndwidth lowE pss (ltersD ttenutors irultors nd mpli(ersAD opper pltform ws designed nd (xed t the se temperture stge of ryostt eD providing sement for the instlltion nd thermliztion of these iruit elements @shown in pigF QFQ nd AF et the se temperture stgeD the three p lines re rought diretly into the len smple vity y we feedEthrough onnetorsD where three opper ox les of IH m onnet eh line to the three w reeptles t the smpleEholder stge @pigF QFQAF es the RF I nd RF O lines hs not een used in ny of the mesurements presented in this thesisD we hve omitted their representtion in pigF QFU nd they will not e further disussedF herml nhors @lue rrows in pigF QFRA nd we jkEtoEjk onnetors @green rrows in pigF QFRA were settled t eh temperture stge to thermlize the oxil jkets of the p linesF hi'erentlyD thermliztion of the inner ondutor is hieved y employing ttenutors @red rrows in pigF QFRAD ollterlly diminishing the osilltion mplitude of the eg signlF he ttenution ftorD AtD spei(tion gives the reltion etween the mplitude of the input nd output voltge signls through the ttenutorX he inner ondutor of the wirogox les is mde of gufe lloyD hrterized y low therml ondutivity tht helps estlishing therml grdient in the le nd minimize the het lod to the se temperture stgeF sn this senseD only two ttenutors of EIH dfm @t the R u stgeD nd t se temperture right efore entering the smple vityA were needed to ring the RF G to the smpleEholder reeptle without oserving signi(nt se temperture inreseF sn ftD it is importnt not to overkill the V AC G signl with severl ttenutors s olloidlEh juntions typilly disply reltively smll gte ouplings @α G ∼ HFI7AD whih n result further redued for eg signls @for detiled nlysis on the omprison of α AC G nd α G D see ennex fAF 3.1.4 Broadband bias-tee sample-holder he hrteriztion of the hg properties of our h juntions is done y pplying hg voltgeD V G D to the gte eletrodeF efter suh preliminry hrteriztionD to perform hrge pumping mesurementsD n eg signlD V AC G D must e pplied to the gte simultneously nd independently from the hg omponentD V G F roweverD omining eg nd hg signls is not trivil tskX the presene of ttenutors in the RF G line @where the inner ondutor is onneted to groundA disles the possiility of onneting together the p nd the hg lines t room tempertureF e pitor llowing the trnsmission of the eg signl ut loking the hg omponent trveling into the p line n e usedD restriting the hgEeg signl oupling to the p line extremity t the smple stge @fter the thermlizing ttenutorsAF en initil pprohD tested y the previous studentD David van Zanten QUD onsist on friting n onEhip pitor t the gte eletrode using eletron em lithogrphyF roweverD under this on(gurtionD it ws oserved tht the V AC G signl gets trnsmitted into the V G hg lineD reting undesired rossEtlks with other hg linesD s they re not shielded from eh other neither t the se temperture vitiesD nor inside the three pillr ox shieldsF uh rossEtlks indued nonEnegligile osilltion of other hg voltges eing pplied simultneously @like the ising voltge ross the juntionA mking extremely di0ult to rry out preise turnstile mesurementsF his n e solved y dding n indutor to the V G hg line tht loks the V AC G trnsmissionD onstitutingD together with the pitorD n ensemle lled isEteeF huring my thesisD we work on the integrtion of homeEmde lumpedEelement isEtees on the smpleEholdersD llowing the oupling of the V G nd V AC G signls t single onding pd on the smpleEholder @V AC+DC G AD miroEonded to the gte of the hip ontining the eletromigrtion juntionsF yur smpleEholders onsist on irulr gf plte with oth )t surfes metllized in luminum with gold otingD forming ondingEpd pttern ording to the reeptle of our ionludisF he PU spring onnetors t the ryostt reeptle re pushed down when inserting the smpleEholderD providing eletril ontt with the hg onding pds t the ottom side of the holder @pigF QFSAF e solid (xtion of the holder to the ryosttD inluding its thermliztion t se VP 3.1 Cryogenic transport setup temperture nd eletril ground shreD is hieved thnks to the three w onnetors mnully soldered on the ottom side of the smpleEholdersF he w onnetors n e plugged to the ryostt w reeptles through w jkEtoEjk dptersD llowingD s wellD the trnsmission of p signls to the smpleEholder pdsF he PU hg signls nd the eletril ground re rought to the top side through metllized holes in the gf plteD nd one on the topD eh pd rings its signl to the enter of the plte @pigF QFSAD where hips were glued individully using ondutor pste model RWPWxD then miroEonded to the holder9s pds using gold wiresF he ommon gte eletrode is onneted to the RF G line through pitor soldered on the holder9s top sideD nd to the hg line providing the V G signl through n indutor in the holder9s ottom @pigsF QFS nd AF everl smpleEholders were prepred nd equipped with isEteesD using pitors with nominl vlues etween IHH!PSH np nd rodnd tpered indutors with nominl vlues of IFP nd PFQS µrF he indutors9 onil shpe e'etively hnges the indutne long its lengthD permitting it to lok eg signls over onsiderly lrger frequeny rnge thn usul ylindril indutorsF elthough the ryostt smple vity provides n eletromgneti shield versus therml rdition of hotter stgesD the presene of predominnt lengths ssoited to the vity size n enhne the exittion of the orresponding eletromgneti modesD whih my led to undesired e'ets suh s photonEssisted tunneling or nonEwhite noiseF pei(lly designed rss piees were orderedD in the shpe of p @pigF QFSA whih n e srewed to the top fe of the smpleEholder where n individul hip is eventully glued nd ondedD providing n dditionl smll vity t the smpleE holder stgeF elthough it n e detrimentl in terms of rdition shieldingD whole ws drilled in severl metlli ps @pigF QFSD leftAD in order to expose the smple surfe to the homeEmde evportor presented in the next setionF 3.1.5 In-situ molecule evaporator e touleEheting moleule evportor unit omptile with the smple stge of our ionludi ryostts ws designed nd frited to try out the possiility of otining h juntions y performing onseuE tive inEsitu moleule depositions on the eletromigrtion onstritions t R uF yur moleule evportor is sed on ommeril t ohmi resistor @ommonly used for thermometryD indited y red rrow in pigF QFTAD owning wellEknown liner temperture dependene tht llowed us to lirte nd ontrol the evportion proess @explined in detil in ennex iAF xormllyD thermometers employing tElumpedEelement resistors re implemented in REproe on(gurtionD whih llows the preise mesurement of its resistne to determine the temperture while pplying smll ising urrentsF xeverthelessD s highEpreision temperture mesurement is not neessry in our evportorD we opted for PEproe on(gurtion tht gretly simpli(es its frition nd instlltion in the ryosttF vike thisD the t resistor hets up due to toule e'et y the urrent generted when voltge isE ing its two terminls t the room temperture shieldF hroplets of moleulr olloidl solutions were dropEsted on the t resistor efore losing nd ooling down the ryosttD for lter deposition of moleules inEsitu @t temperture of R u nd under high vuumAD eventully tking ple s the temperture of the resistor is inresed nd the moleules desorF he moleule evportor onsists of ylindril piee of rss with n inner thred tht n e srewed on top of the ryostt smple stge @pigsF QFTAF prom this position the t resistor fes the smpleD enling the moleulr deposition on the smple surfeF imilrly to the initil eletromgnetiEimpermele vity present in the se temperture stge of the ryostt for therE mliztion nd noise (ltering of the hg mesurements lines efore they reh the smple vityD our moleule evportor inludes n initil vity on its upper sideD employed for the sme purpose @shown in pigF QFTAF wo πE(ltersD soldered in the metlli top lidD t s se temperture thermliztion nd feedthrough of the evportor lines into the vityF sdellyD ouple of short hermogox les n e employed to onnet the πE(lters on the top lid with the two srewingEfeedthru (lters tht ring the signl into the smple vityF henD wn wires @owning very low therml ondutivityA were used to onnet the (lters eletrodes with leds on gf plte where the t resistor is lredy (xed nd soldered @pigF QFTAF elthough the generl lyout remined the smeD ertin elements nd spets of the evportor evolved during my experiments periodF ell these evportor versions were wiredD instlled nd tested @with the help of other studentsX hnil wjidiD xveen hettyD to edmzyk nd qriel ro'ermnAD (nlly rriving to the version presented hereF 3.2 Measurement instruments centralization and procedures por eletromigrtion to e onveyed in ontrolled mnnerD relEtime mesurement system with fst enough feedk loop is requiredF efter the reking proedureD the hrteriztion of hEi devies need the simultneous pplition of the is nd gte voltge signls @V G nd V B AF foth tsks n e rried out y n ehwin qold ss instrumentD s well s the dt quisition of the urrent )owing through the smple @IA y inluding n sE onverterGmpli(er devie in the iruitF he xnot openEsoure softwre developed lolly t snstitute xéel llows to ontrol the internl proessor of our ehwin system in generlF his progrm inludes qrphil ser snterfe @qsA speilized in the mesurement of h trnsistors @inluding n eletromigrtion feedk loop with vrile prmeters nd omplishing si hrteriztion funtionlities like sweeping single voltge hnnels or inlude lokEin exittionAF purthermoreD xnot provides development environmentD where sequentil mesurements n e enoded nd sent to ny mesuring instrument interfed in the mesurement gD enling to synhronize the pplition of V G nd V B D nd mesurement of ID with the vrition of other experimentl prmeters like the V AC G signl hrteristis or mgneti (eldF fesides thisD the opertion of ionludi ryostts is trked down with relEtime ontroller tht llows relE time visuliztion of thermometers nd remote ontrol of the eletroni pprtuses nd vlves in the ryogeni iruits nd heter present t the smple stgeF fy estlishing dt onnetion @physil or virtulA etween the mesurement nd the ryostt gsD xnot n lso ommunite with the ontrollerD reding out the tempertures nd setting the smple stge heterF elong my thesisD we estlished entrlized setup t the mesurement gD interfing ll our mesuring instrumentsF ript odes for performing systemti nd sequentil mesurements with xnot were writtenD tested nd lunhed in rel smples for n e0ient use of the ryostt oolE down timeF sn this setionD we rie)y present the prmeters input t eletromigrtion feedk loop rried out y the ehwin system @QFPFIAD nd the mesuring routine systemtilly followed to detet h ondution fter eletromigrtion of eh onstrition in every single hip ooled down @QFPFIAF VR 3.2 Measurement instruments centralization and procedures 3.2.1 Fast-response system he ehwin system ounts with QHH wrz digitl signl proessorD tht n e progrmmed for relE time nlysis of the input @ehgA nd ontrol of the output @hegA voltge signlsF he totl voltge rnge of PH @EIH to CIH A leds to minimum resolution of PHG2 14 ≈ 1.2 m of the IREit ehg rd nd PHG2 16 ≈ 300 µ of the ITEit heg rdD improved y onneting the orresponding hnnels to pemto mpli(ers or voltge dividersD respetivelyF he eletromigrtion feedk lgorithm in the qs of xnot tkes dvntge of ehwin9s relEtime signl proessor @10 5 rzA for fst response stopping the reking proessF he ising voltge n e rmped up t n spei(ed speed nd smpling rte @often set to I!SH mGs nd RH dt pointsGsAD while mesuring the urrent )owing through the juntion nd lulting the resistne on rel timeF hen the resistne is higher thn preseleted trget vlue @set to IPFW kΩ for our onstritionsAD the ising voltge rmp is suddenly stopped nd rought k to zero @typil eletromigrtion urves n e seen in setion PFRFPAF hile the ehwin proessor owns response time of IH µsD y zooming it t the mximum of the I -V B urves it n e oserved tht the onset of eletromigrtion tkes ple round ∼SH µs efore the urrent drops nd the voltge rmp is stoppedD inditing hrteristi eletromigrtion time muh higher thn the response timeF hile more reent versions of ehwin systems inlude ehg rds of higher resolution @IV itAD lower smpling @given y our IR it rdA is dvisle for n ggressive reking proedure tht llow to rete su0iently lrge gps where fewEnm nnoprtiles n (tF VS 3.2.2 Electromigration routine he frgility of our el onstritions @fter llD they re oneived to e esy to rekA mkes them extremely sensitive to stti eletriity dishrgesD whih n esily explode them if speil re is not tken long the singleEhip mnipultionF e systemti proedure must e followed srupulously to ensure the survivl of the onstritions during the nnoprtile depositionD gluing nd miroEonding to the smpleEholder until the eletromigrtion stepD eing neessry to test the smple fter eh stepF et the insertion of the smpleEholder in the ryosttD the mesurement lines must e onneted to ground @through the grounding oxes seen in pigF QFUA nd the stte of the onstritions is tested one moreF sf the onstritions disply the usul resistne vluesD the lines re grounded gin nd we proeed to losing nd pumping the ryosttD then strt the ool down proess to R uF fefore ungrounding the linesD the iruit involving ll instruments required for the spei( mesurement need to e fully onneted s even the tion of pluggingGunplugging les lows up the juntions @even fter eletromigrtionAF he inEsitu proedure employed to hrterize nd rek onstrition onsist of the following stepsX IF wesure the hrteristi I -V B urve t low voltges @y pplying ertin drin divisionAD otining the onstrition resistne R T F PF vunh the eletromigrtion proedure with trget resistnes of IPFW kΩ @mking sure tht the drin voltge division is set to I nd the mpli(er is set to fullEndwidth modeAF QF wesure the hrteristi I -V B urve t low voltges @y pplying ertin drin divisionAD determining the tunnel juntion shunt resistne R sh F RF rogressively mesure the gteEdependene of the urrent @I -V G treA t low ising voltges of V = 3 -5 mF SF sf h ehvior is identi(ed in the I -V G treD the mixture ondenstion is strtedD ooling down the smple to the se temperture @SH!VH muA nd further mesurements re doneF sf notD we repet the proess on the next onstritionF he typil I -V G tre of h juntion will show n inrese of urrent over ertin rnge V G rngeD often shortD resulting in spiky shpe @pigF QFVAD inditing the gte position of the degenery pointF he urrent pek must inreseGderese for higherGlower V B D reverting its polriztion when the sign of V B is reversed @pigF QFV nd AF 4 Yu-Shiba-Rusinov states in superconductor-quantum dot transistors

At = 20 log V in V out → V in = 10 At/20 V out , @QFIFIA
The large charging energy and small gate couplings typically displayed by electromigration transistors, resulting from the small size of the colloidal quantum dots employed, restricts the access to dierent charge states in these devices to a single degeneracy point. On one hand, an elaborated analysis is generally required to extract the full set of the physical parameters and energy scales characterizing the system. On the other hand, a considerably large gate resolution is consequently obtained which, combined with the enhanced spectroscopic resolution commonly displayed by our all-aluminum devices, allows for precise studies of the transport features. Superconductor-quantum dot transistors presenting a large asymmetry in the tunnel coupling to both leads often display signatures indicating the development of Kondo correlations at the strongly coupled one. For the normal state of the leads, the combination of Coulomb blockade and Kondo eect exerts an important inuence on the sequential current, giving raise to signicant deviations from the orthodox picture. For the superconducting state of the leads, the arising Yu-Shiba-Rusinov spectrum and its response against external parameters like magnetic eld or temperature can be characterized with a substantial accuracy, revealing intriguing small-scale behaviors. o study the ompetition of superondutivity nd uondo e'et tht gives rise to sttes pE pering well inside the energy gp of the eletroni spetrum of gEh juntionsD ertin onditions must e hievedF pirst of llD the system should disply signi(nt hrging energyD E U D permitting to stilize single eletron @spinA t the dotF eondlyD the tunnel ouplingD γD must e lrge enough to llow for signi(nt proility of higherEorder proesses involving the doule ouption of the h is requiredD promoting the g proximiztion nd uondo otunnelingF hirdlyD similr mgniE tude of the energy sles hrterizing oth e'etsD iFeFD the g gpD ∆ nd the uondo tempertureD k B T K D is neessry for lned interply enling their simultneous mnifesttion in the eletroni properties of the systemF pinllyD proing eletrode @in the wek oupling regimeD hrterized y reltively smll oupling sle γ W A n e used for mesuring the eletroni spetrum without perE turing itF xeverthelessD these requisites hve ertin degree of )exiilityD whih hve filitted the oservtion of spetr nd their hrteriztion in nnosle systems displying lrge disprities in their experimentl on(gurtionD suh s g juntions ontting xsD gxs or selfEssemled hsD s well s moleulr dsortes in g sustrte explored with n wF sn ll sesD the reE sulting gEhEproe juntions disply lrge symmetry in the oupling tht llows them to reh spetrosopi regime where sttes n e proedF he ritrry (xtion of the tunnel ouplings in gEhEg juntions mde y eletromigrtionD together with the fst oxidtion rte of most g mterils present @spoiling the tunnel rriers reted during the reking proedureA introdues dditionl di0ulties tht mkes the study of this interply rther hllenging in eletromigrtion systemsF hnks to our eletromigrtionEomptile ryogeni setupsD tht enled us to rry out the reking proedure inEsitu on lrge numer of onstritionsD we mnged to otin few symmetrilly oupled gEhEg trnsistors rehing suh spetrosopi regimeF his setion fouses on introduing the trnsport mps of (ve gEgEg trnsistors displying di'erent ouplingsD disussing the typil phenomenology hrterizing eh regime nd showing how relevnt informtion nd physil prmeters n e extrted from the mesurement @RFIFIAF efter thtD we rie)y omment on the min limittions ommonly present in these systems @RFIFPAF 4.1.1 Superconductor-quantum dot transistors at dierent coupling regimes everl single hips were ooled down in ryostt f nd ∼ 100 onstritions were suessfully eletroE migrted inEsituD t temperture of R u nd under high vuum onditionsF sn ll sesD ertin tunneling urrent ould e mesured fter the reking proedureD inditing the opening of nnoE gp t the onstritionD not neessrily used y h ridging the juntion ut y diret tunneling etween oth eletrodesD s ommonly oserved in iwftsF wost of the onstritions presented shunt resistnes of R sh ∼IH kΩ!IH qΩD orresponding to suh diret tunnelingF ight efore the oolE down of eh hipD deposition of SEnm dimeter eu nnoprtiles ws rried out on its surfeD y following the dropEsting method desried in setion PFSFIF heres the tunneling urrent in more thn SH7 of the juntions present signi(nt dependene on V G D ler signtures of h onE dution ould only e on(rmed in (ve of themD further investigted t se temperture @round 80 muAF emong the hrteriztion of these (ve h trnsistorsD we identi(ed two prevlent oupling regimesF yne devieD lled S 1 D ws found to e in stritly wekEoupling regimeD displying rther symmetri oupling prmetersD γ S,D D onstituting the smller energy sles of the systemF he other four deviesD A 1 , A 2 , A 3 nd A 4 D presented extremely symmetri ouplingsD in the uondo regime with one of the leds @γAD nd in the wekEoupling regime t the other one @γ W AF sn the followingD we present the di'erentil ondutne 1 mesured in the trnsport mp of these (ve smplesD nd perform stndrd nlysis from the perspetive of the orthodox theory of goulom lokde for disreteEspetrum hsF exevs yp ri ieuv gyvih hisgi he orthodox model n provide n urte desription of h trnsistors t purely wek oupling regimeD llowing for the extrtion of the full set of prmeters hrterizing the devie diretly from its trnsport mp @pigF RFIAF his nlysis sets referene for the interprettion of the ondutne fetures displyed y symmetrilly oupled smplesF he hrteristi dimondE like struture stemming from the hrge quntiztion imposed y goulom lokde n e lerly oservedD setting the zeroEis degenery point seprting two onseutive hrge sttes t gte vlue of V 0 G = 0.512 F prom the dimond slopes of β + = 0.175 nd β -= 0.345D we derive pitive symmetry of C D /C S = 1.63 etween the h nd oth trnsport eletrodesD together with n unusully lrge gte oupling of α G = 0.116 = 11.6 7 @employing iqsF IFPFPTAF hiret tunneling etween oth eletrodes origintes ertin ondutne kgroundD resemling the hrteristi ondutne urve of gEg tunnel juntions nd displying negligile V G EdependeneF prom liner (t of the orresponding urrent @mesured well inside loked dimond to void ny hE relted ontriution to the urrentAD we extrt shunt resistne of R sh = 7.7 qΩ hrterizing this juntionD resulting in onstnt ondutne kground of G Bgnd = 2 × 10 -5 (2e 2 /h)F fy verging severl of these dI/dV B EV B urves mesured t the loked regions @identil within the mesurement noiseAD we otin the urrent )owing solely through the h @pigF RFIAF es it n e oserved in pigF RFID the urrent inrese t the positiveEslope dimond edge @hi + A replites the oherene pek of the gEhyD originting white nd of negtive di'erentil onE dutne in pigF RFIF sn ontrstD the negtiveEslope dimond edge @hi -A ppers s simple urrent stepF he hi + orresponds to the lignment of the hemil potentil of the energy level t ondution @ 0 A with E F of the S eletrodeF he (ner spetrosopi resolution displyed y the sequentil urrent t this edge is onsequene of lower tunnel oupling t this ledD resulting in smller lifetime rodeningF sn this wyD the di'erent spetrosopi resolution displyed y oth his indites tht ertin oupling symmetryD suh tht γ D > γ S is nevertheless present in this smple whihD in good greement with pitne symmetry of C D /C S = 1.63 previously otined from the slopes of the hisF iletroni nd virtionl exittions of the hD generlly mnifesting s dditionl lines inside the onEstte dimondsD re proed t higher resolution y the S ledD therefore ppering only prllel to this dimond edgeF he slight oupling symmetry is lso evidened y the urrent symmetry displyed y the two onEstte dimonds t ±V B round the singleElevel ondution regime @2∆ < |eV B | < E δ + 2∆AF he orresponding sequentil urrents t di'erent is polrities vries over rnge of I + QD ≈ 4 to T pe nd I - QD ≈ -7 to EIH pe @pigF RFIAF e proeed now with the identi(tion of the energy slesX , The charging energyX st is only possile to give lower limit for the vlue E U D s single degenery point is essile in our gte voltge rnge of ±10 F hile it is tempting to onsider tht the h9s level depthD 0 D inreses uniformly with V G long suh whole rngeD gte o'set swithes n introdue disontinuities in the 0 (V G ) dependene @disussed in the following setionAF udden hnges in the urrent kground were oserved t reltive distnes of IFS nd HFT from V 0 G F fy ssuming onstnt hrging energy nd gte oupling prmeterD we otin minimum vlue of E U ≥ 1.5 × α G = 174 meF , The level spacingX elthough mny exittions re present in this devieD tht one interseting the dimond edges round V B = ±5 m disply stronger intensity @mrked with lk rrows in pigF RFIAF eording to the expression derived in efF ID level sping of E δ ∼ 2π 2 2 mk F V = 5 me orresponds to eu prtile with rdius of out Q nmF hile this expression is only qulittively orretD the orderEofEmgnitude grees with the S nm of verge size of the eu prtiles in the ommeril solution deposited in the smplesF , The SC order parameterX he g gp present in oth leds genertes gEindued spetroE sopi gp of mgnitude Ω SC = 2∆ S + 2∆ D ppering round zeroEis in the hrteristi urves of the gEhEg trnsistorD long the entire V G rnge of the trnsport mpF uh spetrosopi gp present n homogeneous vlue Ω SC = 1.00 me in the devie S 1 F rowever the g gp of eh led nnot e extrted individullyF , The thermal energyX e therml energy of k B T = 7 µe orresponds to the smple temperE ture of VH mu t whih these mesurements were quiredF he ondutne pek integrting the hi + displys prw of VV µe @see inset in pigF RFIAF , The tunnel couplingsX prom the diretion of the oupling symmetry @γ D > γ S A together with the symmetry of the sequentil urrent t the singleElevel ondution regime @|I - QD | > |I + QD |AD this degenery point would e idelly expeted to e desried y iqsF IFPFQRD leding to oupling symmetry on the order of γ D ∼ 10γ S F roweverD the presene of suh mny exittionsD together with the g stte of the ledsD n introdue drmti devitions from the simple sequentil modelF sn generlD the qreenEfuntion otunneling model is required for preise determintion of the ouplings from mesurements in the g stte of the juntion QVF exy we yp ewwisgevv gyvih hisgi he pir of resonnes emerging inside the spetrosopi gpD Ω SC t one side of the degenE ery point shown in the trnsport mp of devies A 1 , A 2 , A 3 nd A 4 @pigF RFPA revels strong oupling symmetry present in these juntionsF he prity of the h oupny t oth sides of the degenery point @respetively loted t V deg G = 0.4, 2.2, -0.8 nd 4.12 D indited y lk dotted linesA n e determined stright wyD s resonnes re used y the ompetition etween superondutivity nd uondo e'etD the ltter exlusively mnifesting t odd hrge sttesF he ondutne kground mesured well inside the even loked dimond is respetively found to e respetively eing G Bgnd = 6.5, 8.6, 0.4 nd 1.1 in units of (2e 2 /h) × 10 -4 D orresponding to R sh ≈ 20, 15, 300 nd 120 wΩF he enhnement of otunneling proesses used y uondo e'et t the odd lokedEdimond origintes ondutne kground with slight dependene on V B nd V G t the oddEprity side of V deg G F hile Ω SC is lerly identi(le long the entire V G ErngeD the hrteristi dimond struture ppers lurred @lerly visile only in devies A 1 nd A 4 A nd the four his tht integrte it disply strong symmetryD eing one of them muh more intense thn in this hpterD we expet similr vlues of E U nd ∆F xeverthelessD eletromigrtion n introdue lrge disprities in the oupling prmeters from one smple to the otherF vrge E U /γ nd ∆/γ rtios led to the predominne of the douletEq phseD reduing the e'etive gte rnge of singletEq phse @etween V deg G nd V QP T G A nd using the sttes to reh lrger energies t the enter of the odd hrge stteD eventully surpssing the edges of the g gpF e lower vlue of γ n then e ttriuted to devies A 3 nd A 4 D in omprison with devies A 1 nd A 2 D in good greement with the lrger mgnitude tht the ondutne fetures present in the two ltter smples @see olor sles in pigF RFPAF he fintness of the dimond struture used y the enhnement of higherEorder proess hinders the extrtion of pitive prmeters nd energy sles in symmetrilly oupled smplesF e reltively ler dimond struture is only present in devie A 1 D llowing to identify the susequent eletroni exittion @lk rrow in pigF RFPA of E δ ≈ 6 -7 meD similrly to devie S 1 F he following setions re devoted to explin the methods employed to extrt the energy sles of suh symmetril uondoEwekly oupled smples from the trnsport mesurementsF 4.1.2 Electrostatic gate-oset switches he pprison of stohsti hrgeEo'set swithes in h juntions introdue rndom vritions of µ QD D tht result detrimentl for the performne of the deviesF uh swithes re speilly present in hemillyEounded moleulr juntionsD generlly mnifesting s stohsti jumps etween di'erent hrge sttes during the pplition of reltively high V B F everl works hve studied the sujet in detilD identifying restruturtions of the moleuleEmetl interfe s responsile for the swithing mehnisms PSPF hile our smples re thought to e immune to suh e'ets @s the hs employed re not hemilly linked to the eletrodes ut rther suspended in etween themAD di'erent kind of hrgeEo'set swithesD displying distint ehviorD pper ommonly in h trnsistors PSQF qte swithes onstitute one of our min limittions for the essile V G Ernge nd the smpleEstility over mesurementF he equilirium hrge stte of h trnsistor is determined y the numer of eletronsD N D present t the dot for V B nd V G eing set to zeroF e ertin o'setD N oset D smller thn unity @0 < N oset < 1D ppering in iqF IFPFIQA is typilly present in tul deviesD shifting the pprison of degenery point for V G vlue di'erent from zeroF hile suh o'set hs een negleted in the derivtion done in hpter ID it n e ounted for y simply inluding voltgeEindependent term of the form e 2 N oset /C in iqF IFPFPVF sn our deviesD we oserve sudden vritions of N oset D ltering the reltive position of µ QD in the V G oordinteD eing highly reommended to keep V G stleD only vrying it slowly in etween the quirement of the IEV B urves for the mesurement of trnsport mpF hi'erent mnifesttions of suh gte swithes show up in our deviesD tegorized sX , Stochastic gate switchesX epper rndomly during mesurements nd introdue ertin µ QD EshiftD s shown in pigF RFQF hey re ttriuted to hrge trpped in the oxide lyer overing the gte eletrodeD osionlly refrining fter keeping the smple old for long enough @one or two weeksAF his ehvior ws onsistently present in devies A 3 nd A 4 @pprent in pigF RFP nd dA mking their hrteriztion impossile in resonle timeF , Permanent gate switchesX eppering onsistently t prtiulr V G vlueD they re ttriuted to dditionl hs round the nnoEgp tht hnge their hrge stteD modifying the eletroE stti environment of the onduting h @pigF RFQAF hese swithes prelude mesurements oveGelow the spei( V G vlueD eing the min reson tht impede us to oserve onseutive degenery points in devies owning lrge gte ouplingF , Persistent gate switchingX snvolving typil times of few seondsD they show up ontinuously over mesurementD typilly induing swith in µ QD etween two loseEy vlues @pigF RFQAF e srie this ehvior to resist residues left over the smple surfeD s it ws found more often in devies kept under the protetive resist lyer for over month or moreF 4.2 Normal state characterization he opertion of ionludi ryogeni setups llow to stilize the smple environment either round R uD or t the se temperture @VH mu for ryostt fAF elthough the xEstte of our devies n e essed t R uD gret loss of the spetrosopi resolutionD together with n inrese of the kground nd noiseD drstilly redues the mesurement qulityF o otin wellEresolved xEstte trnsport mps t se tempertureD we pplied perpendiulr mgneti (eld @fA oserving thtD while ertin gElike fetures remin lerly visile for (elds up to RH m @ove the ritil vlue for ulk el of IH mD s expeted for thin (lmsAD superondutivity ws totlly suppressed t TH mF gonsequentlyD the exittions present t the odd hrge stte of devies A 1 , A 2 nd A 3 @pigF RFRD nd A turn into the hrteristi uondo resonne t zeroEV B D ppering unpertured t suh low f vlues @pigF RFRdD e nd fAF hile devie A 3 exhiits fint resonneD stemming from the reltively smll vlue of γ in this smpleD the prominent uondo ridge rising in A 1 nd A 2 llows for n exhustive hrteriztion of the uondo phenomenon present in these deviesF mple A 1 hs een the sujet of more omplete studyD while we lso inlude the nlysis performed in devie A 2 for omprisonF he uondo spetrum in these two smples is exmined together with the symmetries rising t the dimond edgesD t the (rst prt of this setion @RFPFIAF henD we ompre the ondutne mesurements of devie A 1 with xq simultions tht reprodued qulittively the (niteEis symmetries @RFPFQAF pinllyD we present the method followed for the extrtion of k B T K D determining its gte modultion @RFPFRAF 4.2.1 Kondo spectrum analysis he usul spetrum hrterizing the uondo e'et ppering in system omposed y mgneti h tunnelEoupled to xEstte led onsist in resonne t V B = 0D s desried y enderson9s modelF he omintion of uondo e'et with sequentil tunneling origintes strong symmetries in the intensity nd width of the two his @hi ± for ±V B A displyed in the IEV B or dI/dV B EV B urve t n even hrge stteF etullyD suh symmetries re present in the ondutne mps of mny works in the literture mesuring di'erent kinds of symmetrilly oupled h juntions @like devies ontting gxs IRD PSD RQD xs RPD moleules IHUD IHS or semionduting hs QIAF rowever very few of these studies fous on this spetF uh symmetries re speilly remrkle in our smplesX out of the four edges onforming the dimond struture @hi + nd hi -oth t the even nd odd side of hrge degeneryA only hi -t the even side onstitute well developed pek of ondutne in the xEstte mp of devie A 1 @pigF RFRdAF hi'erentlyD oth his t the even side of devie A 2 emerge s widely rodened peks @pigF RFReAD hiding the oddEside his nd surpssing the ondutne of the zeroEV B uondo resonneF e di'erent view illustrting this ehvior is provided y sliing the trnsport mps into dI/dV B E V B urves t the di'erent V G vlues @pigF RFSAF e proeed to hrterize the resonne9s fetures @the mximum vlue of the ondutne pekD G max D nd its fullEwidth t hlfEmximumD prwA long its evolution from its pperne t zeroEV B inside the odd dimond into the enhnedE hi t the even dimond 2 F es shown in pigF RFS nd D the zeroEV B resonne rehes stle lineEshpe well inside the odd dimond t oth smplesD where G max nd the prw sturteD inditing the V G Ernge of the uondo regimeF hile the G max of the zeroEV B resonne @referred to s G 0 A is expeted to reh vlues similr to the quntum of ondutneD 2e 2 /hD for symmetril ouplingsD strong renormliztion of the ondutne mximum is used y the weklyEoupled ledF he orresponding expression for the mximum ondutne of the zeroEV B resonne derived in enderson9s model @iqF IFPFRVA n e pproximted in the symmetriEoupling limit @γ γ W A sX
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@RFPFIA e reltion etween the oupling prmeters n e otined y plugging the sturtion vlue of G max t the uondo regimeD orresponding to G 0 = 0.0125 for devie A 1 nd G 0 = 0.0015 for A 2 @mesured in units of 2e 2 /hAD s seen in pigF RFS nd F he respetive reltions otined for oth smplesD γ ≈ 300γ W nd γ ≈ 2700γ W F 2 A constant conductance background of G Bgnd = 1.4 × 10 -3 (2e 2 /h) was subtracted from the spectra of device A2, corresponding to the conductance baseline at the even diamond. The background is negligible for device A1. WR 4.2 Normal state characterization 
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Coulomb diamond analysis in the normal state

hile most of the studies fous on the uondo regimeD deep inside the odd hrge stteD reE dued ttention hs een pid to the w regimeD round V deg G D nd to the hrteristis of the goulomEdimond ondutne strutureF fy tking into onsidertion the usul symmetriEising on(gurtion rrnged in experiments @pplying V B to the soure ledD SD while keeping grounded the drin ledD DA together with symmetri tunnel nd pitive ouplingsD Aligia et al demonstrted di'erent hrteristis @G max D prw nd V B lotionA re expeted for the four his round deE genery point PSR @hi + nd hi -D ppering oth t the even nd odd side of V deg G AF sn their studyD they onsider h uondoEoupled to D nd weklyEoupled to SD desried from the perspetive of enderson9s modelF hile the pplition of voltge is onsidered to indue positive displement in the orresponding hemil potentil t their workD we dopt the opposite onvention hereD tking µ S = -eV B nd µ D = 0D llowing for diret omprison with experimentsF he hemil potentil of the hD de(ned s the level depth with respet to the (rst degenery point of n unoupied oritl in the h @see setion IFPFRA n e expressed s

0 (V B , V G ) = µ QD (V B , V G -V 0 G ) = -eα G (V G -V 0 G ) -eα B V B = G 0 (V G ) + B 0 (V B ), @RFPFPA
seprting its is nd gte omponentsF es it is useful for understnding the following setionsD we remind here the reltion etween the level depth nd the distint hrge sttes of the hD whih is simpli(ed s single spinEdegenerted oritl in enderson9s modelX the (rst even dimond extends over E U > 0 > 0 @orresponding to n empty oritlAD the following odd dimond ppers etween 0 > 0 > -E U @orresponding to the hlfE(lled oritl t whih mgneti hrter risesAD nd the next even dimond extends etween -E U > 0 > -2E U @where the doule oritl oupny is rehedAF hese three hrge sttes re onseutively seprted y two degenery pointsD respetively lled Energy diagrams showing the energy-conguration of the chemical potentials at the four edges that integrate the diamond structure of device A1 (indicated by black dashed lines in c, obtained by the ts of the SC-state data shown in section 4.3.1). The degeneracy point, at V 0 G ≈ 0.4 V, corresponds to a transition of the QD occupancy from empty to half-lled, implying a level depth variation from 0 > 0 to 0 < 0. It can be deduced that the QD is strongly coupled to D, as a DE of stronger intensity appears for VB < 0 at the even side of V 0 G , identied with the STM peak described in Ref. [254]. Following this conclusion, it is possible to assign the MV peak, dened at the alignment of the QD level with the Fermi level of the Kondocoupled lead at µD (a and d), as the diamond edge of negative slope (DE -), and the STM peak, which develops for the alignment of 0 with the Fermi level of the probing lead at µS (b and e), as the diamond edge of positive slop (DE + ). he ove expression @iqF RFPFPA llows for the implementtion the e'et of is lever rmD α B D @s onsidered in the orthodox theoryA into enderson9s modelF hile t zero isD the level depth is (xed t G 0 y V G D the pplition of (nite V B ross the juntion indues oth hnge in µ S nd vrition in 0 with respet to its zeroEis vlueD of mgnitude equl to B 0 D proportionl to α B = C S /(C S + C D + C G ) @rnging etween 0 < α B < 1D quiring vlues round HFS for idelly symmetri pitive ouplings C S ≈ C D C G AF elong the mesurement of the hrteristi urves of the deviesD 0 is not (xed ut hnges linerly with V B F he ondutne peks integrting the his @lk dshed lines in pigF RFTA pper when suh )oting level of the h is ligned with µ t one of the ledsF hue to the oupling symmetryD di'erent kinds of tunneling proesses pper etween the h nd eh ledD eing neessry to distinguish etween the hi t whih 0 is ligned with µ of the strongly oupled led @lled w pekD pigF RFT nd eA nd the wekly oupled led @lled w pekD pigF RFT nd dAF he following expressions for the width nd mximum vlue of these two peks t prtiulr V B vlues were otined in efF PSR t the even dimond of V 0 G Elike hrge degeneryD expliitly showing the di'erent dependenes of oth peks9 fetures on α B X w pek t

V 0 G nd V 1 G nd
V B = +eα G V G /α B e prw = 2γ T /α B e, G max = α B eC T /γ T , @RFPFQA w pek t V B = -eα G V G /(1 -α B )e prw = 2γ T /(1 -α B )e, G max = (1 -α B )eC T /γ T , @RFPFRA where γ T = γ + γ W nd C T = C S + C D + C G F
WT hese theoretil results re otined y onsidering wek oupling of the h to S nd strong oupling to DD leding to α B < 0.5D t the even dimond on one side of the V 0 G Elike degenery pointF por suh onditionsD higher nd nrrower w pek ws found to emerge t the even side of V 0 G for V B < 03 F he degenery point in devie A 1 is lso V 0 G ElikeD s the mgneti ehvior ppers for higher V G vlues @urying the unoupied level elow µ D D eoming hlfE(lledAF et the even sideD hi -displys muh lrger intensity nd smller widthD emulting the theoretil resultsF husD we n ssign the strong oupling to the D led in devie A 1 D where S is the proing eletrodeF hile onluding tht the more intense hi orresponds to the lignment of 0 with µ of the weklyEoupled led is rther ounterEintuitiveD the sme kind of ehvior is tully oserved in devie S 1 found t the wellEunderstood wekEoupling regime @pigF RFIAF he higher spetrosopi resolution stemming from weker oupling @implying smller lifeEtime rodeningA results in replition of higher intensity of the divergent oherene pek t the weklyEoupled led long hi + @hene orresponding to the S led lso in this seAD wheres the opposite hi -ppers s simple urrent step @reveled in the trnsport mp y the lk of nd of negtive di'erentil ondutneAD s onsequene of stronger oupling to D tht rodens the level too muh to resolve the lineEshpe of its oherene peksF et the susequent degenery point of V 1 G D the w nd w peks still orresponds to hi + nd hi -respetively D s it n e inferred from the work in efF PSRF xeverthelessD t the even side of V 1 G D the w pek ppers t V B > 0 nd the w pek t V B < 0F sn ftD the trnsport mp of smple A 2 @pigF RFRdA shows tht the h oupny trnsits from odd to even ehvior s V G is inresedD identifying it s hnge from hlfE(lling to doule oupny of the resonnt level ndD thereforeD reognizing the degenery point in this devie s V 1 G ElikeF es the most intense hi t the even side of V 1 G ppers for V B > 0D we n onlude tht the h isD one moreD strongly oupled to D nd weklyEoupled to S in devie A 2 F e strong oupling to S is found in devies A 3 nd A 4 s it n e otined y deduing the nture of the degenery point @respetively V 1 G nd V 0 G A nd oserving the is polrity t whih the uondoEenhne hi ppers @pigF RFP nd dAF 4.2.3 Comparison with NRG simulations he uondo model only provides n urte desription of the orrelted hEled system round the uondo regime of the odd mgneti hrge stteD de(ned s -γ > 0 > -(γ + E U )D ut fils to desrie it round the w regime @lose to V 0 G nd V 1 G A nd t the even ouption dimondsF elterntivelyD the hy of the system n e otined from simultions sed on the xq method long the full levelEdepth rngeD from empty to doule oupny @etween 0 > 0 nd 0 < -E U AF sn dditionD the ondutne of uondoEwekly oupled juntion system n e omputed s wellD following di'erent pprohesF sn lose ollortion with our reserh groupD S. Florens rried out severl xq simultionsD otining the spetrum of the hEled orrelted systemD s well s lultions of the orresponding ondutne mesured y weklyEoupled eletrode following the model developed in efF PSRF xumeril results showed n urte reprodution of the zeroEis experimentl dt of devie A 1 D llowing for more preise determintion of the E U /γ rtio present in this smpleD while qulittive greement ws otined t (niteEis for the onsidertion of is leverErm prmeterF he xq simultion mps the hy of the hEled hyrid long the entire rnge of level positions nd energies for reltive sle of E U /γ = 6 @pig RFUAF he spetrum of the hEled system is otined t eh levelEdepth vlueD onsidering (xed level position t 0 = G 0 F he orresponding ondutne mp @pig RFVA ws lulted y onsidering proing led t ising voltgeD V B F sn ontrst to the (xed level positions in the hyEmpD the ondutne lultion ounts for the )ottion of the h levelD s desried in iqF RFPFPD imposing is lever rm of α B = 0.3F sn this senseD the quntityD G 0 D in the horizontl xis of pig RFU indites the h level position t V B = 0F sn ontrstD (nite ises indue liner devition of B 0 in the level depth with respet to G 0 D tilting the mp with slope determined y α B with respet to the xqEhy mp @the ottomEleft nd topEright orners lying out of the hyEdt rngeAF por diret omprison with experimentsD the levelEdepth xis is reversed in oth grphsD orresponding to inresing vlues of

V G @s G 0 = -eα G (V G -V 0 G
)AF fy ompring oth numeril mpsD it n e oserved tht the ondutne replites the zeroEV B uondo resonne in the xqEhy dt t the odd hrge stte @0 > 0 > -E U AD signling the proing rnge of the symmetril h juntionF es the degenery pointsD t

G 0 = 0 @V 0 G A nd G 0 = -1 @V 1
G A re pprohedD the lineEshpe of the ondutne resonne strts to devite from the hy spetrum s sequentil trnsport omes into plyF et the even hrge sttes @ 0 > 0 nd 0 < -E U A the resonne in the GEmp evolves into uondoEenhned dimond edge @orresponding to the w pek of pigF RFTdAD ppering t pproximtely opposite energies thn the uondo resonne t the hy @identi(edD in juntion on(gurtionD with the w pek of pigF RFTAD reproduing the ehvior displyed y our smplesF sn ftD the ondutne lultion is performed y onsidering voltgeD V B D pplied to the weklyEoupled eletrode @ting s SA while the h is strongly oupled to the referene ledD DD emulting the on(gurtion of devie A 1 D nd repliting its w pekF e sustntil greement with the experimentl dt @pig RFUA is found t the orresponding rnge of numeril prmetersD indited y gry squre in pig RFUF foth dt sets n e ompred y djusting the renormliztion ftor of the numeril ondutne with the experimentl height of Fig. 4.8: (a) G-VG traces at VB = 0, obtained from NRG simulations for dierent values of the relative scale EU /γ, are compared to the zerobias conductance measured in device A1 (renormalized with the maximum conductance of the zero-VB resonance, G0 = 0.0125 × (2e 2 /h)). The reference points chose for adjusting the gate coupling are the center of the odd-diamond (extracted at VG = 1.08 V from the kBTK t shown in section 4.2.4) and the interception of the NRG curves with the experimental data at the midpoint of the Kondo ridge, G0/2. the zeroEV B resonneD s well s the dpttion of the horizontl xis y employing n experimentl gte lever rm of α G = 0.0089 nd loting the degenery point t V 0 G = 0.40 D s experimentlly extrted in setion RFQFIF hile the sturtion of G max → G 0 nd of the prw t the uondo regime is wellEreprodued y the numeril ondutne @pig RFUdAD signi(nt devitions pper etween the experimentl dt nd the simultions when pprohing the degenery pointD growing lrger s the even hrge stte is enteredF his disrepny is ttriuted to ertin disgreement etween energy sle nd is oupling onsidered @E U /γ = 6 nd α B = 0.3A nd the tul prmeters in the devieF purther xq simultions were done for di'erent E U /γ vluesF o void dditionl inuries indued y di'ering is ouplingD we restrit the (tting rnge to the ondutne tre t zeroEV B @pigF RFVAF he steepness displyed y the uondo ridge formtion in the smple is missed y the xq urve for E U /γ = 6F rowever the tre otined for E U /γ = 9 ptures these feturesD showing quntittive greement with the experimentl dtD (xing the energyEsle rtio for devie A 1 F e slight overestimte of the ondutne t the enter of the dimond stems from the (nite temperture of VH mu t whih the xEstte mp were quired @just one order of mgnitude elow k B T K AD s xq simultions were done t the zeroEtemperture limitF 4.2.4 Extraction of the Kondo temperature scale ghnges in the lineEshpe of the zeroEV B resonne t di'erent V G indites the vrition of the uondo energy sleD whih hrterizes the mplitude of the uondo orreltionsF uh gte modultion of k B T K n e understood from its dependene onD 0 (V G , V B )D ppering expliitly in the expression derived y rldneX

k B T K = C γE U 2 e π 0 ( 0 +E U )/2γE U , @RFPFSA
he preise vlue of the preftor C depends on the reltive sle of E U /γ nd on the level depthD eing wellEde(ned @C = 0.182A only for E U γ nd t the enter of the odd hrge stte @for 0 = -E U /2AD where the system rehes the prtileEhole symmetryF etullyD its vlue lso hnges if the spin orreltions extend over oth leds of the h juntion @in whih se uondo e'et is rought out of equilirium when pplying (nite V B AD or only one led @on(gurtion t whih spetrosopy is performedAF es these mirosopi sles my not e esy to extrt from mesurementsD numerous experimentl works studying symmetrillyEoupled h juntions t suh spetrosopi on(gurtion tke k B T K s the prw of the zeroEV B resonneD sometimes multiplied y preftor smller thn unity @generlly equl to IGPAF elterntivelyD more onrete riterion for the experimentl extrtion of k B T K D regrdless of the energy hierrhy present in the smpleD lies in the study of the temperture evolution of the zeroEV B resonne mximumD G max F WW -0.5 0 0.5 V B (mV) ixposing the strongly oupled led to n externl prmeter fvoring n spei( eletroni distriE ution @like voltge di'erenesD mgneti (eldsD tempertureA hve disruptive e'et on the uondo orreltions indued y the hF hile our smples A 1 nd A 2 hve oth een sujeted to is voltge nd mgneti (eld for the quirement of the xEstte trnsport mpsD these prmeters re not expeted to distur the formtion of the uondo loudF yn one hndD the V B pplied does not generte urrent through the strongly oupled led tht n pertur the uondo e'etD ut the entire voltge di'erene essentilly drops t the tunnel juntionD keeping oth leds onstnt eletrostti potentilF yn the other hndD the low f vlues etween 60-75 m pplied to quenh wy g t the leds origintes eemn splittings of energies E Z = gµ B B ∼ 1 µeD in the sme order of mgnitude s the therml energy t the se temperture of the ryostt @k B T ≈ 7 µeAD oth of them een severl orders elow the tul uondo energy of devies A 1 nd A 2 F hereforeD we n lim tht uondo e'et in these two smples is t equiliriumF roweverD for inresing smple temperturesD the growing of eletroni sttering rtes in the metlli led @∼ T 2 A disturs the sreening loudD eventully dissolving it for T T K F his e'et mnifest s deline in the intensity of the zeroEV B resonne in devie A 1 @pigF RFWAF sn ftD we oserve tht suh dey does not tke over the uondo resonne uniformly s the temperture is inresedD limiting to redution of G max etween HFHVEIFS uD nd mking the resonne to ompletely vnish ove P uF purthermoreD the zeroEV B resonne exhiits distint redution t di'erent V G vlues long the odd dimondF he entire uondo ridge mesured t di'erent tempertures is shown in @pigF RFWAF his dt hs een seleted from set of trnsport mpsD mesured t onstnt tempertures rnging from VH mu to Tu while pplying onstnt mgneti (eld of 72 m @see pigFpFP in ennex pAF he xq simultions rried out y Costi et al WPD llowed them to demonstrte tht the onduE tne dey used in the zeroEV B resonne used y ertin disruptive e'et hrterized y n energy sleD E x D depends exlusively on the rtio etween this energy nd k B T K F his onstitutes the min reson why k B T K is lled n 4universl4 energy sleF qeneri expressions of the form G max (2e 2 /h x 10 -3 ) 0.4 0.5 0.6 0.7 0.8 0.9 1

G max (E x ) = G 0 F (E x /k B T K )
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MV regime Kondo regime Fig. 4.10: (a) Linear square ts of the temperature evolution of Gmax at dierent gate values are tted to Eq. 4.2.6 using the least squares method. The colors identify the respective gate value. (b) Gate modulation of the Kondo scale obtained from the ts. The accuracy of the tting formula is reduced at the MV regime, increasing signicantly the error of the t. (c) The data in panel a, collapse onto a single curve after proper rescaling, coinciding with Eq. 4.2.6 (black curve), indicating the nearness to the universal limit.

G max (T ) = G 0 T 2 T 2 K (2 1/s -1) + 1 -s , @RFPFTA
otining est (ttings for phenomenologil prmeter vlue of s = 0.22 @if the h spin is equl to IGPAF por G 0 = 0.0125 × (2e 2 /h)D we employed this formul to perform (t of the experimentl G max (T ) t eh V G vlueD djusting the freeEprmeterD T K D y using the lestEsqures method @pigF RFIHAF he resulting uondo temperture of devie A 1 is found to vry etween IES uD well inside the V G Ernge of the odd dimond @pigF RFIHAF e onsiderle error is otined t the w regimeD s iqF RFPFT is not stritly vlid t suh rngeD while the error rs inside the uondo regime minly stem from the mesurement t highest tempertureF efter dequte reslingD the experimentl dt ollpse on single urve @pigF RFIHAD whih tully oinides with the theoretil lk urve @iqF RFPFTAF hese fts demonstrte tht the uondo e'et developing in devie A 1 pprohes the universl regime nd is in virtul greement with xq simultionsD implying stndrd uondo e'etF
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From G max (T) FWHM / 2.9 0 -2 -4 -6 -8 -10 -12 -14 0 (meV)

-10 -5 0 V G (V) 0.1 1 k B T K (meV) (a) (b) V G c Fig. 4.11: (a)
The FWHM of the zero-VB resonance measured in device A1 at base temperature displays an identical VG-dependence as kBTK extracted from the ts of Gmax(T ). A parabolic t of Gmax(T ) (excluding the unframed markers lying at the MV regime) indicates the center of the odd diamond, at V c G (yellow marker). The precise relation between the level depth, 0 (horizontal scale at the top of the graph) and VG could be established, for this sample, from the extraction of the gate coupling αG = 0.0089 and the degeneracy point V 0 G = 0.40 V in section 4.3.1. (b) An identical t was performed on the FWHM/2.9 data of device A2.

gontrrily to its usul pplition @the extrtion of k B T K from the other mirosopi sles otined vi xqAD we onsidered to employ rldne9s formul @iqF RFPFSA to (t the uondo sle otined from G max (T )D s method to estimte independently E U nd γF hile the gte modultion of k B T K in pigF RFIH is not expeted to follow rigorously this expression s its derivtion is done for strit universl limitD the greement of the experimentl dt with iqF RFPFT indite the nerness of devie A 1 to this regimeF uh (t n provide us dditionl informtion on the extension of the odd hrge stteD s uondo e'et displys n identil ehvior etween its enter @t V c G A nd eh of oth degenery points @V 0 G nd V 1 G AF e (rst extrt the nturl logrithm of iqF RFPFSD putting into mnifesttion the proli dependene of k B T K on the level depthX

ln(k B T K ) ∼ π 2γE U 2 0 + π 2γ 0 + ln(onst). @RFPFUA he is term of the level depth is not tken into onsidertionD s G max (T ) is mesured t V B = 0D expressing it s 0 = G 0 = -eα G (V G -V 0 G
)F he gte oupling ftorD α G = 0.0089D nd the degenery pointD V 0 G = 0.40 D re extrted independently in setion RFQFIF fy restriting the (tted G max (T ) dt to the uondo regime @lkEfrmed ornge mrkers in pigF RFIIA proli (t of ln(k B T K ) ws performed using the lest squres methodD otining vlues of E U ≈ 12 me nd γ ≈ 2 meF sn dditionD the minimum of the (tting prol signls the gte position of the enter of the oddEhrge stteD loted t V c G ≈ 1.08 @yellow squre in pigF RFIIAF etullyD we found tht the prw of the uondo resonne mesured t se temperture follows n identil V G Edependene thn k B T K D oth dt sets overlpping for multiplitive ftor of k B T K = prw/2.9D inditing vrition of k B T K etween WHEUSH µe @IEV uAD together with the equivlene of oth quntities lose to the universl regimeF he sme multiplitive ftor ws employed to extrt the uondo sle of devie A 2 from the V G Edependene of its prwD otining k B T K overing rnge of VHESHH µe @IET uAD slightly elow smple A 1 F en identil proli (t ws lso performedD leving α G s (tting prmeterD s it ould not e determined independently for this smpleF inergy sles of E U ≈ 11 me nd γ ≈ 1 meD nd muh smller gte lever rm of α G ≈ 0.0009 were otined from the (tD s well s the oddEdimond enterD loted t gte vlue V c G ≈ -4.0 F IHP 4.3 Superconducting state characterization 4.3 Superconducting state characterization he piring order estlished in the leds in the presene of superondutivity oppose to the formtion of the uondo loudD used y uondo e'et for n even prity of the h ouptionsF he singlet nd doulet possile sttes of the hEg system onform its ground stte @qA nd lowest exited stte @viAD depending on the predominne of uondo e'et or superondutivityF he gte dependene of the mgnitude of the uondo e'et @vi the level depthA mkes possile to tune the system through the trnsition @A from the singletEq phse to the douletEq phseD mnifesting in the spetrum s rossing of the resonnes t zeroEenergyF e strt this setion y performing (t of the goulom dimond edges of devie A 1 D enhned for the g stte of the leds @RFQFIAF efter thtD we nlyze the spetrum nd the evolution of its fetures for di'erent gte voltges @RFQFPAF foth studiesD together with the nlysis of the xEstte dt performed in the previous setion enled for the determintion of the ensemle of pitnesD relevnt gte positions nd energy sles in smples A 1 nd A 2 F henD we study the response of the spetrum in devie A 1 for inresing mgneti fE(eld @RFQFQA nd tempertures @RFQFRAF 4.3.1 Coulomb diamond analysis in the superconducting state he strong vrition of the gEhy on energy round the permi level introdue severl hnges in the dimond struture ppering in the trnsport mp for the g stte of the ledsD s explined in setion IFQFPF yn one hndD shifts in the position of the his re used y to the opening of spetrosopi gp with n extension of Ω SC = 2(∆ + ∆ W ) round zeroEisF sn ftD the presene of n energy gp t the g leds mkes possile to get rid of therml rodening e'etsD s the mount of qusiprtiles ove the gp vnish exponentilly for smple temperture suh tht k B T ∆F yn the other hndD the sequentil urrent reprodues the divergenes of the gEhy t the hisD for the lignment of disrete energy level in the h with one the oherene peks t one of the leds @pigF RFIAF xot only therml rodening is voidedD ut spetrosopies re further shrpened due to suh divergenesD enhning even more the resolution QVF sn good greement with the ove disussionD we systemtilly oserve onsiderle enhnement of the his intensities for the g stte of the ledsD with respet to those ppering in xEstte mesurementsF sndeedD while the his were rely notiele in the xEstte dt of devie A 1 D they emerge lerly s lol ondutne mxim in the trnsport mp t the g stteD llowing to extrt their lotion nd otin preisely the gte vlue of V 0 G nd some pitive prmeters of the juntion from their slopesF e pekEdetetion lgorithm ws employed to extrt the lol ondutne mxim in the trnsport mp of devie A 1 in the g stteD t the setors of the four his @lk dots in pigF RFIPAF viner (ts @dshed linesA llowed to otin the preise lotion of the hisD reveling the omplete dimond strutureF fy plugging the resulting slopesD of β + = 0.0410 nd β -= 0.0115D in iqsF IFPFPTD we otin gte oupling prmeter of α G ≈ 0.0089 ± 0.0001 ≈ 0.9%D nd oupling symmetry to the trnsport eletrodes of C D /C S ≈ 3.5 ± 0.2D inditing stronger pitive oupling to D in greement with our previous nlysis showing stronger tunnel oupling this ledF fy zooming t the degenery point re @pigF RFIPAD it n e oserved tht the liner (ts of the his t V B > 0 @dshed linesA nd V B < 0 @dotted linesA respetively interset t di'erent gte vlues of V G = 0.396 ± 0.001 nd V G = 0.406±0.001 F uh shift rises from the omintion of the is lever rm e'et with the symmetrilEising experimentl on(gurtionD explined in setion IFQFPD estlishing the lotion of hrge degenery t the midpointX V 0 G ≈ 0.401 @indited y red rossAF gonsidering now the position of the odd dimond enter t V c G ≈ 1.08 D tken s the minimum vlue of the proli (t of ln(k B T K ) @indited y yellow dimond in pigF RFIIAD the susequent degenery point is expeted to e found t

V 1 G = V 0 G + 2(V c G -V 0 G ) ≈ 1.
76 F he entire oddEdimond struture n e reonstruted y dupliting the his9 lines t V 1 G F purthermoreD y sutrting hlf the totl gp Ω SC /2 from the is omponent of eh (tD the two lines of equl slope t eh degenery point ollpse into single one tht signls the hi ppering for the x stte of the leds @illustrted in pigF RFIP nd inluded in the xEstte trnsport mp shown in pigF RFTAF he resulting hrging energyD G is extrapolated at VG ≈ 1.76 V. The entire odd diamond can be reconstructed by duplicating the linear ts at V 1 G (here, ΩSC /2 has been subtracted from the vertical component of each t, collapsing the four lines at the two DEs measured in the N state).

extrted either from the gte distne etween oth degeneries s

E U = -eα G (V 0 G -V 1 G )D
or from the hlfEheight of the dimondD ollpse to vlue of E U = 12.2±0.2 meF fy omining its de(nitionD E U = e 2 /(C S +C D +C G ) @iqF IFPFIVAD with the expressions for the dimond slopesD it is then possile to extrt vlues for the prtiulr pitive ouplingsX

C D ≈ 3.5 C S ≈ 85.6 C G ≈ 1.01 × 10 -17 pD nd the is oupling prmeterX α B = C S /(C S + C D + C G ) ≈ 0.
22F prom the reltive sle of E U /γ ≈ 9 otined from the omprison of the xEstte dt with xq simultionsD we derive strong oupling etween the h nd the uondoEoupled eletrode of γ ≈ 1.4 meF pinllyD the oupling rtio given y the renormliztion of the zeroEV B uondo resonne @iqF RFPFIA results in wek oupling of γ W = γ/300 ≈ 5 µeF hile the hrteriztion of the uondo resonne nd the derivtion of the gte modultion of k B T K ould e lso performed in devie A 2 D the his t the odd side of the degenery point essed in this devie re ompletely uriedD mking impossile to repet the liner (ts in this smpleF IHR 4.3 Superconducting state characterization Device

α G α B C G @pA C S @pA C D @pA V 0 G @A V c G @A V 1 G @A A 1 HFHHVW HFPP 1.18 × 10 -19 2.88 × 10 -18 1.01 × 10 -17 HFRHI IFHV IFUT A 2 ∼ 0.0009 E E E E -10.2 -4 2.2
Tab. 4.1: Experimentally extracted capacitive parameters and particular gate voltages.

he demnding xq simultions @in terms of omputtionl powerA were restrited to the spei( prmeter rnge of devie A 1 F xeverthelessD similr E U /γ rtio ws ttriuted to smple A 2 D stemming from the resemlne of the energy dispersion of the resonnes @pigF RFP nd AD nd in greement with the proli (t of ln(k B T K ) leding to E U ≈ 11 meD γ ≈ 1 me nd α G ≈ 0.0009 nd V c G ≈ -4.0 for this devieF fsed on suh gte oupling nd dimond enter positionD together with the position of the essile degenery point in this devie @V 1 G ≈ 2.2 AD we n estimte the lotion of the outEofErnge degenery point s

V 0 G = V 1 G -2(V 1 G -V c G ) ≈ 10.2 D whih ful(lls the reltion of E U = eα G |V 1 G -V 0 G |
for the estimted vlues of E U nd α G F ell the extrted pitive prmeters nd energy sles re respetively summrized in sF RFI nd RFPF 4.3.2 Yu-Shiba-Rusinov spectrum analysis e enter our ttention now on the hrteriztion of the resonnesD mesured t se temperture @round VH muA nd in the sene of n externl f (eldF es V G is tuned inside the odd dimondD the resonnes deth from the edge of the totl spetrosopi gpD Ω SC D ppering t lmost perfetly symmetri is positions @V Y SR B AF hile the ondution is ompletely suppressed elow the resonnesD for

|V Y SR B | > |V B | ≥ 0D nd of negtive di'erentil ondutne ppers etween the resonnes nd the totl spetrosopi gpD for Ω SC /2e > |V B | > |V Y SR B
|D s onsequene of the gEhy t the proing led @lerly oserved in pigF RFIQAF he vlue of the totl spetrosopi gpD Ω SC = 2(∆ + ∆ W )D ppers round zero is t the 4even side4 of hrge degeneryD where the entire g spetrl funtion is umulted t the oherene peksF sn ontrstD the emerging t the 4odd side4 sor most of this spetrl funtionD gretly reduing the shrpness nd intensity t the edges of Ω SC F ixtremely shrpened resonnes 4 rise in Device E U @meA E δ @meA k B T K @µeA ∆ @µeA ∆ W @µeA γ @µeA γ W @µeA

A 1 IPFP SEU WHEUSH PRV PHQ IRHH S A 2 ∼ 11 E VHESHH QPU PQV ∼ 1000 ∼ 0.4
Tab. 4.2: Experimentally extracted energy scales.

devie A 2 whih hs lower vlue of γ W with respet to devie A 1 D displying prw etween VEW µe @pigF RFIQAF uh redued lineEwidth demonstrte the spetrosopi power of llEluminum eletromigrtion juntions ontting metlli nnoprtilesD llowing us to proe the spetrum with n unpreedented resolutionF ErsfeEsxy igw hiixhixgi yx ri qei yveqi he dependene of the resonnes on V G n e ppreited in trnsport mps of devies A 1 nd A 2 zooming t lowEV B rnge @pigsF RFIR nd RFISD respetivelyAF he is positionD V ±Y SR B D nd the mximum ondutne of oth resonnes were extrted long the essile rnge y employing pekEdetetion homemde lgorithmF he rossing of the sttes t zeroEenergy does not mnifest s rossing t zeroEis of the resonnes due to the gpped gEhy t the proing eletrodeF snstedD |V ±Y SR B | dereses when V G is swept from the degenery point into the odd hrge stteD until it mkes kink t minimum V B F his feture identi(es the gte lotion of the D V QP T G D where the singlet doulet q trnsition tkes pleD otining V QP T G ≈ 0.7 for devie A 1 nd V QP T G ≈ 0.4 for devie A 2 @vertil dshed linesAF purthermoreD the vlue of the g gp in the proing ledD ∆ W D n e determined independently from the pekEtoEpek distne of the resonnes in the spetrum quired t V QP T G @pigF RFIQAF he extrtion of ∆ W t the rossing point lso llows to determine the g gp of the orrelted ledD ∆D from the mesurement of the totl spetrosopi gp Ω SC F he vlues of ∆ nd ∆ W otined @indited y vertil dshed lines in pigF RFIQA re given in F RFPD together with the other energy sles extrted in previous setionsF vike thisD the energies of the sttesD E ± Y SR D n e extrted y sutrting ∆ W from V ±Y SR B D tking into ount the sign inversion t the trnsition 5 @pigsF RFIR nd RFISAF winute devitions of E ± Y SR ourring t ertin gte voltges @t V G ≈ 0.5 nd HFWP for devie A 1 nd V G ≈ 0.8 nd EQFR for devie A 2 AD were systemtilly present in ll mesurements quired nd re ttriuted to slight ut persistent gte swithesF hen we ssoite the ondutne mxim extrtedD to the orresponding stte t E ± Y SR D otining the gteEdependene of their pek intensitiesD G ± Y SR @pigsF RFIR nd RFISAF hese pek intensities orrespond to the spetrl weights of the sttesD w ± D renormlized y the tunnel oupling of the proing ledD γ W F es in our seD the proing led is in the g stteD the divergenes t the oherene peks enhne the intensity of suh spetrl fetures in the ondutne mesurement with respet to the rest of the spetrF st is therefore neessry to deonvolute the gEhy of the proe for otining preise vlues of w ± F roweverD we lk the tools for performing suh tretmentF ueeping in mind tht the uondo energy sle is only pproximtely the prmeter driving this trnsitionD the orrespondene etween k B T K nd V G @pig RFIIA is employed to derive the ritil vlue of k B T K /∆ in devies A 1 nd A 2 @ornge xis in pigsF RFIR nd RFISA found t (k B T K /∆) c ≈ 0.67 nd 0.69D firly oiniding for oth smples @given the similrities in E U D γ nd ∆A nd onsistent with experiments on selfEssemled hs IP @tht lso extrt k B T K from the temperture dependene of the zeroEis uondo ondutneAF fy tking the uondo sle s the prwGP of the uondo resonneD the rossing point would e displyed round (prw/2∆) c ≈ 0.97 nd 1.00D in good greement with w studies of mgneti moleules on g sustrtes IHD ITSD IRUD s the gEhEg systems in these works re very similr to those we otined with our eletromigrtion juntions @hrterized y lrge hrging energy nd n intermediteEoupling regimeAF he dt 5 Note that at the singlet phase,

E ± Y SR = eV ±Y SR B ∓ ∆W , whereas at the doublet phase, E ± Y SR = eV ∓Y SR B
± ∆W , relating each YSR state with the resonance of opposite bias sign due to their crossing at the QPT.

n lso e resled to the theoretil de(nition of the uondo energy @iqF RFPFSD using onstnt preftor of C = 0.182 for the entire oddEdimond rngeAD whih leds to (k B T K /∆) theo c ≈ 0.26F hile preditions sed on xq simultions tht implement suh de(nition otin ritil vlue round 0.3 -0.4 IIQD ITRD ISVD the disrepny is ttriuted to the redued vlue of E U /γ in our deviesD onstituting regime where iqF RFPFS is not stritly pplileF xotlyD multiple finting replis of the sttes ppering for

|V B | > |V Y SR B
| n e oserved in the ondutne mp of devie A 2 @pigF RFISAF es mentioned t the end of setion IFQFI struturl disorder n led to the pprison of spiky fetures t the hy in the nds of luminumD in prinipleD remining t the g stte nd ppering t energies ove the gp in the qusiprtile hyF uh irregulr hy n explin these dditionl feturesD relting them with mesurement rtift of the proe nd emerging ove the ondutne seline due to the high spetrosopi resolution of this smpleF igsi iegsyx yp ri qei yssyx e ri exssyx por preise extrtion of the energies of the sttes nd the gte lotion of their rossing t the D it is neessry to tke into onsidertion the gting e'et of the proing ledF he (nite energy of the sttesD E ± Y SR D requires the pplition of (nite isD V ±Y SR B D to oserve the orresponding resonnesF fy pplying suh V B the level depthD 0 D is displed from its zeroEis vlue (xed y

V G t G 0 = -eα G (V G -V 0 G )D y n mount equl to B 0 = -eα B V ±Y SR B @
iqF RFPFPAF gonsequentlyD the level depth is slightly di'erent for the two resonnes mesured t

V +Y SR B nd V -Y SR B in the hrteristi dI/dV B EV B urve quired t onstnt V G F sn ftD the solute vlues of V +Y SR B nd V -Y SR B
mesured in smple A 1 D do not overlp ompletely @pigF RFITA due to suh )ottion of the h9s energy levelF por orreting the sher used in the mesurements y the is lever rmD the V G oordinte of eh dt points is to e repled y the vlue of the isEdependent level depthD s eα

G (V G -V 0 G ) + α B V ±Y SR B
D trnsforming the horizontl xis into -0 F fy employing the vlue of α B ≈ 0.22 previously derived for devie A 1 D we n orret the sher e'et of suh is ouplingD leding to the ollpse of the energies of oth sttes into single urve @pigF RFITAF uh tretment llows for more urte extrtion of ∆ W nd ∆ in this devieD nd for the (tting of E ± Y SR with lultions sed on the renormlized theory developed in efF ITP @see the supplementl mteril on efF RR for further informtionAF he previously otined energy sles of smple A 1 were employed in these lultionsD rried out y F plorens in lose ollortion with our reserh groupD showing very good greement with the experimentl dt @lk line in pigF RFITAF he theoretil urvesD djusted y tking the referenes set y the prtiulr gte vlues of the degenery pointD V 0 G = 0.401 D nd the enter of the odd dimondD V c G = 1.08 @yellow mrkerAD reprodue the experimentl dt within smll errorD enling us to inrese the preision of the gte vlueD roughly otined to e round HFU in the previous nlysisF he model displys the zeroEenergy rossing point tking ple in rnge of -QP T 0 ≈ 2.7 -2.75 @see inset in pigF RFITAD or equivlentlyD V QP T G = -eα G QP T 0 ≈ 0.705 -0.71 F 4.3.3 Magnetic eld dependence of the YSR spectrum yne the trnsport hrteristis of the uondoEwekly oupled devies hve een nlyzed nd understoodD we move towrds studying the e'et tht the externl mgneti (eld exerts on the spetrumF his study ws onveniently restrited to devie A 1 D s more omplete nd preise set of energy sles nd physil prmeters ould e extrted for this smpleF e strt this exmintion y mesuring the V G EV B trnsport mp of this smple t severl onstnt fE(elds @the rw dt is shown in pigFpFQ in ennex pAD llowing us to extrt the gte dependene of the energy of the sttes nd intensities of oth ondutne resonnes for eh fE(eld vlue @pigF RFIU nd D respetivelyAF iquivlently to the nlysis performed t zeroE(eld in the previous setionD we strt y extrting the vlues of ∆ W nd ∆D respetively from the resonnes9 rossing point t the D nd the totl spetrosopi gp @Ω SC = 2∆ + 2∆ W A mesured t the even side of V 0 G @pigF RFIUAF he g energy gps t oth leds remin stle for low fE(eld vlues @presenting tiny inreseD ttriuted to the gEhy rodening indued y the f (eld PSSAD strting to dey ove PH mF he energies of the sttes were equivlently otined y sutrting ∆ W from the experimentl dtF es the e'et of mgneti (eld ws not implemented in the lultions previously employed to (t the gte dependene of E ± Y SR t zero (eld @shown in pigF RFITAD spline interpoltions on E ± Y SR (V G ) were performed @solid lines in pigF RFIUAD improving the preision of the limited gte resolution of the mesurements for the extrtion of V QP T G @vertil lk linesAF he evolution of V QP T G with f (eld @pigF RFIUdA is usedD in (rst instne y the grdul suppression of superondutivityD whih redues the e'etive piring energyD ∆D nd onsequentlyD the vlue of k B T K t whih the trnsition tkes pleD s the ritil vlue of the reltive sle k B T K /∆ @found to e out HFTU for smple A 1 A is expeted to remin onstntF sn ftD the redution of ∆ ove PH m e'etively drives the to higher vlues of V G @or lower vlues of k B T K A towrds the enter of the odd dimondF roweverD it n e oserved thtD t low f (eldsD V QP T G moves towrds the opposite diretionD tring slight ut ler upturn tht rosses with the zeroE(eld vlue round IR mF uh e'et rises s onsequene of the eemn splitting of the doulet stteF ith the pplition of n externl mgneti (eldD the two spin projetions of the doulet stte re eemnEsplit into t energies of E Z = ±gµ B B/2 @where µ B is fohr9s mgneton nd g is the vndé ftorAF sf the gEh system is tuned into the douletEq phse nd sujeted to n externl f (eldD the spin t the h lies in the spin on(gurtion of lowest energy @t equilirium nd low tempertures suh tht k B T E Z AF es the exittion of the system with the proing led @rehing the orresponding resonne y pplying ertin isA involves the injetionGextrtion of n eletron from the hD the fermioni prity of the system hngesD nd only the singletElike vi n e essed ut not the higherEenergy spin projetion of the douletF sn ontrstD t the singletE q phseD oth spin projetions n e rehed y exiting the system with xEstte proe t |eV B | = E ± Y SR ± E Z F gonsequentlyD the ondutne resonnes n pper splitD for strong enough eemn e'et nd su0iently (ne spetrosopi resolutionF his hs een previously demonstrted in gEh systems mde y ontting semionduting xs PWD RID RPD thnks to the lrge vndé ftor @g ∼ 20AF hile the g mterils employed in these studies ws rther roust ginst the externl mgneti (eld neessry to oserve wellEsplit resonnesD superondutivity rpidly vnishes in our luminum juntionsF woreoverD severl studies on h juntions ontting metlli nnoprtiles of di'erent mterils nd sizes in the rnge of few nnometers present ertin vriility in the g ftorsD in generl eing lwys lower thn P PD PSTD UTF sn ftD previous experiments rried out within our group QV otined vndé ftor of g ∼ 1.7 for devies mde with the sme gold nnoprtiles employed hereF hereforeD the omintion of suh redued vlues vrition on single mirosopi sle of the systemD equting E Z t IH m with the levelEdepth vrition orresponding to the displement of V QP T G from its zeroE(eld vlue @round 0.707 A to its vlue t the lowest point of the upturn @round 0.690 AF roweverD this lultion leds to ridiulously lrge vlues of gD implying tht the e'et tht the fE(eld exerts on the system goes eyond the mere splitting of the energy level in the dotF yn the other hndD intriguing ehviors re oserved t the singletEq phseD where n importnt inrese of the ondutne mximum of the resonne ppering t negtive isD V -Y SR B D grdully tkes ple s the f (eld is inresedD while the resonne t V +Y SR B remins lmost unhnged @s it n e ppreited in pigF RFIUAF e mnifest inversion of the reltive intensity of V +Y SR B nd V -Y SR B ours t the degenery point for f ≈ T mD dvning towrds the enter of the odd dimond s f is inresed nd eoming the distintive feture inditing the viinity of the F imilr inversions of the reltive spetrl weight hve een previously oserved s funtion of the impurity distne in w mesurementsD linked to distneEdependent symmetries in the prtile nd holeElike omponents of the wvefuntionF nfortuntelyD no time ws left over my thesis projet to perform more detiled nlysis of these spetsF h yp ri iEixex rei fyxhe o further exmine the prtiulr upturn tred y V QP T G (B)D we tuned the system into the singletE q phse t V G = 0 D very lose to V QP T G (B = 0) ≈ 0.705 -0.71 D nd mesured its hrteristi ondutne t f (elds from H up to TH m @pigF RFIWAD following the horizontl dshed line in pigF RFIVF he resulting dI/dV B Ef mp shows the ontinuous evolution of the spetrum from the g to the x stte of the ledsD rehed for f b SS mF he totl spetrosopi gp is progressively reduedD s superondutivity in the leds vnishesD diminishing the vlues of ∆ nd ∆ W D nd rodening the gEhy pro(leF he resonnes derese in mplitude nd widenD showing ler redution of E Y SR ove RH m until they ollpse into the muh less intense uondo resonne t zeroEisD right elow TH mF et (rst sightD the position of the resonnesD ppering t positive nd negtive is @reE spetively leled s
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Conclusions and perspectives

sn this thesisD we employed these llEluminum eletromigrtion onstritions to ontt metlli nnoprtiles nd fullerenesF wost of the h trnsistors otined long my work presented oupling symmetry of few orders of mgnitudeF sttes re often present in these smplesD emerging for odd fermioni oupnies nd inditing the presene of signi(ntly intense uondo orreltions etween the h nd the strongly oupled ledF por su0iently wek oupling of the other ledD it n t s tunneling proe tht performs spetrosopies on the gEh orrelted system t the other side of the juntionD equivlently to n w tipF fesides uondo e'etD the fundmentl role tht the is lever rm ply in these symmetriesD together with the symmetri ising on(gurtion used for mesuring the ondutionD ws put into mnifesttionF ynly fter ounting for these e'etsD the xq simultions performed displyed semiEquntittive greement with the experimentl dtD demonstrting the importne of their onsidertion in the study of eletromigrtion juntionsF emrklyD the gte modultion of the uondo sleD k B T K D ould e extrted y (tting the evoE lution of the normlEstte zeroEis ondutne t di'erent temperturesD demonstrting ehvior of the uondo e'et in one of our devies lose to the universl regimeF he resulting reltion etween gte voltge nd uondo temperture ould e used to derive ritil vlue of the reltive sle k B T K /∆ t whih the phse trnsition etween the two ground sttes of the gEh systemD resultE ing from the interply etween superondutivity nd uondo e'etD oursF he otined vlue of (k B T K /∆) c = 0.67 -69D onsistently found in two devies displying similr energy slesD is in good greement with w experiments nd other devies ontting selfEssemled hsD s well s with theoretil worksD if the di'erenes etween the uondo sle de(nitions onsidered in eh se re tken into ountF yne of these devies ws further studied t di'erent mgneti (eldsD showing the ontinuous evolution of the spetrum of the orrelted spetrum from t the g stte to uondo in the x stteF e notle shift of the gte position towrds opposite diretions t di'erent (elds ws hrterized in detilD explined s eing used y the eemn splitting of the doulet exited stteD e'etively shrinking the gte rnge of the singlet groundEstte phseF roweverD the progressive suppression of superondutivity s the mgneti (eld is rnked upD grdully redues the vlue of ∆D displing the ritil gte voltge towrds the opposite diretionF he liner dependene of eemn e'et governs the shift for low mgneti (eldsD while the qudrti dependene of the gp redution domintes rpidly for inresing (eldsD eing the upturn delineted y the ritil gte voltge onsequene of the ompetition etween these two e'etsF en equivlent study of the ritil gte position ws done for inresing smple temperturesD in this se otining monotoni inrese orresponding to the grdul losing of the superonduting gpF uh preise study ws possile thnks to the reltively high spetrosopi resolution hieved in our eletromigrtion deviesD in some ses displying resonnes of ondutne with prw smller thn IH µD onstituting the (nest experimentl spetrosopy of sttes in the litertureD to our knowledgeF eprt from the study of these ompeting quntum phenomenD it ws of our interest to rry out hrge pumping experiments nd study the turnstile opertion of our gEhEg trnsistorsD resulting from the pplition of fstEosillting eg voltge signl to the gte eletrodeF revious experiments within our group showed redued frequeny rnge of the turnstile opertion of gE hEg trnsistorsD ttriuted to impedne mismthesF he min tehnil spets of my work involved to improving the ury of the turnstile opertion y getting rid of suh undesired e'etsF por thisD oplnr wveguide eletrode on(gurtion ws designed nd suessfully implemented in our frition reipeD gting the luminum onstritionsF romeEmde isEtees were lso reted in order to ouple de eg nd hg omponents of the gte signl t the smpleEholder stgeF en instlltion of severl rdiofrequeny ryogeni lines ws rried out in reently quired ryogeni setupD devoted for these kind of experimentsF IIV A Charge pumping experiments in superconductor-quantum dot transistors

A.1 Turnstile operation of a superconductor-quantum dot transistor he urrent mesured in the ondution dimonds of i deviesD onsequene of sequentil tunnelE ingD stems from eletrons trversing the devie one y oneF hile the tunnel ouplings determines the verge rte t whih single eletrons tunnel inGout of the entrl eletrodeD the ourrene of these tunneling events is stohstiF en eletron turnstile devieD in ontrstD is de(ned s mesosopi system tht llows for restriting the time periods over whih suh individul tunneling events hppenD llowing to gin ontrol over the rte t whih eletrons )ow through itF vike thisD turnstile urrent n e expressed s the hrge of the individul prtiles @eletrons in our seA times the frequeny f of the quisitionEdelivery yleD usully driven with n eg signlX

I * = ±ef. @eFIFIA
por suh quntized urrents to e mesurleD turnstile devies must e operted t reltively high frequeniesD generlly in the order of the rdioEfrequeny @f ∼ 1 -1000 wrzD leding to eletron turnstile urrents of I * ∼ ±0.16 -160 peAF he qulity nd performne of turnstile devieD understood s quntum urrent soureD is given y the rnge nd mximum f t whih the mesured urrent n mintin ertin ury @|I -ef |AD nd its stility is determined y the rnge over whih other prmeters @like tempertureD ising voltgeD mplitude of the eg signlA n e vried without 'eting I * F es summrized in the introdutory hpterD severl kinds of turnstile devies hve een developed in the lst dedesD following distint rhitetures nd therefore hieving di'erent performnesD uries nd stilitiesF e rther simple oneptionD sed on gEi ontting nnoislndD ws demonstrted y Pekola et al either employing g islnd nd x leds RT or g leds nd x islnd RUF fy omining the urrent suppression used y the gpped gEhy nd goulom flokde singleEeletron hrging e'etsD it is possile to lok one eletron tunneling into the islnd from one led @pigF eFIAD nd deliver it into the other one @pigF eFIAD y moving the islnd9s hemil potentil ross hrge degenery point with V G D while keeping the ising voltge elow the gpX 0 < |eV B | < 2∆F es this proess simply onsist in mere vrition of V G D it n e repeted itertively t high frequenies y setting the hg gte voltge V G lose to hrge degenery nd pplying n dditionl eg omponent V AC G to the gte eletrodeD for exmpleD sinusoidl signlX

V AC G (t) = A v sin(2πf t).
@eFIFPA hile the osilltion frequeny of the signl determines the mgnitude of I * D the mplitude of the signl A v determines the rnges of the hg voltgesD V B nd V G D t whih the turnstile n operte @setEpointAF he wellEde(ned hierrhy of energy sles present displyed our h trnsistorsD when otined in wekEoupling regime @E U E δ ∆ k B T γ T AD llows the sme opertion priniple to e vlid for the genertion of turnstile urrentF he level depth9s osilltionD indued y the eg signlD s depited in pigF eFID n e written s AC

0 (t) = -eα AC G V AC G (t) = A sin(2πf t), @eFIFQA
where the proportionlity etween the level depth9s osilltion mplitude A = -eα AC G A v nd the eg signl A v is given y the eg gte oupling α AC G F he osilltion n e then inluded in the level depth expressionD de(ned with respet to the zeroEV B degenery point

V 0 G @so tht V G = V G -V 0 G AD s * 0 (V B , V G , t) = 0 (V B , V G ) + AC 0 (t) = -eα B V B -eα G V G + A sin(2πf t), @eFIFRA
desriing the system during turnstile opertion nd showing expliitly the experimentl knos @V B , V G nd A A over whih the e'etive eletronEpumping res n e mppedF st is possile to delimit the rnges for the turnstile setEpoint @de(ned y V * B , V * G nd A * D highlighted in purple in pigF eFIA nd disriminte res of optiml opertion nd of redued funtionlityF por exmpleD mesuring the V B , V G urrent mp while ontinuously pplying ertin p signl @A v nd f AD turnstile urrent plteus re expeted to emerge elow the g gpD round hrge degenery @pigF eFPAF ghrgeEpumping experiments hve lredy een rried out in our luminum gEhE g trnsistors with voltge signls of squre pro(le rther thn sinusoidl ones RV @mthemtilly desried with the sign funtionD repling sin(2πf t) → sgn(sin(2πf t)) in iqsF eFIFPD eFIFQ nd eFIFRAF he study of the gEhEg turnstile properties reveled limited working frequeny rngeD round 50 -66 nd 190 -206 wrz @pigF eFPdAD ttriuted to impedne mismthes long the p line tht impede proper signl trnsmission t the rest of the frequeniesF xeverthelessD wellE developed urrent plteus were oserved for the opertive vlues of f D tred ross the V B nd V G prmetersD s shown in pigF eFP nd respetivelyD pprohing the stndrd ef vlue @indited IPH A.1 Turnstile operation of a superconductor-quantum dot transistor with grey dshedEdotted linesAF sn theoretil wyD the e'et of those impedne mismthes n e inluded in the prmeter α AC G D whih expresses the trnsmissivity of the eletril line employed to send the p signl through the ryogeni setup down to the h trnsistorF e detiled nlysis of the possile phenomen generting frequeny dependene of α AC G is given in nnex fF sn order to orret for those detrimentl mismthesD we designed nd implemented n impedneEmthed gte eletrode tht ould e omined with our llEluminum eletromigrtion juntionsD s explin long hpter PF edditionllyD n entire p iruit ws instlled in ryostt eD employing dpted oxil wiresD onnetorsD nd ttenutorsD tht improve the qulity of the ryogeni p line @explined in setion QFIFQAF pinllyD we lso prepred homeEmde is tees y soldering lumped elements to our smpleholders @explined in setion QFIFRAF ell these tehnil improvements were done envisioning n improvement of the turnstile opertion of our gEhEg trnsistorsF eprt from the tehnil limittions used y impedne mismthes t the mesurement p lineD severl fundmentl mehnisms n indue errors in the eletronEpumping opertion of islndElike nd dotElike gEisD driving the urrent wy from the ef metrologil stndrd PSVF ettending to the nture of its originD error soures n e tegorized into four di'erent groupsD relted with the pumping speedD therml smeringD umultion of qusiprtiles nd higherEorder proessesX , Missed tunneling eventsX he driving frequeny determines the e'etive tunneling timeD τ * ∼ 1/f D spent y µ Isl,QD in the energy rnge to quireGdeliver n eletronF his hrteristi time must e τ * 1/Γ S,D for the eletrons to hve enough time to tunnel during eh yleF ytherwiseD missed tunneling events pperD in whih the eletron did not hve enough time to tunnel intoGout of the dotF he highest pumping f t whih the turnstile n e opertedD while keeping mximum uryD is then limited y γ S,D @or R S,D T AD whihD t the sme timeD should e kept smll to redue the proility of higherEorder proessesF sn ny seD τ * n e mximized y employing squre wves @resulting in τ * = 1/(2f ) -τ rise AD where τ rise is the rising time prmeter of the wve genertorAD s done in the experiments shown in pigF eFPF , Thermal eects and backtunnelingX he osilltion mplitudeD A must e dpted for eh V B setEpointD so tht µ Isl,QD surpsses only the gp edges of eh orresponding led in the deliveringGquiring semiEylesD remining elow the edge of the other ledF he therml smering of the islnd9s permiEdistriution in gEis results in highEenergy eletrons rehing the opposite gp edge lredy t T ≈ 300 muF edditionl errors proesses like the replement of the eletron tunneling out during the delivery semiEyle @speilly t high V B lose to 2∆A or the eletron delivery to the sme led from whih it ws quired @ptized s ktunnelingD more importnt for V B ≈ 0A re then introduedD eing minimized t n optiml setEpoint of V B = ∆ RTD RUF he lrge energyEdisretiztion present in our gEhEg trnsistors suppresses suh thermlErelted errors RVD eingD in prinipleD possile to operte the turnstile t higher tempertures @up to k B T ≈ E δ A nd for ny

V B setEpoint @0 < |eV B | < 2∆A provided tht the mplitude is on(gured dequtely @∆ -|eV B |/2 < A < ∆ + |eV B |/2AF
, Quasiparticle accumulationX wore reentlyD the umultion of qusiprtiles in the g leds @rising from residul eletromgneti rdition ndGor s onsequene of the turnstile operE tion itselfA hs een identi(ed s n importnt soure of errors IQVD whih results in undesired tunneling events like the lost of n eletron t the quiring semiEyles or vie versF hile the inlusion of onEhip ground plnes hs een proven e0ient for reduing the rditionEindued qusiprtiles in gEi devies PHPD grounded metlli strutures in ontt with the g leds @ting s qusiprtile trpsA n e employed to redue the qusiprtile overpopultion PSWF yn the ontrryD the lk of ville sttes into whih qusiprtiles n tunnelD grnts gEhEg trnsistors immunity ginst this error soure RVF , Higher-order tunnelingX ilsti otunneling proesses own negligile proilities in systems owning g leds nd xEstte entrl eletrode y the g gp in the leds for |eV B | < 2∆F rowever di'erent kinds of inelsti higherEorder proessesD nmely endreev re)etions @seondEorderA nd gEeletron otunneling @thirdEorderD sometimes referred to s n endreev re)etion of suessive orderAD my introdue nonEnegligile suEgp lekge urrents PTHF es oth endreevEtype proesses requires the simultneous ouption of the dot yD t lestD two eletrons for the trnsmission of gD its ssoited rte redues for E U /∆ 1 PTID s well s for weker ouplings γF he former ondition is gretly stis(ed in our gEhEg trnsistorD in ontrst with gEisF roweverD the oupling per energy level is muh stronger in h deviesD overll resulting in similr rtes for suh higher order proess in oth systems @see the supplementl informtion of efF RVAF esidul eletromgneti rdition in the smple vity n lso promote the rte of these proesses in turnstile devies IQWF sn summryD singleEeletron hrges re onveyed ross the devie y single energy level in the gE hEg trnsistor operted s turnstileF he e'et of severl error souresD present in the gEiD re diminished or ompletely voided thnks to the lrge energyEdisretiztion in the hF snjetion of eletrons t preise energies @within the lifetime rodening indued y the ouplingA must e possile with this systemD serving s monohromti singleEeletron soureF A.2 Overview of the devices everl gEhEg trnsistors were otined y rrying out inEsitu eletromigrtion in ryostt eD t temperture of R u nd under high vuum onditionsD some of them presented here @pigF eFQAF hevies S 3 D S 4 D nd S 5 presented well de(ned nd reltively symmetri dimond strutureD inditing wek oupling regime nd the predominne of goulom lokdeF hile the dimond struture in devie S 6 is lso rther symmetriD lssifying this smple s weklyEoupledD dditionl ondutne fetures of unertin origin rise round the degenery pointF yn the other hndD devies A 5 nd A 6 disply Elike suEgp sttesD developing only t one side hrge degenery nd merging k into the ontinuum t the odd hrge stteF hile hrge pumping experiments were rried out in ll of themD omplete hrteriztion of the turnstile opertion ws not possile in ny of the deviesF e restrit this ennex to the most relevnt resultsF xotlyD devie S 4 ws otined from one juntions employed to rry out the test of the inEsitu evportor unitD depositing of g 60 moleules @see ennex iAD onstituting the only moleulr juntion hrterized in this thesisF qte swithes ontinuously tking ple in devies S 3 nd A 5 D impeded us to stilize the hemil potentil of the hF he hrgeEpumping mesurements tht will e presented lterD in setion eFQD were rried out in devie S 5 F gyyiEes ivigyx gyxxivsxq gooper pir eletron otunneling @giA onsist in seondEorder tunneling proess ppering in gEh juntionsD in whih the two eletrons forming g t one led in the g stte tunnel through the hD rehing the other led of the juntion s qusiprtilesF por this proess ours for (nite is suh tht |eV B | > ∆D eoming resonnt for the lignment of n unnoupied oritl t the h with E F of one of the g ledsD s well s with empty qusiprtile sttes t the other led PTPF he resulting pir urrent emerges in the trnsport mp of gEhEg trnsistors on the sides of the onEstte dimondD showing ondutne resonne tht runs prllel to the dimond edge t distne equl to ∆ @pigF eFRAF gi otunneling proesses hve een identi(ed s of the min physil e'ets limiting the ury of the turnstile opertion of gEi devies RUD s well s of h trnsistors RVD sine they introdue suEgp urrent round the degenery pointD where the setEpoint of turnstile opertion is lotedF everl of our weklyEoupled devies disply suh e'etsD lthough sometimes it is extremely fintF yn the other hndD it is lerly visile in the trnsistor ontting g 60 moleule @devie S 4 AF fy zooming t the degenery pointD the trnsport mp of this smple revels the persistene of these ondutne fetures t energies elow the gp @pigF eFRAF emrklyD the gi ondutne resonnes pper only long on dimond edge in devie S 4 D whih might e originted y n symmetry in the oupling or y the spei( prity of the h ouption t this degenery pointF ixtremely fint suEgp resonnes of unknown origin lso pper in the mesurementD displying gteEindependent ehviorF A.3 Charge pumping experiments sn this setionD we rie)y disuss hrgeEpumping experiments performed in devie S 5 D y pplying sinusoidl p signl to the gte eletrodeD resulting in n osilltion of 0 D ording to iqF eFIFRF pirst of llD we hrterize the hg trnsport properties of the gEhEg trnsistorF he di'erentil ondutne mp @pigF eFSA revels well developed dimond struture whihD together with the sene of resonnesD indites the wek oupling of the devieF roweverD y tking highlyE mpli(ed urrent mp round the degenery pointD we nevertheless oserve tht ertin suEgp urrent of ∼ 1 pe emerges @pigF eFSAD ttriuted to gi e'etsF sn dditionD hrge o'set swithes lso our t this smple @note tht the degenery point is loted t di'erent gte positions t oth mesurements shown in pigF eFSAF roweverD these swithes re infrequent enough to quire stle mesurements in etween themF es (rst hrteriztion stepD we reord the urrent mp of the devie while pplying signl of A v = 10 nd QS m t the input of the ryogeni setupD osillting t f = 100 wrz @pigF eFTAF et eh experimentD we oserve the emergene of two urrent plteus t opposite V B signsD emerging elow the gEindued spetrosopi gp round hrge degeneryD in greement with our expettionsF hile oth urrent plteus t oth mesurements disply similr intensityD rehing vlues rnging etween (1.2 -1.3) × ef t the negtive urrent plteus of oth mesurementsD nd etween (1.02 -1.1) × ef D for the positive onesF he independene of the urrent plteu level with the mplitude of the p signl pply indite rther good turnstile ehvior were pitive rosstlks re not signi(nt t these frequeniesF yn the other hndD the symmetry of the urrent plteus t di'erent V B sign n e explined y ertin symmetry in the in the ouplingsF et lstD the systemti overshoot of ef is ttriuted to prsiti urrent ontriution used y gi proessesF he tringulr shpe of the urrent plteus in pigF eFTD rehing zeroEis t the pexesD indites tht the orresponding osilltion of 0 is A ≈ 2∆D llowing the onveyne of eletrons s soon s (nite V B is ppliedF sn ontrstD the lrge extension of the urrent plteus in pigF eFT indites lrge overshooting of the gEgp in the quisition nd delivery semiEylesF emrkleD slight ktunneling onset n e seen in pigF eFTD orresponding to the injetion of eletrons into the sme led from whih the were quiredD ove its gEgpF ewvshi iyxi hen pplying the p signl to the gte eletrodeD the overll urrent of the juntion inresesF sn order to ensure tht the urrent plteus re generted y eletron turnstile onveyed y single oritl in the hD it is neessry to demonstrte the liner dependene of the V G Ernge of the plteu with the mplitude of the signlF sn ftD s the mplitude of the signl A v inresesD so it does the osilltion of 0 in n tul gEhEg turnstileD resulting in lrger e'etive gte rngeF o prove soD we tune the system t V B elow the spetrosopi gpD nd sweep V G ross the degenery pointD while the p signl is ppliedF por ritrrily smll vlues of A v D the levelEdepth osilltion nnot surpss the g gps t the ledsD nd turnstile urrent nnot e onveyedF roweverD for inresing vlues of A v D the g gp edges re eventully rehedD generting turnstile urrent plteu tht inreses its V G rnge s A v is enlrged @pigF eFUAF he slope of suh liner inrese is given y α AC G F hile suh liner inresed is displyed y devie S 5 @pigF eFUAD the redued urrent vlues t the top of the plteus re used y the low is t whih this mesurement is tken @V B = 50 µeAF piixg iyxi yne demonstrted tht our devie tully ehves s gEhEg trnsistor t turnstile operE tionD we study the frequeny response of the smpleF ixperiments rried out y previous students demonstrted redued frequeny rnge of the turnstile opertion of gEhEg trnsistorsF he rnge ws limited etween two nrrow windows of 50 -66 nd 190 -206 wrzF por the rest of the frequeniesD urrents showing enormous disprities with ef were oserved @eFWAD ttriuted to the genertion of stnding wves long the ryogeni p line euse of the presene of impedne mismthesF es primry ojetive of my thesis projet ws to improve the turnstile opertion rnge nd uryD we implemented the omintion of oplnr wveguide gte eletrodes @mthed t SH ΩA with the eletromigrtion onstritionsD nd rried out reful instlltion of p mesurement lines in new ryogeni setup @dpting s well the smpleholdersAF efter ll these improvementsD the frequeny response of gEhEg trnsistors operted s turnstiles displyed qusiliner nd ontinuous dependene on f D rrying long n extrordinry inrese of the frequeny rnge of turnE stile opertionD rnging etween 1 -430 wrz @eFWAF ixtremely )t plteus re oserved t low frequenies @IEIHH wrzAD nevertheless showing urrent vlue tht surpss ef D ttriuted to the gi proesses oserved in this smple @pigF eFVAF et higher frequenies @QHHERHH wrzA the urrent plteus dopt rther irregulr shpe t the summitD flling elow ef F his ehvior is in good greement with missed tunneling eventsD eoming more ommon s the frequeny is inresedF IPT B Modeling the AC gate coupling he turnstile opertion of EhE juntions requires fst osilltion of the dot9s hemil potentil @ 0 AD whih n e indued y pplying n eg signl to the gte eletrode @s explined in ennex eAF he mplitude of the 0 osilltion is denoted here y AC QD nd is proportionl to the osilltion mplitude seleted in the wve signl genertor of the lortory @A v ADeing the proportionlity onstnt α AC G = AC 0 /A v denoted s the eg gte oupling prmeterF sn priniple we ssume tht the hnge in 0 indued y voltge pplied to the gte is instntneousD mening tht α AC G = α G were α G is the hg gte oupling prmeter tht n e extrted from the stility digrm of h juntionF por turnstile urrents to e detetleD the eg osilltion must e in the rdioEfrequeny @pA rnge @typilly f = 0.1 -10000 wrzAD whih requires the instlltion of trnsmission line in the ryogeni setEup @see etion QFIFQAF hi'erent e'ets @rising from the trnsmission line mterilsD the lotion of the h juntion long the lineD impedne mismthesFFFA n 'et the propgtion of p signls in the lineD modifying the osilltion mplitude rehing the gte eletrodeD for instneD diminishing the eg with respet to the hg gte ouplings α AC G ≤ α G F nderstnding how eg signls trvel through the trnsmission line of our experimentl setEup eomes fundmentl for orret interprettion of e'ets oserved in turnstile opertionF sn this ennex we rell the theoretil desription of the propgtion of eletromgneti @iwA wves through wveguide @trnsmission lineAD nd prtiulrize it to our system @ntenn on(gurtionA in n ttempt to nlyze the possile soures tht n 'et α AC G nd redue its e'etive vlue with respet to α G F e trnsmission line is iruit element tht n propgte eletromgneti @iwA wvesD where the voltge nd urrent mgnitude nd phse osillte in time nd speD ting s wveEguideF por this propgtion to tke pleD two ondutors re neededF goxil les @with n inner ondutor nd oxil shieldA or printed iruits with g geometry @like our gte eletrodeA re di'erent exmples of the trnsmission line oneptF o strt withD we model our p trnsmission line s divided into in(nitesiml elements of length dxD s skethed in pigF fFID following the soElled lumped elements pproximtion PTQF ih of these elements is hrterized y the following quntitiesX R x is the series resistne per unit length of the inner ondutorF G x is the ondutne per unit length etween oth ondutorsF L x is the series indutne per unit length of the inner ondutorF C x is the pitne per unit length etween oth ondutorsF hese four prmeters de(ne the hrteristi impedne @Z 0 A of the in(nitesiml trnsmission line elementD where L x nd C x ditte the dynmi ehvior @introduing phses in the signlsAD nd R x nd G x represent the power losses of the line @ttenuting the signls mplitudesAF wost of the trnsmission line in our setEup onsist of onEseries oxil lesD onneted through we onnetors nd ttenutorsD ll of them with n spei(ed hrteristi impedne of Z 0 = 50 ΩF elsoD our gte eletrode qg design ws done to ensure its impedneEmthing t 50 Ω @see ghpter PAF roweverD the smpleEholders p onding pds @inluding the homeEmde is teeA nd the miroE onding wires re not impedneEmthedF sn this pproximtion we will onsider R x , G x , C x nd L x @nd therefore Z 0 A onstnt long the whole trnsmission line length for the nlytil lultionD nd impedne mismthing e'ets will e disussed t the end of the ennexF o (nish withD the impedne t the extremes of the trnsmission line @x = 0, LAD de(ned y the oundry onditionsD will impose the trnsmission hrteristis of the lineD s it will e shown lterF iviqeri9 iesyx yvsyx yur strting point is the elegrpher9s equtions systemD otined y pplying uirhho'9s lws to n in(nitesiml trnsmission line elementX

       ∂v(x, t) ∂x = -R x i(x, t) -L x ∂i(x, t) ∂t , ∂i(x, t) ∂x = -G x v(x, t) -C x ∂v(x, t) ∂t .
@fFHFIA @fFHFIA he elegrpher9s equtions give n expression for the voltge @vA nd the urrent @iA in the trnsE mission line s funtion of position @xA nd time @tAF e shll onsider solutions in the form of monohromti wvesD with timeEfrequeny osilltion ωD whih n e written s v(x, t) = V (x)e jωt nd i(x, t) = I(x)e jωt @j is the imginry unitAF sf we insert these solutions in the elegrpher9s equE tionsD the timeEdependent prt disppersX

       dV (x) dx = -(R x + jωL x )I(x), dI(x) dx = -(G x + jωC x )V (x).
@fFHFPA @fFHFPA xowD y deriving nd sustituting the (rst order derivtivesD we rrive to system of two unoupled seondEorder wve equtionsX

       d 2 V (x) dx 2 -ν 2 V (x) = 0, d 2 I(x) dx 2 -ν 2 I(x) = 0, @fFHFQA @fFHFQA
where ν is omplex numerD usully referred to s the propgtion onstntD whose rel nd imginry prts @α nd kA represent the line ttenution nd the wve numerX

ν = α + jk = (R x + jωL x )(G x + jωC x ). @fFHFRA
he prtiulr solutions of this kind of wve equtions re trveling wves propgting in opposite spe diretionsF hereforeD the generl solution is liner omintion of oth of themX v(x, t) = V + 0 e jωt e -νx + V - 0 e jωt e +νx = V + 0 e j(ωt-kx) e -αx + V - 0 e j(ωt+kx) e +αx , @fFHFSA i(x, t) = I + 0 e jωt e -νx + I - 0 e jωt e +νx = I + 0 e j(ωt-kx) e -αx + I - 0 e j(ωt+kx) e +αx .

@fFHFTA IPV he omplex oe0ients V ± 0 nd I ± 0 represent the orresponding mplitudes nd phses of eh trveling wveF hey re relted y the hrteristi impedne @Z 0 AD whose dependene on the trnsmission line prmeters n e otined y plugging these expressions for v nd i in iqsF @fFHFIAX

Z 0 = V + 0 I + 0 = - V - 0 I - 0 = R x + jωL x G x + jωC x .
@fFHFUA qixieyGyixEgsgs fyxhe gyxhssyx he omplex oe0ients V ± 0 nd I ± 0 n e determined y spei( oundry onditions of prtiulr prolemF sn the se of our interestD the trnsmission line is onneted to wve signl genertor on one end @x = 0AD tht genertes voltge signl of frequeny f = ω/2π nd mplitude A v F he voltge wve indues t the sme time urrent wve of mplitude A i F his imposes the oundry onditions t this extreme of the lineD leding to iqsF @fFHFV nd AF st must e noted tht oth mplitudes re relted y A v = Z in A i D where Z in is lled the input impedne of the equivlent iruit seen y the wve signl genertorF reneD Z in represents the totl impedne of the whole trnsmission line nd it will e lulted lterF he output onnetors of stndrd signl genertors re mthed t SH Ω llowing us to neglet n internl impedne termF et the opposite extreme @x = LAD the trnsmission line ends in the smple9s gte eletrode extreml edgeD whih displys very lrge resistne to ground @∼ 1 Ω t se tempertureAF his ded end implies n openEiruit oundry ondition tht mkes the hrteristi impedne to diverge @Z L → infAF es the impedne eomes in(niteD the urrent t x = L must vnish t ll times whihD omined with the (rst elegrpher9s equtionD imposes tht the derivtive of the voltge is zeroD leding to iqsF @fFHFV nd dAF qrouping the four oundry onditionsD we hveX

               v(0, t) = A v e jωt , i(0, t) = A i e jωt , ∂v(x, t) ∂x x=L = 0, i(L, t) = 0.
@fFHFVA @fFHFVA @fFHFVA @fFHFVdA his sitution orresponds to n ntennD where the trnsmitted wves @sent in y the genertorA get totlly re)eted t the gte9s extremity nd the susequent interferene leds to the estlishment of stnding wve long the whole trnsmission line for oth voltge nd urrentF rdoxillyD in the opposite se of shortEiruit t the end of the line @Z L → 0AD the orresponding oundry onditions for voltge nd urrent pper interhngedD in the sme wy originting totl re)etion tht lso results in the genertion of wholeEline stnding wvesF fy pplying the orresponding oundry onditions into the expressions @fFHFSA nd @fFHFTAD we otin n equtions system tht reltes the four omplex oe0ients in terms of the hrteristis of the trnsmission line @impliit in νA nd the signl sent y the wve signl genertor @A v nd A i AX

                     V + 0 + V - 0 = A v , I + 0 + I - 0 = A i , V + 0 V - 0 = e 2νL , I + 0 I - 0 = -e 2νL .
@fFHFWA @fFHFWA @fFHFWA @fFHFWdA IPW B Modeling the AC gate coupling sf we solve the systemD we otin expressions for the trveling wves omplex oe0ientsX

                       V + 0 = A v 1 + e -2νL , V - 0 = A v 1 + e 2νL , I + 0 = A i 1 -e -2νL , I - 0 = A i 1 -e 2νL .
@fFHFIHA @fFHFIHA @fFHFIHA @fFHFIHdA rving found the vlues of the stnding wves omplex oe0ientsD the only remining tsk to otin omplete insight of the solution would e to extrt the rel prt of the voltge nd urrent wves in iqsF @fFHFSA nd @fFHFTAF sn order to simplify itD we will tke lst theoretil pproximtion y onsidering lossless trnsmission lineF vyvi exwssyx vsxi eyswesyx sn the lossless trnsmission line pproximtionD the resistive omponents @nd therefore the ttenE utionA re negleted @R x , G x = 0 → α = 0AF es onsequeneD the propgtion onstnt eomes pure imginry numer @ν = jkAD nd iqF @fFHFRA results in liner dispersion reltion ω = kv p D where the propgtion speed @phse veloityA v p = 1/ √ L x C x is onstnt @independent of kAF sn this situtionD wves propgte t the sme speed long the line for ny wve numer kD nd the hrteristi impedne of the line is rel numer @Z 0 = L x /C x AF nder these onsidertionsD the expression for the omplex oe0ients in iqsF @fFHFIHA n e rewritten sX

                         V + 0 = A v 2 cos(kL) e jkL = A v 2 1 + j tan(kL) , V - 0 = A v 2 cos(kL) e -jkL = A v 2 1 -j tan(kL) , I + 0 = -j A i 2 sin(kL) e jkL = A i 2 1 -j cot(kL) , I - 0 = j A i 2 sin(kL) e -jkL = A i 2 1 + j cot(kL) .
@fFHFIIA @fFHFIIA @fFHFIIA @fFHFIIdA elthough A v is imposed y the wve signl genertor nd therefore it is rel numerD in generl A i is omplex numerF roweverD in n eletromgneti wveD wxwell equtions impose phse of π/2 etween the eletri nd the mgneti (eldsD or equivlentlyD etween the voltge nd the urrent of eg signlsF hereforeD the mplitude A i must e imginry nd it n e derived from iqF @fFHFUAD expressed in terms of A v nd the trnsmission line hrteristi impedne per unit length whihD in our seD is Z 0 = 50 ΩF sn dditionD it is possile to extrt the equivlent input impedne of the whole trnsmission line iruit Z in X

Z 0 = V + 0 I + 0 = - V - 0 I - 0 = j A v A i tan(kL) → → A i = j A v Z 0 tan(kL) = j A v L x /C x tan(kL) , @fFHFIPA → Z in = A v A i = Z 0 j cot(kL) = -j L x /C x cot(kL) .
@fFHFIQA e reover the wellEknown results of lossless trnsmission lines in n ntenn on(gurtion @with n openEiruit onditionD see PTRD PTSAF e n rewrite iqsF @fFHFII nd dAD so tht ll the IQH omplex oe0ients re expressed in relGimginry nd modulusGrgument nottionX

                         V + 0 = A v 2 cos(kL) e jkL = A v 2 1 + j tan(kL) , V - 0 = A v 2 cos(kL) e -jkL = A v 2 1 -j tan(kL) , I + 0 = A v 2Z 0 cos(kL) e jkL = A v 2Z 0 1 + j tan(kL) , I - 0 = A v 2Z 0 cos(kL) e j(π-kL) = A v 2Z 0 -1 + j tan(kL) .
@fFHFIRA @fFHFIRA @fFHFIRA @fFHFIRdA fy injeting these oe0ients into iqsF @fFHFSA nd @fFHFTA nd tking the rel prtD we otin the (nl expressions for the voltge nd the urrentX fy representing the oppositeEdiretion trveling wves @ounting for the π/2Ephse shift etween voltge nd urrentAD we n oserve tht their sum orresponds to the voltge nd urrent rel prt extrted in iqsF fFHFIS nd fFHFIS @pigsF fFP nd respetivelyAF he mplitude of the sttionry wves hnges @s it n e oserved in pigsF fFP nd dA while series of nodes nd ntiEnodes @where the osilltion is zero nd mximumD respetivelyA re distriuted long the line9s lengthF he vrition of the osilltion mplitude introdues dependene of the eg gte oupling pE rmeter on the position of the h juntion @x QD A on the gte eletrodeF sf x QD is pled t n ntiEnodeD then the oupling is mximum nd α AC G = α G D wheres if it is pled t nodeD the osilltion vnishes nd α AC G = 0D following sinusoidl dependene in etweenF es imposed y the oundry onditionsD we n see in pigF fFP tht n ntiEnode of the voltge wve is present t the extreme of the gte eletrode @x anti = LAD while the loser node is t distne of λ/4 from the edgeD iFeFD t x node = L -λ/4 @where λ = 2π/k is the wvelength of the eg signlAF he distriution of nodes nd ntiEnodes depends on k ndD through the dispersion reltionD on the seleted osilltion frequeny ω = kv p F he nominl vlue for the propgtion speed of the oxil wires instlled in our mesurement setEup @type VSfE PSIA is v p = 0.7c = 2.1 10 8 mGsD eing c the speed of light in vuumF sn the turnstile experimentsD we worked with signls of frequenies typilly in the rnge of ∆f = (0.1 -1000) wrzD or equivlently ∆ω = 2π(0.1 -1000) 10 6 s -1 D leding to wve numer rnge of ∆k = 0.95π(0.001 -10) m -1 @or equivlently wvelength rnge of ∆λ = 2.1(0.1 -1000) mAF hereforeD the smller wvelengths we use re λ min ≈ 0.2 mD mening tht the loser node distne to the gte end is d min node = L -x node = λ min /4 = 5 mF yn the other hndD the eletroE migrtion juntions in our smple design extend over length of WH µm nd they re t distne of d QD = L -x QD = 150 -240 µm from the edge of the gte eletrodeF e oserve tht this disE tne is negligile ompred with the losest node distne in our frequeny rnge @d QD << d min node AD heneD we expet our juntions to e reltively lose to the gte edge ntiEnode so tht α AC G ≈ α G F roweverD the frequeny dependene of the nodesGntiEnodes distriution @λ = v p /f A my introdue detetle vritions in α AC G for di'erent vlues of the eg signl frequeny f = 2πωF e n derive the following expression for α AC G in terms of f nd d QD from iqF @fFHFISAD orresponding to the sptil modultion of the sttionry wve mplitudeX

v(x, t) = A v 2 cos(kL) e j(ωt-k(x-L)) + e j(ωt+k(x-L)) → → Re(v) = A v cos(kL) cos(ωt) cos(k(L -x)), @fFHFISA i(x, t) = A v 2Z 0 cos(kL) e j(ωt-k(x-L)) + e j(ωt+k(x-L)+π) → → Re(i) = - A i Z 0 cos(kL) sin(ωt) sin(k(L -x)). @fFHFITA (a) (b) (c) (d)
α AC G (f ) = cos(kd QD ) α G = cos 2πf v p d QD α G @fFHFIUA
iyxexgi yp ri gsgs urprisinglyD the presene of dividing term with the form cos(kL) in the sttionry wves in iqsF @fFHFISA nd @fFHFITA leds to divergene of the osilltion mplitudes for vlues of k suh tht kL = (2n -1)π/2 with n eing nturl numer @note tht wy from the dissiptionless idel seD the divergene vnishesAF por trnsmission line length of L = 2 mD the divergene wve numers re k res = (2n -1)π/4 ≈ 0.8, 2.4, 3.9, 5.5, ... m -1 D whih orrespond to f res = v p k/2π = 2.1 10 8 (2n -1)/8 ≈ 25, 75, 125, 175, ... wrzF hese vlues re just in the rnge of frequenies we use for turnstile experimentsF king look t the expression of the iruit input impedne Z in @fFHFIQAD proportionl to cot(kL)D we oserve tht if k = k res → Z in = 0 @pigF fFQAF por vlues of the frequeny suh tht f = f res D the iruit impedne from the wve genertor point9s of view is zeroD nd therefore the mplitude of the voltge nd urrent osilltion diverges @A v , A i → ∞AF sn order to study the mgnitude of this e'etD we modi(ed the p iruitD onneting the gte eletrode9s end to nother p line tht rings the signl out of the ryostt to trnsmission redout @whih onserves the openEiruit oundry onditionAD s depited in pigF fFQF he trnsmission of the line follows umpyElike tre with reltively )t region t the rnge of RHH!VHH wrzD nd spiky periodi struture is superimposed inditing the resonne frequenies f res of the iruit @pigF fFQAF prom the perspetive of turnstile opertionD the divergenes of A v will result in n tngentEfuntionE like inrese of the osilltion of 0 s f pprohes f res D eing equivlent to n e'etive inrese IQP of A v F his inrement of AC 0 my led to surpss of the turnstile V B region @delimited y the superonduting gp ∆AD e'etively deresing the net urrent elow ef due to tunneling events of eletrons in the h toGfrom the wrong eletrodeF king these resonnes into onsidertionD we shll introdue diverging term in the previous expression for α AC G @fFHFIUAX

α AC G (f ) = cos(kd QD ) cos(kL) α G = cos(2πf d QD /v p ) cos(2πf L/v p ) α G .
@fFHFIVA yveqi exhsxq ei esy prom our previous nlysis we onluded tht when wve trveling in trnsmission line of onstnt impedne Z 0 rehes position xD where the impedne of the line hnges @eoming Z x AD the mismth indues ertin re)etion of the inoming wveF his e'et is typilly qunti(ed in terms of the voltge re)etion oe0ientD de(ned sX

Υ x = V - 0 e νx V + 0 e -νx = Z x -Z 0 Z x + Z 0 . @fFHFIWA
he expression for the voltge wve @fFHFSA n e rewritten sX v(x, t) = V + 0 e jωt e -νx + V - 0 e jωt e +νx = V + 0 e jωt e -νx 1 + Υ x . @fFHFPHA e perfetly impedneEmthed trnsmission line with n openEiruit endD s we hve onsidered so frD is n elementry se in whih the line hs perfetly onstnt impedne per unit length Z 0 long its whole extension @leding to Υ x = 0AD with exeption of lod t its extremity LD where Z L divergesF fy mking Z L → infD we tht the re)etion oe0ient Υ L → 1 from iqF @fFHFIWAD inditing the totl re)etion of the wveF roweverD tul trnsmission lines my hve mny di'erent impedne mismthes @Z 1 , Z 2 , Z 3 , ...A distriuted long their length @t positions x 1 , x 2 , x 3 , ...AD for exmpleD originted y n exessive ending of the oxil leD whih n indue some dmge of the dieletri mediF gommeril p onnetors nd ttenutors @present t di'erent lotions of the p line s indited in setion QFIFQA my lso introdue ertin impedne mismthF hi'erent vlues of the re)etion oe0ient @Υ 1 , Υ 2 , Υ 3 , ...A t eh mismth will prtilly re)et the wve nd originte opposite trveling wves with n ritrry phseD leding to ertin destrutive interferene with the inoming wveD overll resulting in the genertion of stnding wves distriution etween the mismthesD with di'erent mximum osilltion mplitudes @A v1 , A v2 , A v3 , ... A v AF smpedne mismthes re often di0ult to detet nd evlute in experimentl setEupsD whih mkes extremely hrd to extrpolte the vlues of Υ x nd A v (x) nd eh position long the lineF snstedD n equivlent iruit perfetly mthed @from its eginning t the wve signl genertor to its extremity t the smpleA is onsideredD where the equivlent impedne Z L = Z 1 + Z 2 + Z 3 + ... is employed to estimte n equivlent re)etion oe0ient Υ L F he voltgeEstndingEwveErtio @A is then de(ned s the rtio etween the mximum @A max v D generlly equl to A v for impedneEmthed signl genertorsA nd the minimum @A min v A stndingEwve mplitudesX

= A min v A max v = 1 + |Υ L | 1 -|Υ L | . @fFHFPIA
sn generlD the qulity of trnsmission line is de(ned in terms of its D whih idelly is equl to one @or equivlentlyD Υ x = 0 t ll x positionsAD inditing perfet trnsmissionF sn our experimentl setEupD we intend to hve perfet trnsmission long the line exept t the gte eletrode end @Υ L = 0AF er ontrD our trnsmission line is not mthed t the smpleEholder stge @is tee nd miroEonding wireAD osioning < 1 tht will indue ertin redution of the e'etive osilltion mplitude of the voltge wve tht rrives to the gte eletrode with respet to the genertor9s oneF xew tehnologies llowing to ontt the lithogrphyEde(ned eletrodes to n p line with n impendneEmthed onnetion inside ryogeni setEup re urrently under development to reple the lssil unmthed miroEonding wires @explined in ennex gAF e expet the miroEonding wires onneting the smple nd the smpleEholder p pds to indue ertin re)etionD tht will redue even further the osilltion mplitude t the gte eletrodeD nd onsequently α AC G F ine the gte eletrode is t the end of the iruitD rehed y the voltge signl fter trversing ll possile mismthesD we ssume the worst se senrio nd tke the osilltion t the gte s A min v F king this into ountD the (nl expression for α AC G n e written simply likeX

α AC G (f ) = (f ) cos(kd QD ) cos(kL) α G = (f ) cos(2πf d QD /v p ) cos(2πf L/v p ) α G , @fFHFPPA
where the introdues n dditionl frequeny dependeneD drgged from the de(nition of Υ @fFHFIWAF sn onlusionD the eg oupling in our h juntion will generlly depend on the frequeny f of the p signlD oth for experimentl resons @impossiility of hving perfetly impedneEmthed trnsmission line down to the gte eletrodeA nd fundmentl resons @even if the eletromigrtion juntions re pled preisely t the gte eletrode endD the ft tht the line hs (nite length will originte divergenes for ertin frequeniesAF fy ptterning the eletromigrtion onstritions lose to the gte end in our smple designD we tried to mximize the oupling to the voltge osilltion of the ntiEnode in the gte9s endF sn ny seD the eg gte oupling prmeter must e lirted independently in eh di'erent juntionD using the turnstile urrent s tool to otin informtion on the frequeny response of the hF IQR C Grounded coplanar waveguide simulations sn the previous ennex @fAD we disuss the importne of hving n impedneEmthed trnsmission line to void the genertion of stnding wves due to prtil re)etions induing destrutive interferE ene of rdioEfrequeny @pA signlsF sn experimentl nnoEeletronisD smples re ommonly glued to the smpleEholder nd their onding pds re miroEonded to the smple holder pdsD whih re onneted to the ryostt eletril linesF ine miroEonding wires re not oxil or impedneE mthedD often few miroEonding wires re onded etween the smple9s nd the smpleEholder9s p pd @insted of just single wireD s it is done for hg linesAF wiroeletronis dieEmounting tehE niques tht llow n impedneEmthed onnetion to n integrted plnr iruitD like the hipE)ip method PTTD PTUD PTV re urrently under development for their dpttion to ryogeni setEups nd nnoEiruit smplesF roweverD trnsmission mesurements performed with vetor network nlyzer show tht the trnsmittivity of smpleEholder9s p pds onneted y severl miroEonding wires do not derese signi(ntly with respet to unity up to I qrz @equivlentlyD ≈ 1AF sn spite of proper trnsmission mesured t the smpleEholder onnetionsD turnstile mesurements in EhE juntions with n unmthed gte eletrode rried out in the pst y previous studentsD reveled strong frequenyEdependene of the p signl mplitude rriving t the gte eletrodeF hese results enlightened the neessity of hnging the smple design in order to mth the impedne of the gte eletrode to the rest of the p ryogeni trnsmission line @50ΩAD onstituting the min ojetive of this projet in terms of smple fritionF he qroundedEgolnrEveguide @qgA geometry @pigF gFIAD llows one to modify the impedne of lithogrphilly ptterned eletrode depending on spei( sizes of its design @whih n e dpted in the lithogrphi virtul msksA nd the hrteristis of the sustrte @pigF gFIAF e dopted this qg on(gurtion for our gte eletrode modelF he size prmeters @w w Ds w A of our design were lulted y performing simultions for di'erent ville sustrte mterils @ε R A nd thiknesses @h w AD to mth n impedne of 50ΩF sn qg on(gurtionD the impedne of the trnsmission line Z 0 is given yY

Z 0 = 60π √ ε ef f 1 K(k) K(k ) + K(kl) K(kl )
, @gFHFIA where ε ef f represents n e'etive dieletri permittivity of the whole mediD nd K is the (rst kind elliptil integrl @PTWAF he e'etive dieletri permittivity @ε ef f A derives from n extrpoltion of two semiEin(nite medi round the trnsmission lineD one of them eing vuum @ε 0 AD nd the other one ertin mteril with ertin reltive dieletri permittivityD ε R F he (rst kind elliptil integrl K lso ppers in the de(nition of ε ef f X

ε ef f = 1 + ε R K(k ) K(k) K(kl) K(kl ) 1 + K(k ) K(k) K(kl) K(kl )
, @gFHFPA he four integrtion vriles re relted to the hrteristi sizes of the design @w, s w , hAX

                     k = w w /s w , k = 1 -k 2 , kl = tanh wwπ 4hw tanh swπ 4hw , kl = 1 -kl 2 .
@gFHFQA @gFHFQA @gFHFQA @gFHFQdA IQS he method employed to evlute the elliptil integrls onsists in the itertive lultion of three prmeters @a, b, cAD with initil vlues depending on the qg sizes through the integrtion vriles k, k , kl, kl

X      a 0 = 1, b 0 = 1 -k 2 , c 0 = k.
@gFHFRA @gFHFRA @gFHFRA sn eh itertion @N A of this methodD the new prmeters a, b nd c depend on their vlues in the previous round @N -1AD nd n pproximted evlution of the integrl K is otinedF efter eh onseutive itertionD the preision of the vlue for K @given y cA inresesF

                     a N = a N -1 + b N -1 2 , b N = a N -1 b N -1 , c N = a N -1 -b N -1 2 , K(k) = π 2a N ,
@gFHFSA @gFHFSA @gFHFSA @gFHFSdA urnstile urrent mesurements @ppering in ennex eFQA rried out in one of our EhE juntions nd driven with n impedneEmthed qgEgte eletrode frited following the spei(tions of this modelD illustrte tht the indued osilltion in the h9s hemil potentil is rther independent on the p signl frequenyF hese results demonstrte the )t trnsmittne of our qg design up to frequenies ofD t lestD few hundred wrzD ove whih missed tunneling events introdue derese of the urrent due to the feele oupling of this prtiulr hF he omprison etween unmthed nd mthed gte eletrodes shows gret improvement in the turnstile urrent of our smples t di'erent frequeniesD nd the resounding suess of the qg design implementtionF IQT D Nano-fabrication recipe his ennex is ompiltion of ll the djusted frition prmeters we employed in our smple fritionF he sustrte employed were PEinh intrinsi silion `IIHb wfers @with resistivity round VHHH Ω m nd thikness of PUS µmAF e proedure sed on three lithogrphy steps nd n oxide lyer growth llow us to frite simultneously few hundreds of individul hipsF ih hip n e ooled down t time nd it ontins QH eletromigrtion onstritions divided in two rrysF sn the (rst lithogrphy @F hFIAD we len the sustrte nd pttern the strutures orrespondE ing to the gte eletrodeD the ground plnes nd the lignment mrksF st is importnt to lign the strutures with the rystlline xis of the sustrte to void identlly reking the hips t the lter wferEdiing stgeF he lst step in the gte eletrode lithogrphy @si y 2 plsmA is not done diretly fter liftEo' nd lening ut right efore the oxide growth to ensure len surfeD getting rid of ny remining resist residuesF por the evh growth of ry 2 D we employed the stndrd hwe preursor @r@x@gr 3 A 2 A 4 A IQU sold y igmEeldrihF ell the mesurements shown in this doument were done in smples where IVH growth yles s the one shown in F hFP were done @orresponding to n oxide lyer of ≈ 18 nmAF efter the oxide lyer is grown in the wferD we restrit the durtion of si y 2 plsm t PH for lening the smple surfe to mximum of S seondsF Insulating oxide growth Fixed parameters

Step Operation time(s) elthough the virtul msk lser lithogrphy mhine @reidelerg hv TTA n e used for the insultion of the onding lines lithogrphyD we ordered hromium hrd msk to use lssil msk ligner due to its fst insultion speed @QH sA s it is shown in F hFQF he minimum resolution of ≈ 1 µm does not pose prolemD sine the strutures ptterned in this step hve minimum size of S µmF he hrdEontt llows one to lign the msk preisely ut it n dmge the evh on some hipsF elignment nd ontt must e done extremely refully in order not to indue ny dmge in the oxideF he lst lithogrphy step onerns the eletromigrtion onstritionsF iletron em lithogrphy @ifvA is neessry to preisely pttern the shrp owEtie shped strutures of the juntionsF ine the IQV luminumEgold ontt degrde with timeD signi(ntly 'eting the eletromigrtion qulity fter one monthD it is reommended to die the wfer into severl piees ontining few hips nd perform the ifv on single pieesD distriuting them over mesurement periodsF e spinoted protetive resist lyer of IVIV t PHHH rpm for QH seonds to sfegurd the strutures from the utting proedureF he wfer ws then died using mnul dimond mironEsrier @IHHER modelAF he protetive resist lyer ws removed nd the ifv proess @desried in F hFRA ws rried outF efter the lst metl evportion in wfer pieeD we proeed immeditely to proe sttion tests of some of the single hips in the pieeF sf room temperture eletromigrtion prmeters mthed the eletril hrteriztion shown in setion PFRFPD we spinoted protetive resist lyer of IVIV t PHHH rpm for QH seonds to sfegurd the strutures nd prevent oxidtion of the el onstritionsF he silion piee ws died into single hips using gin the mnul dimond mironEsrierF hen the ryogeni setEup ws villeD the singleEhip proessing ontinued with the hs deposition @fE ter removing the protetive resistAD gluing nd onding to the smpleEholder nd inserted into the ryosttD where inEsitu eletromigrtion ws rried out t temperture of T = 4 u in high vuum onditionsF he (nl proedure of h deposition nd ooldown must e done within few hours @ whole workdy mximumA to void the oxidtion of the thin el onstritionsF IQW E In-situ evaporator unit calibration and tests yur moleule evportor unit is sed on the toule heting of t ohmi elementD y the )ow of n eletril urrentF st hs een spei(lly designed to e omptile with the se temperture stge of our ionludi ryosttsD fing the smple in order to rry out inEsitu depositions of moleules t ryogeni tempertures @lso lled quenh ondenstion PQRAF roweverD one el eletromigrtion is (nishedD holding the ionludi inner stges t ryogeni tempertures is solutely neessry to keep tivted the ryosorption proess nd mintin the highEvuum level @∼ 10 -8 AD voiding the oxidtion of the juntion ontt ledsF hereforeD the ojetive is to verify if moleule evportions n e rried out without induing signi(nt hetingD keeping the tunnel juntions resistne stle nd evlute its fesiility for the otinment of h juntionsF sn this ennexD we explin the lirtion nd tests done for the optimiztion of n evportion proedure of gTH fullerenes on el iwftsF es mentioned in setion QFIFSD the evportor on(gurtion evolved s tests were performedF he design shown here @pigF iFIA is the (nl versionD ontining ll the improvements dded y the end of my period of experimentsF sn this on(gurtionD two πE(ltersD soldered to the lidD t s feedthrough of the eletril lines into the evportor vityF gopper wires onnets the πE(lters to other two feedthrough (lters tht ring the signl into the smple vity when the evportor is plugged in the ryostt @idelly these opper wires n e repled y lossy hermoox lesD whih n (lter out highEfrequeny noiseAF sn the smple vity sideD wn wires of IH m onnet the feedthrough (lters to the t resistor leds y soldering pds in gf plte s depited in pigF iFIF hile the (lters help thermlizing of the evportor lines t the smple stge tempertureD the low therml ondutivity of wn wires provide ertin therml isoltion of the t resistorD llowing to het it up while reduing its impt in the smple stge tempertureF yyw iwiei gevsfesyx yp ri ieyey xs he t resistor lumped element @model IHH lss eA hs wellEknown liner dependene with temperture @shown in lue in pigF iFIAD with nominl vlue of R P t (0 • g) = 100 ΩF hen pplying voltge tension @V ev A etween the evportor leds @πE(lters eletrodesAD ertin urrent strts )owing through the iruitF ine the min resistive element is the t resistor @R P t (T )AD its temperture will inrese due to toule e'et hetingD in turn inresing its resistne nd ltering the urrent )owing in the iruitF vike thisD the system enters in trnsient stteD grdully rehing n sttionry urrent @I ev AD orresponding to n sttionry temperture @T P t A nd resistne @R P t A of the t elementD determining the sttionry resistne of the evportor iruit @R ev = V ev /I ev AF he totl resistne of the iruit is equl to the sum of the t element resistne @R P t A plus the series resistne rought in y the wires nd (lters @R ser ev AX R ev (T ) = R P t (T ) + R ser ev . @iFHFIA fy performing zeroEis mesurement of the evportor resistne t room temperture we oserve R ev (25 • g) = 125ΩF ine the orresponding vlue of R P t (25 • g) = 110 ΩD we n extrpolte series iruit resistne of R ser ev = 15 ΩF gonsidering the temperture dependene of R ser ev negligileD we n de(ne lirtion urve for our evportor unit y introduing R ser ev s n o'set in the R P t temperture dependene @shown in mgent in pigF iFIAF sn this wyD y pplying ertin V ev D we n extrt R ev y mesuring the sttionry urrent I ev D determining the sttionry tempertureD T P t D of the t resistorF yyw iwiei pvviixi ieyesyx i prom theoretil point of viewD the heting per unit mss @spei( energyA is the relevnt quntity tht determines the rte t whih ertin mteril evportes t given tempertureF roweverD it is di0ult mgnitude to determine experimentllyD so tht evportion nd desorption proesses re ommonly hrterized y the evportor tempertureF his is rther impreise prmeter tht depends on the experimentl setEupD sine di'erent evportor on(gurtions led to rther nonEuniform temperture distriutions in the moleulr medi @rystl powdersD olloidl solutionsD polymers mtriesD etA nd its de(nition is usully linked to spei( deposition rtesD tht depends on the vuum levelF yn top of thtD the desorption temperture of moleules dsored in surfe @y nEderEls eletrostti foresA n lso depend on their hemil ompositionF elthough the mximum desorption rtes of fullerene moleules tkes ple t rther lrge rnge of tempertures @300 -700 • gA tht depends on the fullerene type PUHD PUID PRR nd the dsorption surfe PUPD PUQD PURD in ll these experiments it hs een onsistently found tht the desorption of g 60 moleules strts tking ple t tempertures of T C60 = 200 -250 • gF sn this wyD inEsitu quenh ondenstion of g 60 s hs een lredy employed to otin h juntions from nnoEsped eletrodes PRQF fsed on these resultsD we employ olloidl solution of gTH moleules @with onentrtion of C C60 = 1 µgGµvA to impregnte the t resistor prior to eh evportion testD y dropEsting droplet @IH µvA of solution nd let the toluene solvent evporteD so tht the moleules get dsored on the resistor surfeF e preliminry version of the evportor ws frited to e tested t room temperture in provisionl highEvuum setEupF por this purposeD we employed re i-iy 2 sustrtesD pled in front of the evportor resistorF efter sting the gTH solution on the t resistor nd let it dryD the evportor ws mounted on the setEup nd we strted the vuum pumpingF hen high vuum level @∼ 10 -6 mrsA ws rehedD few evportion ttempts were rried out y pplying ertin V ev D while mesuring I ev D for durtion of S minutesF efter eh evportionD the testing sustrte ws extrted from the setEup nd oserved under n epw mirosope t di'erent lotionsF e expeted to oserve indition of the gTH deposition for n evportor temperture T P t ≥ T C60 F hile for ising voltge of V ev = 3.0 nd n sttionry urrent of I ev = 16.9 me @leding to iruit resistne of R ev ≈ 177 ΩD inditing n evportor temperture of T P t ≈ 160 • gA we did not oserve ny signi(nt hnges in the sustrteD for V ev = 3.5 nd I ev = 17.7 me @leding to iruit resistne of R ev ≈ 198 Ω nd evportor temperture of T P t ≈ 215 • gA the epw mesurements showed the presene of multiple irulr strutures @of ∼ I nm heightA inditing the suess of the evportion t the expeted temperture rnge @pigF iFPAF gevsfesyx yp ri ieyey gyqixsg gsgs e vy iwiei he stisftory results of the gTH evportion tests performed t room temperture motivted us to further test inEsitu evportions t low tempertures @see setion QFIFSAF por thisD two eletril lines onneting the evportor leds t the smple stgeD with terminls t the room temperture shield were instlled in refrigertor eF uperonduting wires were soldered to the πE(lters ledsD nd desend to the R u stge where they were soldered to thermlizing ledsF sul opper les onnet the R u stge leds to externl terminls t room tempertureF he superonduting wires re thermlized t the old ryostt stges @tempertures of I uD PHH mu nd SH muA employing opperGluminum stripes on (lm of kpton tthed to the old stges surfesF et the wrmer ryostt stges @VH uD PH u nd R uAD the evportor lines re thermlized using mssive metlli ledsF e simpli(ed shemti is shown in pigF iFQF rving the evportor in ple inside the ryosttD we mesured the zeroEis totl resistne of the whole iruit of R tot ev (25 • g) = 214 Ω t room tempertureF sn the sme wy s it ws done for the lirtion of the evportor iruitD we divided the totl resistne of the whole evportor ryogeni iruit s sum of resistnes of individul prtsX R tot ev (T ) = R P t (T ) + R ser ev + R ser cryo . @iFHFPA ine the superonduting wires @with ritil temperture round W uA re in norml stteD they dd signi(nt resistne of out 40Ω ehD whih we expet to dispper t ryogeni tempertures of R u or elowD vnishing the R ser cryo term so tht the only temperture dependene is due to the t resistorF IRQ imilrly to the eletromigrtion routine @setion QFPFPAD the ryostt is set into stle opertion mode during the evportion proessD so tht ll the older stges nd the R u stge re kept t temperture round R!S uF wesuring the zeroEis resistne t R uD we otin R tot ev (-269 • gA a WFS ΩF ine the ryogeni opper lines hve negligile resistne nd the old stge wires re in superonduting stteD nd tking into ount tht the resistne of the t element is negligile t these temperturesD we ttriute it to the evportor (ltering elementsD so tht R ser ev = 9.5 ΩF hereforeD we n proeed in the sme wy s in the room temperture testsD nd tre the lirtion line of the evportor ryogeni iruit @R tot ev (T )A y dding n o'set of WFS Ω to the t resistor temperture dependene @pigF iFQAF pvviixi ieyesyx i e vy iwiei he (rst tests of inEsitu fullerene evportions t low tempertures were done on two rel smples ontining el eletromigrtion onstritionsD in two di'erent ooldownsF efter gluing nd miroE onding hip to the smpleEholderD we insert the ensemle in the reeptle t the smple stgeD put the evportor in pleD lose the ryosttD pump vuum nd ool down to R uF he ojetives of these two primry exms were to hek the omptiility of high temperture evportion while the ryostt is kept oldD nd test ifD indeedD gTH deposition on the surfe of the smple tkes pleD s well s trying eletromigrtion fter the evportionF es usulD di'erent voltge tensionsD V tot ev D were pplied t the externl terminls of the evportor iruitD nd the urrentD I tot ev D )owing through the iruit ws mesuredD llowing us to extrt the totl resistne of the iruit s R tot ev = V tot ev /I tot ev F yur (rst oservtion ws n inresed stiliztion time until the sttionry urrent ws rehedD from few seonds up to few minutesD for inresing voltgesF sn the (rst tryD we left the experiment evolve until urrent )ututions were elow elow HFHI me while pplying onstnt voltge @the whole proedure took round Q hoursAF sn the seond try we stop the voltge s soon s the urrent ws )ututing n mount elow HFP me @with n overll durtion of RS minutesAF huring the stiliztion timeD the smple stge thermometer indited temperture inrese etween REIH uF efter rehing the sttionry urrent for eh V tot ev vlueD we let the system ool down gin to R u efore pplying the next V tot ev stepF sn oth ses we mesured n identil I tot ev D inditing tht the sme R tot ev ws rehed @shown in pigF iFRAF prom the mesurement of R tot ev D we extrpolted T P t from the lirtion urve in pigF iFQD estlishing the reltion etween V tot ev nd the t resistor temperture shown in pigF iFRF elthough the smple stge thermometer @pled lose to the mixing hmerD wy from the smple nd evportor lotionA did not inrese ove IH u during oth testsD we oserve in pigF iFR tht the t resistor possily rehed tempertures ove SSH • g for the highest vlues of V tot ev @V!IH AF sn ftD fter (nishing the evportor lirtion on the (rst testD we oserved tht the onstritions resistne hd inresed one order of mgnitude from its usul vlue @out PHH!QHH ΩD mesured from the externl onnetors of the ryosttAD nd eletromigrtion ould not e rried out properlyF vter oservtion of the smple in iw @pigF iFS nd A reveled smll irulr fetures ppering over the whole surfe @similr to those shown in pigF PFIId nd eAF et the sme timeD we oserved tht the luminumEgold interfe @t the onstritions ess lines on the hipA displyed degrdtion fetures identil to those shown in pigF PFII nd D explining the elevted resistne of the onstritions in this smple fter the evportion proedureF foth ehviors @ules elow the evh oxide nd the formtion of purple plgue ompoundsA would e enhned y the exposition of the smple t high tempertures over long timeD on(rming our suspiion on the high tempertures rehedD ut t the sme timeD in good greement with the lirtion urve of pigF iFRF roweverD in this iw pituresD the onstrition strutures pper lurrier thn usulD in good greement with moleulr lyer overing the smple surfeD whih my indite the suess of the fullerene evportionF o void these prolemsD the totl time of the evportion proedure ws redued to less thn RS minutes in the seond testF elthoughD the onstritions showed resistnes etween QHH!SHH ΩD slightly higher thn usulD eletromigrtion ws rried out suessfully nd h juntion ws otined nd hrterizedD shown in the min doument of this thesisF itures of this smple @pigF iFS nd dA tken with n iw fter wrming up did not showed ny of the prolems found in the (rst testF hese imges show lerer indition tht nonEuniform lyer overs the whole surfeD displying wrinkles lose to the strutures edgesF yswsesyx yp ri sxEs ieyesyx ygihi he otinment of h juntion when eletromigrting the onstritions right fter the seond lE irtion test re0rmed the orret funtioning of the evportor unit nd its suess s n lterntive method for performing h depositions in iwft smplesF efter thisD we fous on the estlishment of n evportion proedure for the deposition of moleulr suEmono lyers @to minimize the oE urrene of hrgeEo'set gte swithesAD while studying the omptiility of performing susequent evportions with stle tunnel resistnes of juntions lredy eletromigrtedF he deposition of moleules fter reking the el onstritions n e dngerous for the re luminum eletrodes t the nnoEgp formed y eletromigrtionD sine the heting of the smple vity @used y the evportor opertionA n led to the interruption of the ryosorption proess t the smple vity nd degrde the stndrd vuum level of the ryostt @∼ 10 -8 AF etullyD it hs een shown tht extremely low oxygen pressures @∼ 10 -7 A n oxidize n exposed luminum surfe in mtter of IHH seonds @PPQAF sn ontrstD our luminum eletrodes re prtilly shielded y the whole onstrition strutureD eing only essile from the nnoEgp empty speD thus we expet ertin roustness of the tunnel resistne stility fing short evportions tht will not stop the ryosorption proess notlyF yn top of thtD mssive moleule evportion @like those rried out on the (rst testsA fter eletromigrtion n possily result in detrimentl overpopultion of hs IRT t the juntionF sn order not to sturte the eletromigrtion nnoEgpD nor degrde the vuum level signi(ntlyD we intend to perform )sh evportions of few seonds durtionD idelly leding to depositions of single suEmono lyers of moleules on the smple surfeF he lowEtemperture T P t lirtion urve @pigF iFRA shows the reh of T C60 @round 200 -250 • gA t voltges round QFS D in very good greement with the room temperture testsD inditing the vlidity of the lirtionF roweverD sine the sttionry stte tkes signi(nt time to stilizeD nd we wnt to keep the evportion time shortD we imed for higher tempertures of the t resistorD nmely round T P t ≈ 450 • g @orresponding to V tot ev = 7 AF e oserved typil stiliztion time of RS s t the end of whih I tot ev osillte less thn HFI me for V tot ev = 7 F ine we re overshooting T C60 D there is no need to reh the stedy stteD so we estlished )sh evportion durtion etween QH nd TH sF rior to eletromigrtion nd the onseutive )sh evportionsD we performed preliminry long evportion t lower voltges @V tot ev = 1 -5 AF his preliminry evportion ws intended to eliminte solvent residues in the t resistorD desor the oxygen moleules from the heting prts of the evportor @eventully getting ryosorpted in nery old surfesA nd provide (rst h evportion prior to eletromigrtionD tht n lso result in h juntionD s we sw in the lirtion testsF wo smples were eletromigrted in seprte ool downsD following n identil itertive evportion proedureX IF e preliminry evportion ws performed y pplying voltge of S for QH minutesD leding to n evportor temperture of T P t ≈ 300 • gF PF ell the onstritions were eletromigrted nd hrterizedF QF fetween one nd three onseutive evportions were performed lter y pplying three U voltge )shes of QH seonds @rehing T P t = 450 • gAD letting the smple stge temperture relx to R u fter eh )shF RF he eletril hrteristis of the tunnel juntions were explored ginF SF sf no stle h juntion ws foundD the proedure ws repeted from step numer PF he I -V B urves indited n inresed of the tunnel resistne of HFS!PS wΩ in round SH7 of the juntions fter eh yle of three onseutive evportions @in the (rst hip ooled downAD while fter yles of single evportions the tunnel resistne remined pproximtely the sme @in the seond hip ooled downAF he I -V G tres showed ompletely di'erent gte dependene of the tunnel juntions urrent in most ses in the (rst smpleD wheres only in round QH7 of the onstritions of the seond smpleF sn the (rst smpleD one h juntion ws otined diretly fter the preliminry evportionD nd di'erent juntion showed ler h ondution fetures fter the (rst yle of three onseutive evportionsF sn ontrstD no stle h juntion ws found in the seond smpleF edditionllyD most of the I -V B nd I -V G mesurements eome extremely unstle fter ouple of itertions of the evportion proedureD possily due to the high numer of moleules round the juntionD osioning onstnt eletrostti swithing noiseF osterior iw imges of oth smples @pigsF PFPHe nd f respetivelyA do not show ny ler indition pointing towrds the suess of the evportionD exept for the luminum strutures ppering lurrier thn usulF sn shortD gTH evportions were rried out on totl of QQ onstritions @eletromigrted either prior of fter the depositionAD out of whih we otined one h juntion nd signtures of h ondution in other twoF sn spite of the redued yield of suessD we onsider tht insu0ient smples were tested to e onlusive out this perentgeF ell these tests were done with di'erent ut equivlent versions of the evportor unitF his evolution improved the evportor integrity nd reprtion essiilityD llowing the next user to further optimize the proess nd eletromigrte more onstritions for (ner tuning of the suess rteF IRU F Conductance maps at dierent temperatures and magnetic elds sn this nnex we present the rw dt of some of the mesurements performed in A 1 on whih we sed the extensive studied performed in this smple nd disussed in hpter RF his mesurements onsist in V B EV G ondutne mps t severl tempertures @pigsF pFI nd pFPAD oth for the superonduting nd norml stte of the ledsD s well s for di'erent mgneti (elds @pigsF pFQ nd pFRAF eprt from the ondutne resonnes used y the emergene of sttesD muh finter suEgp resonnes rise dditionlly in some of these mesurementsF et tempertures round WHH mu nd oveD these seondry resonnes re identi(ed s the wellEknown therml replisF he origin of seondry suEgp resonnes developing t se tempertureD for intermedite f (elds etween IV nd QT mD re ttriuted to the pprison of (nite density of sttes indued y the f (eld elow the superonduting gp of the ledsD grdully rehing their permi levelF 
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  Fig. 1.1: (a) Density of states per unit energy and volume as a function of energy in the free-electron gas model. (b) Fermi-Dirac distribution, plotted for dierent temperatures. (c) Electronic occupation as a function of energy, at a temperature of kBT = 0.1EF . A nite temperature induces a smearing around EF over an energy range ≈ 4kBT
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 1 Fig. 1.2: Several pictures and schematics of (a) of a metallic island connected to three electrodes by oxide tunnel junctions (extracted from [59]), (b and c) electrodes patterned on a semiconducting heterostructure, forming a QD junction in the 2DEG below the surface (extracted respectively from [60] and [61, 62]).
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 1 Fig. 1.3: Schematic (a) and chemical potential diagram (b) of an island-like SET, where the DOS of the central electrode is continuum and charge states arise due to the charge discretization induced by Coulomb blockade.

Fig

  Fig. 1.4: (a) Total electrostatic energy of a SET as a function of Vext. (b) Electrostatic energy of the island as a function of Qext. Both quantities in (a) and (b) are represented for dierent number of electrons in the island (N , neglecting the experimental oset N oset = 0). The electrostatic energy of constant-N states (solid grey lines) intersect at specic degeneracy points (vertical dashed lines), revealing the transitions from one charge state to the next one. In equilibrium, the system is found in the lowest available energy state (red line).
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 1 Fig. 1.5: Stability diagram of a standard SET. The diamond-shaped regions correspond to dierent charge states of the system, as indicated. The energy conguration of the QD junction is depicted at several key positions: (a) the N -2 to N -1 degeneracy point, (b) the center of the N -1 blocked diamond, (c) the top corner of the N + 1 blocked diamond and (d) one of the N + 1 diamond edges.
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 1 Fig. 1.6: Current and dierential conductance maps of QD transistors where the dot structure is (a) a metallic singlewalled CNT, showing a non-uniform spacing between the gate positions of subsequent degeneracy points (extracted from [73]), (b) a 15-nm-diameter metallic nanoparticle presenting several electronic excitations caused by the inclusion of addition energy levels withing the bias window (extracted from [76]), and (c) a C60 molecule, displaying a few vibrational excitations (extracted from [74]).
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 1 Fig. 1.7: Energy schematics showing a voltage-biased QD junction, where the conduction is carried out by a spindegenerated orbital being initially: (a) empty and (b) half-lled (charge states are not shown explicitly in these sketches). (c) The charging states of the junction overlap with the discrete orbitals, originating unequally spaced degeneracy points. The thermal/lifetime broadening is qualitatively indicated by the dotted lines.

Fig. 1

 1 Fig. 1.8: (a) Dierential-conductance map of a QD transistor (shown in the inset), showing the simultaneous presence of Coulomb diamonds and cotunneling features, indicating the QD occupation at each charge state (extracted from Ref. [85]). (b) Tunneling path of the elastic cotunneling process, in which one electron tunnels from S to D through a higher-energy single-particle level. (c) Tunneling path of the inelastic cotunneling process, in which one electron tunnels from S to an excited state in the QD, while the electron at the highest orbital tunnels out of the QD to D.
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 1 Fig. 1.9: (a) Magnetic impurities in a metallic wire are screened by electrons in the conduction band, acting as scattering centers for T < TK . (b) Resistance measurement of an Au wire containing magnetic impurities, showing an upturn around 7 K (extracted from [88]). (c) A magnetic QD embedded in a Fabry-Perot interferometer of variable cavity-length, L, allows to measure a Kondo cloud's extension of to λK ∼ 1 µm (extracted from [91]). (d) Spectral function of a Kondo-correlated QD (obtained by NRG simulations), displaying a Kondo resonance at EF and satellite Coulomb peaks for dierent values of the level depth, 0 (extracted from [92]).
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 1 Fig. 1.10: (a) Kondo eect develops in a QD junction, induced by an unpaired spin at the dot. A common Kondosinglet ground state extend locally over both leads for relatively symmetric couplings. (b) Energy diagram of a system formed by a metallic reservoir Kondo-coupled to an oddly-occupied QD, as considered in Anderson's model.

Fig. 1 .

 1 Fig.1.11: Energy diagram of a symmetrically Kondo-coupled QD junction showing the induced cotunneling process, exchanging electrons with both leads and resulting in a spin-ip of the system. In the virtual state, the order of the tunneling events determines if the excitation is electron-like (1-2) or hole-like (2-1).
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 1 Fig. 1.12: (a) Conductance map of a QD transistor made with a C60 molecule, showing the presence of zero-VB Kondo resonances at the odd-occupation diamonds (extracted from [105]). (b) Temperature dependence of the zero-VB Kondo ridge in an 2DEG-based QD transistor, measured across an odd charge state, where the dashed lines signal the degeneracy points (extracted from [101]).
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 1 Fig. 1.13: (a) SC gap measured in Al tunnel junctions of dierent thickness, d. (extracted from [117]). (b) SEM picture of an all-aluminum SET. Tunnel junctions separate the island from each lead, done by in-situ oxidation during the preparation process. (c) The smaller thickness of the island with respect to the leads (shown in b) results in a SC gap prole along the device length (b and c images have been extracted from [118]).
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 1 Fig. 1.14: (a) Current map of a SC-SET obtained by simulating the system following the master equation approach at a nite temperature, considering equal gaps in both leads, ∆ and a N-state island of charging energy EU = 2∆ (extracted from [47]). (b) Typical I -VB curve measured in a SC-Insulator-N junction, displaying a linear leakage of current below the gap (∆ = 200 µeV) well-described by the Dynes model (cyan line) for ϑ = 1.8 × 10 -4 ∆ (extracted from [138]). (c) I -VB curve measured in SC-Insulator-N junctions without (open symbols) and with (solid symbols) a ground plane, well reproduced both by a Dynes-model (dashed lines) or by a nite-temperature master equation approach (solid lines), accounting for the junction's leads capacitance to the ground plane (if present).
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 1 Fig. 1.15: (a) Energy diagram of a SC-QD-SC junction. A single-particle energy level at the QD is aligned with the coherence peaks at both leads, corresponding to the apex of the on-state conduction diamond of a transistor. (b) Current step at the DE of a QD junction with leads in the N and SC state, the solid line being a t to the BCS DOS. Inset: FWHM of the corresponding N-state conductance peak as a function of temperature. The linear t has a slope of slope 3.7/; kB (extracted from [1]). (c,d) dI/dVB maps around a degeneracy point of an aluminum QD transistor made by electromigration, respectively at the N (zoomed-in) and SC (zoomed-out) state (extracted from [38]).
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 1 Fig. 1.16: (a) Energy diagram of an SC-QD-SC transistor at a degeneracy point for VG = V 0 G and VB = 0 V. (b) When asymmetrically biasing the junction by VB = 2∆/e, the bias coupling induces a level-depth shift of ∆ 0. A certain gate detuning of ∆V 0 G , aligning the level with the coherence peaks (black dashed line) is required to reach the conduction point. (c) Illustrative stability diagram SC-QD-SC transistor, indicating the zero-VB position of the degeneracy point and the VG-shifts of the diamond apexes caused both by the bias lever arm (DeltaV CA G ) and the asymmetric biasing conguration (DeltaV 0 G ). The dashed-dotted black line indicates the position of 0 = 0 at nite VB. (d) dI/dVB map of an aluminum QD transistor contacting a C 60 molecule, made by electromigration, highlighting the spectroscopic gap and diamond apexes misalignment at charge degeneracy (extracted from [39]).
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 1 Fig. 1.17: (a) |I| -VB trace at V 0 G in an aluminum SC-QD-SC transistor made by electromigration, tted by the Green-function cotunneling model. Inset: dI/dVB map of the device around charge degeneracy, indicating the line cuts displayed in (a) and (b) graphs. (b) Log-scale graph of |I| -VB zooming in at the diamond edge. Fitting curves are based on the Green-function cotunneling model (red solid line) and sequential tunneling considering a Dynes-broadened BCS-DOS for values of ϑ = 10 -2 ∆ and 10 -3 ∆ (grey dashed lines) or a ∼ 10 µV Gaussian noise (cyan dasheddotted line). Best-matching was found for the cotunneling model, while the slight underestimation is attributed to non-equilibrium eects (extracted from [38])).
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 1 Fig. 1.18: (a) The screening process of a magnetic impurity on a SC substrate results in a local weakening of the CPs pairing energy. (b) Local excitation spectrum of a magnetic impurity coupled to a superconductor, displaying YSR resonances at sub-gap energies of ±EY SR that accumulate most of the BCS spectral weight. (c) Energy congurations required to probe the hole/particle resonances of the YSR state with a weakly coupled SC electrode characterized by a gap ∆W .
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  Fig. 1.19: dI/dVB and DOS maps of a CNT-QD stronly coupled to a lead in the N (a) and SC (b) state, probed by a weakly-coupled N-state lead. The zero-VB Kondo resonances emerging along the diamonds of odd parity (labeled as A, B and C) at the N state evolve into YSR resonances at the SC state (extracted from [25]). (c) dI/dV of 137 magnetic molecules on a SC substrate recorded by an STM and articially ordered. (extracted from [34]) (d) dI/dV of single magnetic molecule measured with an STM at various tip-sample distances. (extracted from [35])
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 1 Fig. 1.20: (a) In an asymmetrically coupled SC-QD-SC transistor, Kondo correlations extend solely over the strongly coupled lead, while the weakly coupled electrode acts as a tunnel probe. (b and c) dI/dV spectra measured at constant VG in superconducting electromigration junctions contacting individual C 60 molecules. While a Kondo resonance develops in the N state (black), YSR resonances appear in the SC-state spectrum (red). Inset: zoom-out showing the entire Kondo resonance range. (adapted from [39])
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 1 Fig. 1.21: (a) Quasiparticle excitation diagram indicating the nature of the GS and LES, which cross at the QPT, for J = Jcrit, changing the spin of the system (adapted from [147]). (b) The energies of the singlet and doublet cross for kBTK /∆ ∼ 1, resulting in an inversion of the GS (extracted from [156]). (c) Correlation between kBTK /∆ and EY SR measured with an STM in several molecular adsorbates, extracting kBTK from the FWHM/2 of the N-state Kondo resonance. The dashed blue line corresponds to Eq. 1.3.64 (adapted from [147]).

  Fig. 1.22: (a and b) Decomposed Kondo-assisted MAR. (a) While the singlet GS preserves the SC phase, φ, of the CP, (b) the doublet GS introduces a π-shift in the phase of the CP tunneling through (adapted from [17]). (c and d) A SQUID formed by a QD junction and a tunable barrier allows to measure the absolute critical current |IC | when sweeping VG across several charge states. (c) An inversion of the IC sign, corresponding to a supercurrent reversal, is observed at the gate values corresponding to the center of odd charges states, (d) which display a Kondo ridge in the usual voltage-biasing conductance measurement at the N state. (adapted from [18]).
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 1 Fig. 1.23: Phase diagram of the QPT as a function of the symmetric level depth (a) and the microscopic parameters of the system (b) for the particle-hole symmetry point ξ0 = 0. The black line in (a) illustrate the analytical result obtained for the SC-atomic limit, signaled in (b) by the asymptotic dashed line. The colored markers/lines represent NRG/perturbative data obtained for intermediate values of the relative scales (adapted from [162]).
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 1 Fig. 1.24: Energies (a) and spectral weights (b) of the YSR resonances as a function of the level depth between one degeneracy point and the center of the odd-diamond, extracted by NRG simulations for two dierent values of the relative scale EU /πγ, xing ∆ = 0.01 and πγ = 0.2. (extracted from [161])
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 2 Fig. 2.1: (a) Schematic illustrating the steps of the STM breaking junction technique: 1-Approaching. 2-Touching the surface forming molecular contacts. 3-Pulling. 4-Breaking. (extracted from [175]). (b) SEM image of a MCBJ showing the freestanding metal bridge on an exible isolating substrate (extracted from [178]). (c) SEM image MCBJ with a side gate electrode (extracted from [179]). (d) False-colored SEM image of an aluminum EMBJ after electromigration has been carried out, showing the formation of a nanometric gap at the thin constriction.
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 2 Fig. 2.2: (a) Graphene quantum-hall bar on a doped-Si wafer with a 300 nm SiO 2 coating layer. A voltage is applied to the doped silicon substrate, acting as a planar back gate (extracted from [181]). (b) CNT-based SQUID device in which the doped-Si substrate is employed as a planar back gate, while the two yellow electrodes are sidegates (extracted from [16]). (c) The chemical potential of a metallic nanoisland (central pink segment) is controlled by a sidegate following the classical SET conguration (extracted from [47]). (d) Topgates patterned on an InAs NW dening a QD in between them. (extracted from [17]). (e) Local horse-shoe shaped back gate (dark grey) with Au electromigration constrictions on top. (extracted from [182]). (f) Several local top gates patterned on a Si/Ge NW. The blue electrodes dene two QDs on series, while the red ones are used to control their chemical potentials (extracted from [183]). (g) Several topgates on a GaAs heterostructured substrate dene a complex potential landscape in the 2DEG layer several nm below the surface, including two QDs (red, green and blue). (extracted from [184]). (h) Several backgates dene and control two on-series QDs in an InAs NW (extracted from [185]). (i) Several top and lateral gate electrodes patterned on a InAs/Al NW conform a device consisting of two on-series SC nanoislands coupled to smaller nanoislands, in the normal (N) state, at the sides of the NW that act as SETs for charge detection (extracted from [186]).
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 2 Fig. 2.3: a) Cross-section of a stripline geometry. The RF signal is carried by the central strip, embedded in an insulator, sandwiched in between two ground planes on the top and bottom. b) Cross-section of a microstrip geometry.The RF signal is carried by the central strip, patterned on an insulating substrate placed on a bottom ground plane. c) Cross-section of a GCPW geometry. The RF signal is carried by the central strip, patterned on an insulating substrate in between two coplanar ground planes (right and left), and a bottom ground plane.
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 2 Fig. 2.4: Illustration of the last steps of an optical lithography process for two dierent samples with a single photoresist layer (top) and an optical bi-layer resist (bottom). (a) The high sensitivity of the lower bi-layer resist to the developer agent creates an undercut, non-existent in the single resist layer sample. (b) The presence of the undercut avoids the deposition of metal on the sides of the resist mask. (c) The metal deposited on the sides of the resist (top sample) creates upstanding edges, absent when an undercut is present (bottom sample).
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  Fig. 2.6: Optical microscope image of an individual chip after nishing the rst lithography step. (a) The gate electrode is patterned in between a large rectangular ground plane, following a CPW conguration. (b) Zoom-in at the red dashed square in (a) showing the alignment markers for following lithography steps. (c) Zoom-in at the black dashed square in (a), the width of the gate electrode and its spacing with the ground plane is kept constant along its whole length. (d) SEM picture zooming-in at the black dashed line square of (c). The dimensions of the gate electrode are ww ≈ 3.8 µm and sw ≈ 2.3 µm.

≈

  Fig. 2.7: Optical microscope image of an individual chip after the second lithography step. (a) The bonding lines (numbered 1-32) mount on top of the oxide-covered ground plane, providing access to the central part of the chip. (b) Zoom-in at the central part of the chip (black dashed square in (a)). (c) SEM picture of one bonding line ending (black dashed line square in (b)). The bi-layer resist technique employed minimizes the generation of upstanding edges. (d) Zoom-in at the marks used for the DUV lithography alignment (red dashed square in (a)). The crosslike marks are patterned at the gate lithography step, and aligned with square patterns in the DUV lithography step.

  Fig. 2.8: (a) Equipotential (blue lines) and electrostatic potential (color map) of the gate electrode in a three-terminal QD device, obtained by nite element simulations. (b) Schematic of a three-terminal QD device indicating the electrode geometrical parameters that inuence the gate coupling, αG. (c) The gate coupling ratio of a 3D (θ = 120 • ) and 2D (θ = 180 • ) electrode geometry increases with the electrode thickness, t and decreases with the spacing s. (d) A tapered shape of the electrodes increases the gate coupling. All these images have been extracted from [210].
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 2 Fig. 2.9: (a) Bow-tie shape constriction design xing the geometrical parameters of the constriction (θEM , dEM and lEM ). The constriction-sides are exposed using a higher dose inducing the insulation of the lower resist by proximity eect. (b) An undercutted resist bridge is created on top of the constriction site (central part of the bow-tie design). (c) Tilting the metal evaporator sample-holder a certain angle, ϕev, allows to deposit metal below the resist bridge. (d) Cross-section cuts showing two thin, angled metal evaporations (at ϕev and -ϕev, light blue) form a constriction below the resist bridge. A third perpendicular evaporation provide thick access lines. An SEM picture of a constriction before lift-o shows the existent undercut, creating a gap between the metal on the resist layer and on the substrate.
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 2 Fig. 2.10: Optical microscope image of a single chip after the third lithography step. (a) Aluminum constrictions have been fabricated on the central part of the sample (dashed square) (b) The constrictions are placed on top of the gate electrode and connected to the bonding lines. Four square holes patterned in the ground plane on the four sides of the EBL write-eld serve as on-chip alignment marks. (c) SEM picture zooming-in at the dashed line encompassing a square hole in (b), with a side length of ≈ 4.5 µm. (d) SEM picture zooming-in at the aluminum constrictions. (e) SEM Zoom-in at a single constriction (indicated in (d) with a red dashed square), that allow us to measure the constriction's set of geometrical parameters: lEM ≈ 200 nm, lev ≈ 40 -60 nm, θEM ≈ 30 • . Grey dots found around the structure are thought to be resist residues.
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 2 Fig. 2.11: (a) Optical microscope picture of a sample after the bonding lines DUV lithography process. (b) Zooming-in at the black dashed line square in (a), we can observe damages caused in the oxide layer when removing the mask after the insulation, as well as, bubbles formation in the oxide layer below certain bonding lines after the metal evaporation, both of them causing direct connection of the corresponding bonding pads to the ground plane. (c) Optical microscope picture of a chip stored in liquid N 2 for a few months. The protective resist layer on top is cracked and the aluminum constrictions completely oxidized. (d) SEM picture of aluminum constrictions that were deposited a few months ago. Several connections of Al-Au bonding lines present evident formation of purple-plague compound (e) Zoom-in at an Al-Au bonding lines connection indicated by a red dashed line square in (d). The purple-plague covers the totality of the contact surface, increasing the resistance of the access line.
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 2 Fig. 2.12: AFM scan of two nearby electromigration constrictions where 14.5 nm of Al were evaporated at ϕ = 25 • . (a) 3D plot. (b) 2D plot. (c) Line cuts performed along the constriction (as indicated in b) show that the thinnest points of the constriction are ≈ 13 nm thick while the region where they overlap is ≈ 25 nm thick. A surface roughness of ∼ 2 nm indicates the granularity of aluminum.
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 2 Fig. 2.13: (a) Few illustrative curves showing electromigration at ambient conditions done by ramping the biasing voltage. Histograms on 135 constrictions electromigrated this way show characteristic values for (b) the total resistance of the constriction (measured between consecutive access lines) of 80500 Ω and (c) breaking voltages of V Break = 0.3 -1.1 V. A relatively large number of constrictions broke right after the voltage ramp started.
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 2 Fig. 2.14: (a) Few illustrative curves showing typical in-situ electromigration at a temperature of 4 K. Histograms on 170 constrictions electromigrated this way show characteristic values for (b) the breaking voltage of V Break = 0.5 -2 V, and (c) tunnel resistances R sh distributed from few tens of KΩs up to a few GΩs. Most tunnel resistances are congregated in the range of 0.1 -100 MΩ.
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  Fig.2.15: Few representative I-V characteristic curves obtained by applying a voltage VG to the gate while measuring the current at the access lines of isolated constrictions. (a) Measurements done at room temperature reveal that the oxide layer in some samples present breakdown voltages in the range of |VG| = 8 -15 V, while others are stable above 15 V. (b) Measurements taken at a temperature of 4 K show the stability of the oxide in the range of VG = ±10 V (dark blue line), while some chips displayed a few-nA leaking current as soon as some VG was applied (light blue line).
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 2 Fig. 2.16: (a) In the SAM technique, bifunctional linker molecules functionalizing nano-spaced electrodes bound chemically to the nanoparticles forming a stable QD junction (extracted from [229]). (b) A single linker molecule forms a bridge between nano-spaced electrodes (extracted from [108]). (c) A colloidal suspension of fullerenes drop-casted onto an electromigration constriction results in a QD junction after electromigration (extracted from [105]).
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 2 Fig. 2.17: SEM images of electromigration constrictions after drop-casting a colloidal solution of nanoparticles (with a concentration of 0.125 µg/µL) following the procedure described above for: (a) 5 droplets, (b) 10 droplets and (c) 15 droplets. The images reveal an almost identical surface density of nanoparticles on the at areas and the absence of them on top of the Al constrictions.
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 2 Fig. 2.20: SEM images Al constrictions electromigrated at low temperatures, employed in the optimization the in-situ C 60 evaporation procedure. (a,b) During the evaporator calibration, long-lasting evaporations over a total time of 45 minutes resulted in a molecular layer covering the whole sample surface. (c,d) After a degassing process of about 20 minutes, few consecutive ash evaporations of 30 s were performed on two samples in two dierent cool downs. Apart from a slight fuzziness with respect to bare Al constrictions images, no indicative details of the success of the evaporation can be appreciated.
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 2 Fig. 2.21: SEM images of electromigration junctions after the evaporation of a sub-mono layer of Au that collapses into nanoparticles of ∼ 5 -10 nm diameter due to surface tension. (a) Electromigration junction made of Pt after breaking the constriction (extracted from [245]). (b) Before electromigrating the Al constriction, its surface is completely covered by nanoparticles. (c) After electromigrating the Al constriction, nanoparticles seem to have scattered away from the nanogap, looking slightly bigger and brighter, possibly due to Au sub-mono layer melting down during the breaking process.
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 3 Fig. 3.1: Pictures of the Sionludi cryostats employed, indicating the dierent temperature stages in (a) cryostat A and (b) cryostat B. In the top-left corner of (a) we can see the grey vacuum bell with a red heating jacket around it, and in the top-right corner the three gold-plated radiation screening shields of the warm stages (80, 20 and 4 K).

Fig. 3

 3 Fig. 3.2: (a) Inside the initial cavity of cryostat A, the DC measurement lines are connected to π-lters attached to a PCB plate xed on the cavity surface. Inset: Zoom-in at the π-lters. (b) Thermocoax wires feed-through from the initial cavity into the sample cavity. (c) Bottom-view of the sample cavity showing the second PCB plate attached to the top surface, connecting the thermocoax cables to copper wires that bring the DC measurement lines to the sample-holder receptacle connectors. Pictures courtesy of Bivas Dutta.
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 3 Fig. 3.3: (a) Top-view of the sample-holder receptacle (identical in cryostats A and B) showing the 27 spring connectors that correspond to the DC lines, and three SMP connectors that can carry RF signals. (b) Back-view of the base temperature stage of cryostat A, showing the RF circulators and lters installed at the base temperature stage (for RFI and RFO lines). (c) Top-view of the base temperature stage showing the molecule evaporator unit in place, closing the sample cavity cylinder (circulators were removed for the clarity of the picture).
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 3 Fig. 3.4: (a) Examples of thermal anchors in two RF lines (pink arrows). The low temperature RF amplier (LNF-LNC0.3_14A model) for the RFO line can be seen in the background of the image, attached to the upper 4 K stage. (b) SMA jack-to-jack connectors and attenuators employed for the xation and thermalization of RFI and RFO lines at the 200 mK stage, and the attenuation of the corresponding signals.
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 3 Fig. 3.5: (a) Top-side of the sample-holder, showing the 27 DC pads and the three RF pads. A capacitor connects the RFG line pad (V AC G , blue arrow) with the common gate pad (V AC+DC G , green arrow). (b) Bottom-side of the sample-holder, showing the 27 pads for the DC lines and the three SMP connectors. The bias-tee conical inductor has been soldered between the DC VG line (red arrow) and the common gate pad (V AC+DC G , green arrow). (c) Metallic caps and M1.4 screws. A hole could be drilled in the central part (left) to perform in-situ molecule evaporations.
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 3 Fig. 3.6: (a) Picture showing the molecule evaporator unit elements. Two screwing-feedthru lters are visible inside the open cavity. On the side, the closing lid (where two π-lters have been soldered) and the PCB plate with the Pt resistor (red arrow). (b) The molecule evaporator is shown after assembly and soldering of the top lid (c) Bottom-view of the evaporator, noticing the PCB plate in place and the Pt resistor (red arrow) already wired.
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 3 Fig. 3.7: Schematic of the usual measurement setup, showing the cryostat inner structure and elements (coil, evaporator, sample stage) including the respective wiring. A lock-in amplier was introduced in the circuit for performing direct dierential conductance measurements.

  Fig. 3.8: (a) I -VG trace of a tunnel junction after electromigration of the constriction, measured at 4 K in device S1.The presence of a QD is signaled by the current peak, displaying a degeneracy point around VG = 1 V. (b,c) Zoom-in at the current peak for positive and negative VB, noticing the change in the sign of the current (measured at 80 mK).
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  Fig. 4.1: (a) dI/dVB transport map measured at 80 mK, showing the single degeneracy point at V 0 G ≈ 0.512 V (black dashed arrow) of device S1 that could be accessed. The slightly stronger resonance inside the on-state diamonds (black arrows) is identied with the addition of a subsequent QD energy level inside the VB-window. (b) I-VB curves showing the current owing solely through the QD at dierent VG values. Inset: dI/dVB versus VB for VG = 0.51 V, zooming at the DE + peak (with a FWHM≈ 88 µeV).
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 4 Fig. 4.3: Gate switches may manifest in the transport maps of our devices as purely stochastic (black arrows in a), occuring consistently at a certain VG value (black arrow in b), or a persistently over a measurement (c, device S3 was measured in cryostat A and will be presented in Annex A).

  Fig. 4.4: dI/dVB maps of devices A1, A2 and A3 acquired at base temperature in the normal (respectively a, b and c, obtained by applying a perpendicular B-eld of 60 mT) and superconducting state (respectively d, e and f).
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 4 Fig. 4.5: (a) dI/dVB spectra at dierent VG for device A1 allowing for the extraction of the (b) gate-dependence of the corresponding resonance peak maximum and FWHM. (c) The same extraction performed in device A2. Vertical dashed lines indicate the position of charge degeneracy, V deg G , separating even and odd charge states.
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  Fig. 4.6:

  Fig. 4.7: (a,b) NRG maps of the DOS and conductance (G) of a QD Kondo-coupled to a N-state lead, obtained for a relative energy scale of EU /γ = 6. A bias coupling parameter of αB = 0.3 was imposed for the calculation of the latter one. The region around V 0 G at the G-map (highlighted with a square) corresponds to the experimentally accessible range of device A1 (c). (d) The Gmax and FWHM values of the conductance resonance in the simulations is compared with the experimental data, showing signicant deviations around V 0 G (black dashed line) that sharpen at the DE.
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  Fig. 4.9: (a) dI/dVB-VB curves taken at dierent temperatures for a gate value of VG = 0.97 V. A non-uniform decay of the Kondo resonance with increasing temperature can be observed. (b) Gmax values forming the zero-bias Kondo ridge along the VG range of the odd charge state, measured at dierent temperatures.
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  Fig. 4.12: (a) dI/dVB map of device A1 in the SC state, acquired at base temperature at zero B-eld. Linear ts (dotted lines) of the extracted local conductance maxima (black dots) indicate the location of the DEs. (b) Zoom-in at the degeneracy-point area, showing the intersection of the linear ts of the DEs at VB > 0 (dashed lines) and VB < 0 (dotted lines) with the SC gap edges at VG = 0.396 V and VG = 0.406 V, respectively, allowing to extract precisely the position of V 0 G as the mid point at VG = 0.401 V (red cross). (c) Taking as a reference the center of the odd diamond at V c G ≈ 1.1 V (indicated with the yellow marker, as in Fig. 4.11a), the position of V 1G is extrapolated at VG ≈ 1.76 V. The entire odd diamond can be reconstructed by duplicating the linear ts at V 1 G (here, ΩSC /2 has been subtracted from the vertical component of each t, collapsing the four lines at the two DEs measured in the N state).

  Fig. 4.13: (a,b) dI/dVB-VB curves of devices A1 and A2 acquired at the corresponding QPT gate positions of V QP T G

Fig

  Fig. 4.14: (a) dI/dVB map of device A1 zooming at the YSR resonances, allowing to extract their energy dispersion (b) and evolution of their peak intensity (c) as a function of gate voltage, or equivalently, kBTK scale. The vertical dashed line indicates the position of V QP T G , corresponding to the characteristic curve shown in Fig. 4.13a.

Fig

  Fig. 4.16: (a) Absolute bias positions of the YSR resonances versus gate voltage. The two curves are not overlapping as a consequence of the shear induced in the measurement by the bias lever arm. (b) The separation between the two curves disappears when plotted against the level depth, correspondingly calculated by taking into account the nite bias at which each data point was measured. (c) The YSR energies are well tted by the model developed in Ref. [162].

  Fig. 4.21: (a) Gate-dependence of the energies of the YSR states and intensities of the corresponding resonances at dierent temperatures. Precise values of V QP T G (vertical black lines) are extracted from the crossing point of spline interpolations (solid lines) of the experimental data (dots). A vertical displacement of the curves has been articially introduced for clarity. (c) Closening of the SC gaps in the weakly-(∆W ) and strongly-coupled (∆) electrodes, as well as the total spectroscopic gap measured at the even diamond gate range (ΩSC). (d) The gate location of the QPT at dierent temperatures delimits the boundary in the phase diagram.

Fig

  Fig. A.1: Illustrative schematic of an SC-QD-SC SET data map around a degeneracy point V 0 G for positive-VB. The extension of the diamond slopes into the SC gap down to their zero-VB collapse at VG = V 0 G ± ∆/eαG allows to determine the regions (colored in gray) for the acquisition (b) and delivery (a) of single electrons in the turnstile operation mode for a certain combination of V * B , V * G and Av parameters.

Fig

  Fig. A.3: (a-f) dI/dVB maps as a function of VG and VB, measured in QD transistors at 50 mK, using the lock-in technique.

Fig

  Fig. A.5: (a)) dI/dVB map of device S5 acquired at base temperature with the lockin technique. (b) Current mat of the same device zooming at the gap region around the degeneracy point, acquired with a high amplication that enables to detect emerging sub-gap currents. A gate oset switch displaced the degeneracy point between measurements in (a) and (b).

Fig

  Fig. A.6: (a,b)) Current maps of device S5 acquired while applying a sinusoidal RF signal at the gate electrode of f = 100 MHz and respective amplitudes of 10 and 35 mV at the input of the cryostat.

Fig

  Fig. A.8: (a,b) I-VG curves for dierent RF frequencies and the corresponding map, acquired at VB = -0.15 mV and for an oscillation amplitude of Av = 30 mV. The current plateaus present a certain convex or tilted shape at their summit, and approach ef .

Fig

  Fig. A.9: (a) Transmission of turnstile experiments carried out in a SC-QD-SC transistor by previous students. The current presents extremely large dierences and drastic changes of tendencies at each frequency for varying amplitudes (color)). The turnstile regime is reached only at two small frequency windows around 60 and 200 MHz (extracted from [37]). (b) Measurements carried out in our SC-QD-SC transistors show a quasilinear dependence of the current at the turnstile plateaus with frequency. Values have been extracted from the measurement shown in Fig. A.8 averaging the current around the center of the plateau.

Fig

  Fig. B.1: RF transmission line schematic. One end is connected to a wave signal generator, while the other side ends in the gate electrode edge. The line has been simplied as a single coaxial cable of length L divided into equivalent innitesimal segments (dx), each of them modelled by the lumped elements Rx, Gx, Cx and Lx.

Fig

  Fig. B.2: (a and b) The expressions obtained for the voltage (a) and current (b) stationary waves (Eqs. B.0.15 and B.0.16, colored in black) match with the sum of the real part of waves traveling to the right (cos(ωt -kx), in red) and to the left (cos(ωt + kx), in blue) multiplied by the corresponding coecients (V ± 0 and I ± 0 ). The voltage (c) and current (d) stationary waves plotted at dierent times display the complete oscillation, showing the distribution of nodes and anti-nodes along the line. For graphic purposes we have chosen L = 3λ = 6π/k.

Fig

  Fig. B.3: (a) Input impedance of a lossless transmission line in open-circuit conguration as a function of the wave number k. The impedance vanishes when k is an odd number of times π/2L leading to a divergence of the oscillation amplitudes. (b) Schematic of the transmission line testing circuit. The signal generator sends a wave of frequency f and amplitude Ain into the transmission line. The end of the gate electrode is connected to a secondary line that brings the signal out of the cryostat into a power detector (model ZX47-50LN-S+), that reads the output amplitude Aout. (c) Aout as a function of f for dierent Ain. Periodically-spaced peaks of Aout reveal at the resonance frequencies of the line.

Fig

  Fig. C.1:(a) 3D model of a printed circuit following the GCPW architecture. The central electrode (the gate in our case), usually called transmission line electrode, carries the RF signal and it is placed in between two metallic plates of the same thickness that are connected to the ground of the system (often called ground planes). The circuit has been printed on a semiconducting or insulating substrate, and has a thickness of h. The whole sample is placed (glued or grown) on a grounded metallic plate, which represents for us the sample-holder. (b) Cross-sectional view of (a), the parameters that dene the impedance of the transmission line are its width (w), the spacing with respect to the ground planes (sw), the relative dielectric permittivity of the substrate εR and its thickness h.

Fig

  Fig. E.1: (a) Picture of the molecule evaporator unit prior to mounting and soldering. The evaporator cavity is open, showing the feedthrough lters. On the side we can see the metallic lid with two π-lters, and the Pt resistor soldered to the PCB plate. (b) Schematic showing the structure of the evaporator once mounted. (c) Temperature dependence of the Pt element resistance and the extrapolated resistance of the whole evaporator unit.

Fig

  Fig. E.2: (a,b) AFM topographic images on 500 nm thermal oxide doped-Si substrates after evaporation tests at room temperature. (a) After an evaporation attempt at TP t ≈ 160 • C for 5 minutes, no particle is observed and the surface presents a standard substrate roughness of 350 nm. (b) After an evaporation attempt at TP t ≈ 215 • C for 5 minutes, the image shows a surface covered by nano-particles with dierent sizes, displaying a vertical roughness around 4 nm. (c,d) Prole scans taken across some isolated particles of the smaller lateral diameter reveal a height around 1 nm, indicating the presence of C60 molecules on the surface.

Fig

  Fig. E.3: (a) Schematic showing the conguration of the evaporator circuit inside the cryostat, indicating the superconducting (S) wires with the thermalizations at the cold stages (aluminum/copper stripes on kapton lms) and the copper cables at the warmer stages. (b) Temperature dependence of the cryogenic evaporator circuit, extrapolated by adding an oset of 9.5 Ω to the Pt calibration curve shown in magenta in Fig. E.1c.

Fig

  Fig. E.4: (a) Current measurement and resistance of the cryogenic evaporator circuit as a function of the bias voltage applied to the cryostat external connectors. The deviation from the general behavior at low voltages may indicate the transition into the normal state of part of the S wires due to the evaporator heating. (b) Temperature of the Pt resistor as a function of the voltage applied, extrapolated from the measured resistance by using the calibration curve in Fig. E.3b.

Fig

  Fig. E.5: SEM images of constrictions electromigrated at 4 K, used for testing in-situ evaporations of fullerenes. (a,b) Bumps appeared all over the sample surface. Bright points about 50 nm diameter may be identied with C60 clusters. (c,d) An non-uniform layer seems to be covering the sample surface, making wrinkles around the Al structures. (e,f) Apart from an increased blurrier of the Al forming the constrictions, no indicative signs conrming the presence of molecules on the surface can be appreciated.

FigFF

  Fig. F.1: dI -dVB maps of device A1 as a function of VG and VB acquired at dierent temperatures and for zero magnetic eld.
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Note that the formulas in Ref.[83] are expressed in terms of the tunneling rates, ΓS,D, while here we present them as a function of the couplings, taking into account that γS,D = ΓS,D/2. PR

In this convention, the interaction is antiferromagnetic for J > 0, and J < 0 refers to ferromagnetic interaction. PU

Under this convention for the energies origin and the dot's chemical potential, the values adopted by the level depth are such that 0 < 0 < EU for N = 0, -EU < 0 < 0 for N = 1 and -2EU < 0 < -EU for N = 2.QH

The VB-shift values obtained byRalph et al in Ref. [1] can be reproduced by considering symmetric biasing (VS = -VD = VB/2) and the corresponding modication on the level depth formula (Eq. 1.2.45) as 0 = -eαSVS -eαDVD -eαG VG, where αS, D are source/drain lever arms.

Note that, since these STM measurements are performed with a SC tip, a 2∆W gap opens around zero-VB, which need to be subtracted (deconvoluted) for obtaining the actual spectrum of the molecule-substrate system RR

A basic data treatment consisting of a standard local-regression smoothing (for parameters individually adapted) and oset removal (adjusting symmetric-VB features and a zero-current at the bottom of the SC gap, typically 10 µV in VB and 0.1 pA in I) has been systematically carried out for all the measurements shown in this chapter.

The STM peak appears at positive VB in Ref.[254] due to the opposite sign of the chemical potential shift caused by the biasing voltage, dening the level depth as 0 = +eαG VG + eαBVB.
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