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l ntroduction and

The idea of wusing individual mol ecul es as act
devel op a variety of experi ment al pl atforms t
t hese;modiercaglt &€i g us -monl eamameatlalmot i f have contr.i
to our fundament al understanding of t he basi
el ectronic component s. Going beyoapgprtacheont
investi gnotl e-mmétdl j uncti ons awned drdendi | tt olpdteld @ it
t feundament al and applied aspects of mechanic
atomic and molaec twtkd mo meeggtulaat esrmo méinian tl é rkfeer enc e
mani pul ation -mbl epulhda h@aimh enaantgd enew devi ce con
classicalThasaltdhhggses. descri bes my efforts to
and conductancer ¢loateixpnorleettween nmechani cs, e

t he at omi c -astcoamiec icnonstiamoglesec ahd psungteons.

x Contents of this chapter are adapted from a re
Nature Nan@a©O&8®5Bhol4plgly.399
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Stimulahedi byt i al proposal that mol ecul es

bl ocks i n el[Batersemiacbdedi cdehse beveom | ¢gr laiveg tr
phenomena anoltelctarl 8i nglve | both ex[pkelli Rerctealt!| vy
experi ment al advances I nclomdlar c ttahnec E & dnwoi nt scthri
rect i ffli72claatnidbh uss rani bow quant um226mt eyf ear emad d i
role in the el ectronmal eponeotpeelr tji tersc toifo nssi. n g7l hee

experi ments has been to both provide a fundal

nawa & devicesoademehdtrate functionality fro
junctions. Al t houghdno loe cdud taea 6 ted eerce ersam ma snuof a c
commer,tuatdhmestealrch in this area has advanced

Speclilfy,cat he dri vemoloe atigledart €s fluasc t psofhilaé d t
bomkasur ementanaafpiarbd d meanteasl understanding of
att he snioh g¢lcleielvee h¢cl udi ng mechani cs, tcls@manoel e
Sspintirmnaddelte othr camispar act eri-mat e-masal Mptuabtt i
t hus r epporveestreéruip laat e for understanding and cont
properties at the atoninc tehndds maelad oyl amo | leecrud tahr
devices based on quantum dots as the | atter
structure is def i nGodnbwintend amianmi ct hper evcaissti otna o |

mol ecul Erp dtelsd ggen htoel cdh na quiegni 6bwarmnds PpPphemidseel

actual devices that can transduce a variety ¢
el ectroni2B Telgembédet s these varied investigat:i
single molecule junctions in current and futu

vari ety odr phtyisomcsalati nthe atomic and mol ecul ar
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11 El ectronic transport and -sgiuzaen tjuum d tnit ce

At omical e junctions have proven to be fund:

mechani cal aspects[2pFi gdlleebr eamioev i 3 d ussh@dantc o n

— at omcal e met almoilcecane® s
Source
junctions, respeaegtiofel g
metallic v{ : . N .
_ISource‘)/ethrOde M ~ metallic O0sourced and o
I? chemical _ ¥ Q1 either side of a singl e
- linker 1
V- € i-a -V atoms or mol ecul &s. The
i can be guanti fied by E
Drai Dra vol t\geb et ween the sourc
single atomic single-molecule
contact junction el ectrodes, and measuri

Figat®8chematic reprasnerx
scale menabhdmol ecul ar
El ectronic transport t ] ]
quantified through the Of this bias:

V) and measuring KHhdglr

through t@kemmniuneidtsi bam &

needed to bind the m G=I1/V Eqll
el ectrodes. Spher es- Aue

gr eQ@, whi,i tEeN.ue

The el ectronic tsrcaansep oretgiiom tihse iant aaniec. bal |

that fl ows through the

the | engdmduwcft itnbge rcegi on is smaller than the
relaxation | ength of the conducting electrons
thought of as arising from transmidai Wmdeft al

small apwWwblietdhkeiasnfluct anceButst ighernf drymulha: L

oA 22y, Eq12
V-0 dvf, , h“
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wherebe i6s t he charhgies otfh ea nP |eal nectkt so nhendst tr aamts ma rs ¢

probability for an electron to tunnel from t1
carri ed i6outtr amwemi si on channels that contri bu;
namelhye Fermi Speeirfgiycattd m, wifde wi memewi th a sin
channel 1), the gl dck amBeRi §MH.,9 tkhe quant u

conductance.

I n the casmwlefcuhesimomglce i onl,| yt haec ccuornsd utch ri cou
resonant coherent transport mechani sm, wher e
orbitals bedsbmgdlaehb@vssahemati c energy | evel
mol ecwlte ojnyn depi cting the case when the high:

cl oser to t he Fer mi |l evel of t he met al l i c

el ectrodes t han thga | owest uRoccupi ed

- EJ\ -EA\
mol ecul ar orbital (LUMO) . I f in i on,
the HOMO and LUMO rle framo from
Fer mi elE)eofgy t e mg t

HOMO

el ectrodes, transpo tﬂ—) , and
t he conductanen® | @d
junctions i s typic e

Fi gulizeEl ectronic trans
qguantum of conductmnlceec Ulaa (jadmgTheneings g
il lustrates t he presert

val Fd 5y.0.2be schemat i c(quNSP) s"h'bq/vs' owest unoc

hat modulat
theransmi ssion i n bseutcwheen dégfj % gane
transm|55| C
junction as a function of energy. The conduct

as the transmission pr dBpbiThetryefatr ef hene & 8 u Me
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nductance probes an i mportant aspect of the
oBi e junctions. Experimentally, conductanc
anning tunnelSToM) nmaincdr ocscmdecst i ng atomic for
rough specially BhVTheoefaDbDMi amad ecAAFdtbhascedrmest |
i stinct andavmisentgesrsl: gaps are easier to achie
ousands of i ndi vidual junctions can be mee
atistically captur e Il nevitabtel eni sroscopr e
nc.tions

Addi ti onal compl exities in thescellec tjruonncitci
e i ntrodeced dyre qquinmttuers smeaid é sad megwant um
ter fieh @ nscdaurei steo t he wave natur e eofl ethilgd he lIseccs

comes comparabl e to the Aélt éxaturgdnlitecn gothha ssec acl o

already satisfl2gedpbyi mesbscat et denvenrgeelsyc ud a

i mple extension of such measurements down t

sights and methods towards <controlling <cha
roughalchdeensiicgn and, potenti Al py]j méheagaghbl el
amati agtllodvecon@ugtld ecer eesosnj ugamedaftoi nat ed)
|l ecul e when compac e ugiagile#tide heirrd a tneed)r agnal ¢
edicted2t9 R ofFerimadl yy tdrec e eatflomgrdiogsasi rediu anto | e

nctions IS -rés®narmc gaunm i ntblhe t r an[8 fhiis,sei.on f

t(E- EE)=0.Controlling the-rpe®sntnoce, ofethtsvanto

| e

a

vel could open up ai rptad rhHwearye nm mé Icecd amel ac Wluat

potenti-afifil 3B Rlirtgehasn al so béemi ghotpeoagdadsk at



toggle Dbetween a-coanjugated an% Cross

conjugated mol ecul a« J upcti on t.hr ough

cheniyal confd)rymaitriobm%wﬁ" ZV\"
-

¢ h 25338 B xix 0%
The haractsemginatiuc e Ar ’aﬁ
destructive interferege i n moliular

junctions -ries orérec e PA@rierminaied meta- terminated
molecule molecule
tnamission probabidijigtyfzech®hiodadih sdMfctu
_ _ inter f@uletnice.chemi cal ¢
junction; this can,patrvBlerBlunsentamph £t.i ohe& pfobed
l inkers i n a mol ecul e

by measuring the diekfaepla)t ilcdaynw a@btwaruictlaen c e
sinmgdleecul e junction dut

of the junction asingdeftuecancen of applied
bias voltage. Although t hi s -nmaalse cnwlte bjeuanac taicohn
conduct a-ho®i segraln be qgati welresmabl ¢ Go®dbhOw e\
transmi geisommaacgti in a junction [68# mpTohseeyd uosfe da
conducting BRBMotmebhsugeet he differential cond
a series of ant hraqui nonecodqruigvad teidv @asrj U Ighisant & avw «
They observe thdt tthlteoengogadtedamoe ecul ar junct
magni tude | ower than that of the I|inearly <co
HOMO and LUMO energies was al most t he same.
measur gdh threoojogated system s howeed ocnlaenacre , e wii
a sharp dip conthbhet dnt¢ élicedoAsletahtoaughertchese dev

be gated electrically in these experciumamt sant

resonance in such a systear doeyr -~o0. S5mavgnwa wlde
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conducThanaccetd itshcartet e energy |l evels in a mol ecu

effects to be preservied téeoogmncoat | Whegmpbemaey a
contr ol interference effects encodendahbilne tnhoev ec

functiieshradli ibplkelryat e at room temperature.

1.2 The need f or mechani cal measur ement

expemental techniques

Measurements of el ectronic properties of r
gener al , provide direct st rOncet uorfalt hienfeoarrmayt ito
d rlecmagat the at omic rriensgo ledteica raosnh dck shor nasnesepeotr et
Ohniesthfiamlr. monoat divi okAeAw ewierthanmgypanotved feasi bl
investi gamoihegmaimeaet al juncti obsasewdi t lor gaarilcon mo
Simultaneous mec hnaenal scuarl eFrnaegrid) s p(eawr dbt ernate m
t o addr ensss rgeuleasttiinog t o t-bezestr u.

' junclfgonSpecifically, t he measur e

singl emomemalt al junctions tand o
“ Force contacts provide independent mec!|
be used to: 1) relate junction st

(e
o
-}

ding at the molrewvwudaer as amelcd,a

 — Oknobéamhhe used to control tran
Fi gulde Si mul t &
measurement <«devidcdhe. first simultaneous me a s
i n atsa miec j.u
Force provid conductance in nanoscale jndncti or

i of mati on ab
structure anct.,ntact seth[gflRudhowehdhr upt change:

5
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foraer oss t har ejou metviattgqeuda nt i zed icthangesnnduant ar

unambiguously demonstrating the structur al b a

These initial e X p-earlil needn tsst arteilci endo doen otfh eA Fs\vb
where the force on the <cantilever I's monitor
met hod the deflection of the AFM cantilever i
Hookeds | aant(iFloewer =stci ff neslisn [ c acdaynnt amidegvee r d e
AFMorce spmakessodpyguenbyg shift of an AFM c
ne-aesonancet msadetl ¢ @att i omanges in the amamiitlheve
the s&ampl d;r etqgu etnhceyr srhalfat ecdant o t he ignrtaedriaecntti oa
foricrearpt i,t bkb-RIbs d collutgiuriazgosai ¥ tuning fo
sensotrhenaby¥ing high resolut-sbne mpasdatemp8t s
advantage of this apemaiach me ds utr@anre e o eogft em is g
significantly easieci $Thamsartreyx houtquwi thlashirglt emp
of single atoméd@esdBnetsal lwied¢ busmsmavtaesul es adsor |
sur f[ladd BEHowever addition to experi memtealoveammlge

the junction nfcyr cehsigfetasimalfirye giure t he presence o

structural changes duringsjtundt irend@ Insn gdatail d re

The feasxtbendisnygoti tee mode fArFoke ttpasdd mrti cgcwent act
ambi ent measurement s of forane!| eanudl ec yjalductt iam
demonstr ateetd[4ddly. ahad ogous to tHheincti STM Halk e
conductance [8mermastuhiesne anpgdaodoa@ac nl, e sj u necdt i boentsw eaerne
an -rAat al substratoat eacdhd camti Awever I n an env

Measurements of current through the junction
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whil e simultaneous measurementgeofappadmtid averc

juncAil obhough measurements of current through
using sobameéandgalumentati on, measurements of f
straightforward. Thiastid$elvecafwetdh tygphemal stsip
is typically requirpgai ntn oaomrdteac tt ot hbarte aiks tfhier &
and substrate, before the molecular junctions
t healslmnest defl ecti on of the Wecaht ial-de@es gomdat
conducting AFM we h advies pa cahcieenveendt a ectwan tuattliccomecao f
di ameter ~280 pm) wusing an optical fdeotoerc ttioo nb
as |l ow as 0.1 nNcaeaemnteinT bwei etche ttahielsse osft idudr exper

previously beenl5presented el sewhere

I n most of the experiments mentioned thus f
a secondary probe of junction properties, I n
primary signature for the afsorinsattihoen coafs et hien jlt
mol e (5ull5@s f orces measunmoddkecateogusneti poglheyi cdant
primary signatur e, t her eby ntaoknidnugc tiithgp onod ielelu
nonet heless ddadhisesrmsj espticomas | vy siinmpgadrdeteaxmutl ei n
juncti exsidedhtat uct i vEeas rsdsieesdé @ rne ntchee pr evi ous S¢

al so necessary to di stingui sh bet ween the e

modul ations induced by more mund@rdne adpedtion
mol ecul es possess many internal degrees of mo
directly i nfluencel5% hanel & hiter ommé acs utrreanrepporaf

mol ecul es can open up -cthewjsetirthy se sp oft ®@mt mak h a
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measursemeert uci dating the fundamentals of el ec

the gnohglcerl e | evel i s promptinébdBew activity
1.3 Scientific questions and outline of t
The focus of this thesis is the study of t

energeti essc aolfe aAuwnnuotgiro msa.i N ewe eu 3 ene tndiaasl ic g rododd m

conducting AFM optimized for -hugbtifomcemeaesot

Foll o

Wi ng this i ntroductory chapter whi ch p

techniques and the motsuatmens ©Obr centhuttane

atowsmcale junctions, the subsequent chapters i
centr al guestions or themes that |, along wit
of my doct:oral research

Chaptperres2ent s the experi mental methods and s
were developed to extract and statisticalll\
dat aset s. Such techniques are ivnaproiratbainlti tbye co
structure ismwat keganatomine necessitates the
val ue, but al so the estimates of the wvari at
these techniques to oshitmglne tahteo midicpft tulruwee af totrsc
mo | e-Audienmgdleecul e wj tivataiiengy of backbones an
groap® presented. The good agreement of t h
t heory based cal cudraitmemtsalvadnd ad reasl ywuirs etxec
Chaptssummari zes our study of the emekécoihec
junctions for med by carboxyl terminated a
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combination of systemastian dc ofnadruccee ameas umreeanseun

to identify the bonding mechanism responsil
addition to the intrinsic value, an under st
step towards enabd inilge mihcea |l manmmoyd i af ta fcfaa ¢ thind olpy

the carboxyl group.

Chaptermredents our study of a sersiuelsf iodfe sltiinlk

that systematically probed the occurr-ence o
moelcul e junctions. This study is one of the
interference i n el emblteoaukte tyansepoohs,i nwhsii

verifying that the mechanics of StAlue djpwmmat i C

acceptor binding at the contacts for each of

Chapt aret 8i | s mechanical -moé 2wl emejnutnsctofonsi
terminated molecules that goes beyond quant
study yielded one of the first experiment al
singdleecul e | evel t hat wa®f hdersto dceomrgiotbyor B u e

theory calcul ations.

Chaptgresvents the quantiifni csatlivaenro rosfic nrguget tua et
room temperature in ambient coodi ¢li @anison Wan
technique to separ at eatyo nmaincalcyoznet apcrtiss ta sn ew eAlgl
wi t h oxygen at omi canidmpmparndliles] iwilitshelrii B&sn A
compl ement arfyr oomm ffoarncad i @amdd eanmomd u a tad rec & ,h ewec 0

conductance with the structur al evolution at
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Chaptpredgents a new arexloytsitd alc a megwband i bdi n

curves of at omi c pmolndgc ucloentijawr st iaonnds sdiinrgel cet
measurement s, using a simplaoGpiaryhenodeb ulftog
density functi onavlef itrhceosdynr eckamecgutl aft oronseach o
consi@emleidned with the demomalteauled sdefalsiisomé
technique provides an approach to signific
mi croscopy towards quaestiaftyitnhgei bavteodmireg secr@aedn

temperature, and in ambient or in the presen

Chaptseummari zes the conclusions and provides

can build upon the work presented in this th
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Experimeot @adlmd easnal ysi s t e

One of the challenges in the -moudguloé jsumgt ieo
form nanometer size contadés. a@dnygamptsi avin dlh mie
techniques are unable to achieve such gaps,
el ectromigration which have | ow device yield:

junctiond techni gwanammilgoytiummedi miygermi & r os cope

atomic force microscope (AFM), where junction
times in the course of a typical experi ment .
used to ctahrersye oneasurements, and the analysis
statistical analyses of | arge datasets.

X Parts of this chapter appear i n: 1) M. Frei, S
Amer . Chem.1386r00@20272. . Frei, S.V. Aradhya, M.
and L. Venkatar amam,) : Naﬂrsq 118€lt8tS.. ,V.2 AT lad hy a, M. F i
and L. Venkataramah(lONptGpeaBd2d). S.2012A. adhya,
Krikori an, S. Ahn, R. Par ameswar an, M. L. Steige

Lett.102012@8. 1643
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21 STMand AFRMed break junction setups

We wutil i zjeuntchtei obnr etackc hni que t o per fscceath e x p ¢
contlazg.t sln this technique, two metallic el ect
cont act whietrh. eUapcohn octompl et e rupture of t he |
nanometer opens up in the case[3of Thokkdgabpbectr
suited tso ngpdeesoubke conductance with molecul es
groups, thereby spontaneously forming junctio
The ®BMed br eak -BjJuns¢didjyépn g 18)& Mc on aai dtreeshfl y cut
wire hel éduiin ta thgmeé ol dearn,d tohuatt oifs chornotuagchtt wintt

The substrates alr0e0 minec aofs hewd porwaittend gol d ( 9¢

Aesar). Before every experiment, we clean the
Whereas the AuUM wixrpeerusmeditisn r&@present s, ef f
cantil ever, AFMFNBOEiaf§ @ipa naneiacmnre€cmesrstis at e t he

Au wire \

V @ 10

M

Substrate‘ .
"'0“" o “E%fw

Figt8chematic representationNa)olitMeet appéeE
only measurements where aef ondshlhy @l ea&otorabtdh
substrate is used as -Bhesasttecpnidorel icthulotdan
measur ement sc, o0 amheed eA-€adhn Miuc ever acts as one
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finite stlgBf néastprobBesf the force resolutior
AFM setup in the static mode AFM fsotr cpeo ssspiebclt
pro[Bflessi nce the def IDes®ikpnwtEire htehe acnthandge eirn
Kis the stiffness. Howefvenr m -jbwereatkel eodn snteiafsfu r pprm
t wo reasons: -Alu) bToon drsu pitnurteh eAuexperi ment, the .

mi ni mum stiffness corr es pAoun dbonngd {Th~ taiNd net)i fTfhr

t her mal noiy)oe deanAFMyc@antil ever has the for m:
0= 2k, T 1 Eqzl
T \PTkQg- (f /1, g2 (fQ)

whekse she Boltzmdna tbastfeimpetrfag ures oQiasntt He eq

gual ity WKiascttohre samrdi ng consft ant hef frerqueactl |

stiffer cantil ever with a higlhoweesstonfamrtc ef rreq
addition, previous mol ecular dynamics based t
ot her researchers have also indicated that a

mechanics -scfal eat prlnc tWiarhs t hese considerati on
comme AEMalkani{ Naevd&dns Mof e~ bBOc N/ mc eitnvgi ft me s3s5 a f
nm of Cr amgdhld2q 9Mm9O®@P O % pur e, from Al fa Aes
(Edwards BOLCWAuthav8O0O®pti mized our conducting
commer ci al Veeco Multimode AFM) to obtain hioc
experi meng ai ncsleude customi zedt-oooptsiecsr atta o ma xui

temperatur e controll ed superl umi nescent di od
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modi fications to the AFM to decouple it from

Thetdails of the experimentallflsetup have been

I n both-amd ARANMMed break juncti ownolstedguep,( we
typizmlmy but higher for | ow conducting mol ec.
current flowing across the junction Wes umeasaur
cal i brataxd ssipnglzeoel éMadi cCi pgsilLtaibosnerwhi ch i s
manufacturer as well as i ndependemteingy sby oud
accurate within 5% -MMetudaeta &cghi sesiobomtcand
PX#4461) opermadsngf ad0uPw@da samples/ sec to coll
the piezo. Finally, we eboiltl ecdt at hac gfuoirsciet i dwant
I nstrum6B@bd) PXpfatsesr faiolwledr iknigyz f ol | owed by sumr

usng commercial data processing modules (SRS)

22 AFM cantil ever cal i brations

We obtain force data by measuring the def |
the AFM cantilever. This beam is collected o

converted into a force reading in two steps:

1) We obtain the voltage signal during a 200
substrate. Since we know the piezo displ aceme

vol tagecamnginlaéveno di splacement .

2) We measure the power spectrum of the fre

Lorentzian fit to the ther mal power spectrum
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J<x® sof the osci kebatpart Ftomnthbkbeor em, the spi

cantil ever [6:s calcul ated as

Koy = KT/ <X E q2-2

2.3 Measure nt protocol s

We start each measurement by caomtaaetdi PAg- Mt |

cantilever) to the substratey(tGo2edchhitdee qaanon
of conductance) . This ensuresicthath wer satmpid e
measurement s. From this position, we pull the
nm/ s. During this retractionBJ)weoreiwehesi nmelats:

measure the curBdnt Kmotwieoeraepl( MdMalbmidads heolctua
M, the coGrU)bVafantclkee (j uncti on i s ndonsiptloarceedneans
Figd2sshows sampl eaneousl|l y measurocerdc ec o(nbdluucet)a ntc
wi t h a c¢clean Au suBdt scatepus ExgetihiBdnABsMewi t
gualitatively identical, however, onlTyhet he ¢
conductance trace <shodWs caddoespese/dgpadrai mdlutpi pilne s
highlighting the quantsizze jcomdwuictmasmceée-s ar iAlue
Butti ker foi2inal Bemo f@lgatheééaul c®rresponding to
point contact, the jomoetfahl supbutdse aodseohe
(i nskeitgd2fje As armé et i-cnoer rved ldltood hsdwatures are o

force dat a: conductance platemgst emsirles plooadit
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3 0
10F 3 10 16
3 &
Q - S 107
> - = _y
3 : 4429
c o ., 19
: o §
S 5l 5nm %
2 Displacement 4 2 <
o
o
0
ok
0.5 nm
Displacement

FigeR&S&ample simultaneously measured conduc
Conduct anclee)(traeadk i sorcieghitwlag®mi sshow t he evol
point asond atuhetidomspbhceément of the substr
| ogarithmic axis to make the conductance noa

junction and dr ops i n conductance correspor
rearrangement or bond rupture events in the |

Mol ecul es of i nterest can be deposited ont
guant es of t he mol ecul e, or by deposition of
mol ecul e dissolved in a-tsurtchenicghesuonlnvetnhte (ptrye
mol ecul es with chemical l i nkerls adradu dti aandc et of

are obbseelrovide &Fli g@3hows sampl e simultaneous!|l y me
(pl otted on a l ogarit hmic axi s, red) 4 and f
bi s(met hhbbaon®s $S(Me) whi ch i's -atosnatcamabed tbar
met hy!l sSCIH) | d dIn]lk ethe mi c al structure shown in th
muil pl et csaatwh f eatures during the molecul ar co
junction | sO.e3nt,entdheed jfuonrct~4 on ruptures compl e

observed in the force and conductance within
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-
o

Y
oI

S
(3]
(Nu) 22104

Conductance (Gy)

-
oI

-
o

- 0.5nm .-
Displacement

FigeB&ample simultaneously measurfear cao-msiue
junctinomddi ti on to conductance (¢ ed,ddliefiton
pl at eau i s°Ggdeueen taot t~h el Of ommateican eo ff WA MeEo b @ |
Force dat a i(sbhl useh ow itagtodtl heaatr e astauwwr e s over t he
Il nset: chemical st riuccdrulrcn josfy kfhleo widalyhetle widet ri(

24 On€di mensi onal hi stograms for conduct ¢

The sampbeownfFage®f anfi gRBeepresent particul

evolution scenari os. rWihpenttelle aexpdrfiememt | unc

due to inevitabl e micr essccaolpei.c Tdhiefrfeefroernec,e si nata
we measure thousands of individual traces and
stwattiical 'y meaningf ul resul ts. One of the mos

conductance that has been widemygl eseldei expeéoir
is the 1D condlukctbmcehhs steghamqgue, the condu
either equally spaced bins, resul ting i n o]
l ogarithmically spacetdhimiodl!| yeBuhmneadghi a1t @d rc
are performed wusing custom progr ams Fwrgiutrteen
24a, b shhiwst ddr ams constructed frord 3@MASIMet r ac e

evaporated on the Au substrate using |linear b
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at quantized conductance values appear in the
the molecul e®*Gwpe@4 SMeart eps~eln0t on the substrat:
binning accentuates | owirra grddbheGd asiciean admuebor e
|l ineshapes can then be fit to thesmolfeecuyluemt

occurring conductance from either the |inear/|

10° F 6L '
2
Q 10 ()]
& 1 o
= 10 = 4F
£ &
S 10° 5
3 S
10" 21
2
10
0 b | 1 1 1
10" 10° 107 10" 10° 10" 10°  10° 10" 10
Conductance (Gg) Conductance (Gy)

FigwhelD conducognafma)hi kthearly bi nned (* oGo)
hi stograms for cCéanNerreuwd) (yeNolteew)t haendl ogar i
Logarithmically binned (100 bins/ dé4abiler)e dfj
arrows indicate the most frequent| yCdoxMeur Bi
mol ecul e junctions.

25 Twai mensi onal hi stograms for conduct ¢
While the 1D conductance histograms provid
conduunce features, the displacement i nf or mat

conductance data iT9o lexdtr aicn tsheathisst cgqgld dms si g
the evolution of junction condluetaingpl anamefnd
constr-dicmmensvioonal (2D) hi stograms from the <co

origin of the displacement G@xbsdact¢t arhcee psotienpt
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mol ecul ar conduct ancdefdgpneeg tbircemneak«sins flilse sdxew eelrlr
individually for each trace, using an automat
conductancegomplatpelaat @dau Gcorresponding to a mo
absencepoafhet mol@cul ar conductaatemppai edaucwmaea

a single molecule junction was not formed dur

—+

raxree®t used for further analysisentasot hegt e

The statistical occurrence of the junction o

(7))

ignificant and unbiased data set resul ts [
conductanceis(tbuse)assigoed( faorcoea)d uc d @ xdiisn)at e
and a position cawird}dnalfesos( @ln@ah g ctomeavruec ttamere F
generated without fuditmemsiammdlysfier ceaolmi stthoegr
force at -dihepthmewntzepmwsi tion to zero force by
force tracesal Thiforcealtir@amres to a common poi
di spl acement value was now determined relatiyv
imach trace. After this realignment, t housanc
di mensi onal fWer cteh emi sotbatgarianmi & al | y averaged f

hi st dygr dmoc ptemokilg G adestso avne rftiit¢ alevee gyt doms Pl & c e me

Fi gebae b shawsmethwoonal conductance and for
constructed from over 31,000 traces measured
di ffermpitetp®@i ga.9abagsbe tsshotwo a sampl e conductan
acquired force trace, respectivel vy, to il1lus

conductance i s plaoxtitse,d wohnera also g airei ffhomixoes amse
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Fi guzbe St at i gtiimealsi ¢ wal hi st ajr-dlmsoe nfso ro ndr
hi stogram constructed from over 31,000 trac
Gis at zero along the displacement axis. A
Il nset: Sample coadutbaceeotdacel| atGpeat eau-
di mensi onal force histogram constructed fr
(bl ack curve) is overlaid and shows af cll.edal
single atomic contact i s determined by ext:
trace acquired simultaneously with conductGg
break.
l' inear bins in these plots. Negative dGspl ace
pl ateau while positive corresponds to data be

germeared from tr acdaxepwlteaame btehei dénti fied with
Approxi mately 80% (31,033 out of 39,000) of t
Gostep and &i g 2ae clhwdvesd .cl ear peakgoatuli nmnitegea
negative displacements, and al most no counts

is set at t heomaiact Wwhemktshe G

The 2D force histogr amf, tciFfeqg@Sse (Showmst het sBa
the force that 1Is increasing with increasing

di spl acement . The foroaetaetucieomeeddebrddmenime t ma
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of this drop. The force profile is effectivel
rupture event. It shows a clearly defined dro
i Fi gkbbe corresponding to t hAeu bbroenadk.i nTgh ifso rvcael uoe
agreement with published eX®PelrB meat aldatainnig t d
analysis method. We note here that this resul
31, 0ddest,r providingdadebbumit namidomunbdfi ashe Au

rupforee.

We have also extended the 2D conductance ai
singl e jmon cetEiudye8) e(conef stdi hberent [KdHltemdchinbkarc
grofapsh Here we present a brief summary of
conductances measured f(oa) sfixurmodiefcfud reesntr ema le
(but ane, hexand,dimenzemracdandvildiihpyar tnh e ggen t e

groups (Ami nehi[dNmet hyl [ SMe ] , and diphenyl ph

NH, SMe  SH
LINKERS
BACKBONES

Butvane Hexane Benzene Bipyridine Styryl

Fi g26.e Experi ment al measurement sche@e &ahed
il lustration of the stretching and breaking
t he substalatst.r Lhteuriec of the | inker groups
shown along with arrows of size proportiona
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simil ar s at u(roaf@ceddr bboanc kabtoonness) . The chemical nar
in thengoldlieswussi on) for t he mo IBDd\ | e(sbh)ar4e,: 4
bi pyr iBdi,ne ( d)exdne&diChHRA, ne( ebjut dnddiCd Wi nlee-) ( 1, 4

bi s(met hyl sud4fSiVeen (dfbut H,rde pHpidisowIlp hi n oQ5plet a n e

Eachpoomd is obtained from commerci al source
Conductance is determined by measuring curren
of 25 mVv for all mo ICé& daunlde BfRo r& k e e pnto Idé&efHrwin¥y & fealr

onto the Au substrate either by evaporation o
in the sdlrvermtol a T&PREnzBeonteh (t he conductance a
independent of the deposi tcoomd untettahnocde. aCwde rs ilnd
acquired force traces are collected wantdé&d mul

analtygewne2thi si oagoaamhecrhar aatod ricaué arhdédr eaking

As an eRiagRpdeeshows a 2D cond@Q4&LAvhere hhetogr
in the displacement axis is set at the end of
the conductance (Yy) axi s and sl ianreear c hboisnesn ffoort
clarity. The measured traces that show a mol
automated algorithm for both <c¢Bndatag @&n cseh oavn d
conduectamdc si multaneous force data for one pa
over 3500 individual measurements used to con
in the conduct antG, hvihsitcohg rgainv east eudsc 6tnhded cntoasntc ep r
AuC4MAu junction. This peak extends ionvderc ad i digs
mol ecul ar junctions can be el ongatFerdoFibger et hi

27bwe obtain the most freqg€ditolpomdiccurring rup
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Figu7e Statislineasali onalo hi st o(ga)a ridiwik as i cCral.
hi stog€Camoobstructed from over 3,500 tracec
representing a sequence of Au ,c oA tnaocltesc ua papr
clearly sé&@n lats &t :1 ALOsampl e ¢ ogadudc tnaonl ceec utlr
zero displacement set to the -@inchemdi drael nmfo
C4A s constructed fragmithd Somoktanmnaces! yof
construct the conductance histogram. The an
di spl acement SfmudQ.ath emN.s|lyn saectqut eedt heram.l

Each of t hessehoswsx cnmoalreaccutleersi sti ¢ conductanc
binding of t he e\r, tSaMeu rod e rxPoR4,|dilmlaPtaerdt BRwW | atr ¢
shows two characteri stGbéc anaiGéhu @t aiw et patak 8 c € a
juncmtelbongat [loinP di st ahces wor k, we p rCo bpee atkh,e r
whi ch corresponds t o a geometer yt woheAes ¢ lhect
vertjfl@aNel ynot e t hat t he conductance peak p oS
frequent | ¢ omeaascdua taolke? 1@ ar e Bgr ggeomnant wi t h pr
published data <col | exTtNeas e d bsrod askt i jo[tn hlcfsii onng tt
Furthermore, the clear conductance signature
speci fi cecmoslienggulep VAruct i on rupture events unambi ¢
thiolate (SH) Ini ntkheart, tihe ibsi nadlisnog kjweecvhd-om em i

acceptor [4ilnMl @A dtaibBle we s hrowptbwmeld f orces det e
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2D force hablsighamsl doul es. We see-moha#Bule all
junction frapcearemalat era-Authdmondhat nadf cani Ag t ha
t he r espeacctcievpet odronboornds con[gild2kntSpect hi eall vy
amine | inked mol ecul es, by comgplaan@ogive hee ene a ¢
first that for these twdhealbllakdonwi,th he anmngpt &
similar. Additionally, we seRhutlhand tihe floe ceo
mol e@WDIAe,i s consi der @b hayncs mawhiech thrae fiwml |l y sa
Tab2lCompari son of most freque measur

ntly
junctions with a nitrogen termiédhatndnshawur
havi reg editf fl i nke#6)groups (rows 4

, Conduct i Force
# Mol ecu Chemical Str
(9 (nN)
1,4 rr ' -
1| benzened 1 r-¢ 61 £0 0.5
(BDA .
4 064bipy -
2 11770 0.8
(BB
1,6 §
3| hexanedi 1770 0.6
(C6A
1,4 but a -
4 (C4n 91 10 0.6
1,-4 > I,
5|/bis(meth \(Wf& 17 fo 0.7
but a&rBeMp( ' - :
1,5(diph 5
6 phosphi 7110 0.8
pent@mnkzp
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26 Tr alcgy race analysis of conductance anc

I n addition to 2D histograms, it is desira
of rupture foooeducsantcleyneoasaabdsaice in order t
most frequently occurring values as well as t
i's sffroaiwgahtd, It is challenging to ismglse ndeuret tic
the presence of noi se and the | arge wvariabil
junction. We have overcome -bkesaec ec haanlall egrsg ess ti

due to two significant defveld op meas$ s EBuWtFiisses tui,pn h
is a cruci al factor in revealing subtle stru
from conductance datra ga3®sa\weer alo 4t fdadrncsit eastauer ,e s

seen over the course of a single molecular c

accounted for I n experiment al studies presen
information that can beggamened, abbesestouceus
to be taken into account to obtain reliable
mechani cal i nformation about the junction. Th

devel oped i akerdatotaccount t he structur al

experi mental dat a.

To achieve thiamlwgersheddi gy 0.8) e etahtlaeidesst r uct ur al
rearrangement si gmatawnrde susien itthet of ocrocrepidae st at
ruptur e f oarncde,r esatrirfafnngeessse att | bpygf hedi Wg t he d
t he conglluxtteawceof iIinterest ruptures to noise |
further force analysis. Al significant force

t hat | ocates sharp and | arge force fluctuati c



Read single v
simultaneously
measured Determine force events before
conductance & force this conductance drop
Y

Determine displacement position
where conductance plateau of
interest drops to noise

Conductance
breaks cleanly to noise
values?

YES

At least 100 data
points between last force
event and rupture?

YES

32

3

Determine difference in force
before and after conductance
rupture (rupture force)

Perform line fit to force data to
(junction stiffness)

v

Store other relevant data (step
lengths, starting force etc)

h 4
> End

n

Fi gag8El ow chart explaining the al gor iThingotrad

is geared towards identifying and accountd
observable through the analysis of the cond

high and | ow pass filterceadtifomrsceatdawha,c ha nsdh af
frequency components) and | arge (large | ow
Every force fluctuation above O0.25 nN, (~1.
identified in thdiesd mann ntere IM®s Wwlet si,ncWwas requi |
beyond the plateau of interest drops to condu

junction
ensel
satisfying

ensures t hat

To
junckmotbhhe
pl at eam d®a3gi0s
di spl acement
fl

uctuations

rupture

meani ngf ul

demonstrate t

seen,
of

tyh ath ea rad giod e n thimf iteod bbe

and t

~3.5

conduct ande gdfatea

he

e vwarmtt,uit@od Alw)h atviee afti Maelasl o al

fitting required in analyzin

these two criteria are included
there is no seld ecedammarm@easmantonl er
his analysC4SMawergdkleencsu ldee r

r(ehdi,g hll & fgth t &xdi s )n,

rupture of t he

nmkEi gidke f broe, datghi{ haxgh

significa
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Fi gwkBeSample C4SMe measurement-bgemacrestamaliy
Simultaneousdrnydumdancreexd(gsedand ef br ae (.b(d e
conductance drop afterCadMdMeopleatuéaun cfondnoce
(shown by the X mark). (b) The algorithm
expenent al noise | imit. These force events
junction wusing linear fitting to the force
at the end of the conductance plateau.
noise (green downward arrows). Correl ated wi

observed in the for@kFeg dast &@.heThius cdri adpe irfropftoaar e
data between the rupture | ocation and the for
fitted with a lingaw dfitt e foorntae nr ame. sTlog es

(ki uhc is then obtained af tsetrakngt&5@ ecN) nign foer AEM

kjunc = (kcant 3kra\/\) / ( kcant krav) E aq 2-3

For each experimental dat aset, we obtain t
perform a Gaussian fit & of ar che sd atga.a ml hceo npa rhle
measurements-tafi sphaceménhtgéactor and cantil e\
variabil ity 1 n2Bdeatne cfteosrt stehnesmsteil wietsy i PAut he m

ruptur[# fWer cheave rigorously cpiarFraogemobrzedtbhhn
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individual Au rupture events (out of 39,000
Ssubstrates and calabgati bhm) degamnigldsendseratishmeme .
hi st ogr aamhese forces along with a Gaussian fi

standard er-tdany. cWa

AFM tips, substrate 1000 we
observe that the mg:¢e Au G
(%))

is Gaussian distriiesu € ar
Q 500

. O
up t o a maxi mum of
Therefore, we C 6t r-or ae)
cali bration errors 0 I L ! using
_ _ 0 1 2 3 4
single correction f& Force (nN) such t

FurRreéORuptureaeifsamddeut
the meamupuGe forc ay bond Hustogeagr wFt

forces (compil ed fr
reference valuenoé @d&individual measur e me|
Gaussian profil e, enat

correction does not measured val ule Ombd%2ain trend
and its influence on the quantitative results
note that the rupture force v-bl{tuacebtaabanegdi B
NN, whereas the value obtained fronm.@8®6®sabhalflys
nNN. This discrepancy (which is nonethel ess wi
the 2D value) tlhiekeslly gaini saemsbifgruomy i n extract
statistical lpyr odhidge@®e@ dWhfiodrec et he most frequent
force is obt-aMmeadceormasai sfirageemtel ynmosc¢curring

di fference i n it,veaf ofrocrec ev avlau euse $Fndffmer d i affEfetleyr b e
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rupture), the rupture force is obtained from

these two valusesneédelthemset thweo ecpdale i n gener al

<R 'Fo > J:mgx Fo' Eq24

max

27 Force anal ysi s-ornwtmme ucd 3 e@n go fmoll ew ul a |

A distinct adwdretcaud e ane asium-@glimeihdas b8 endoAEN
is collected independent of the conductance.
a complementary probe of junction evolution
exploiChaptenndthe stedywbf cmodecnot show a me

due to destructive quantum iTnhtee rafledreevnecteb piend tfho

this @oralfygsims three sequenti al operations on
conductdanfcoer ceen tr aces: (1) identiGyiomguthante
pl ateau, (2) analyzing the force data beyond

this point and (3) setting thes olroicgatni oonf acnodn d
2D histograms ofcefiogleld eaman sctornadtuecs aanppl i cati o
on a sample individual(E)-&)]-®iN(grad ti hoynl tmha laos)asutle ahrebne
j utnicon that does not show an identifiable mol
beyond the Au point contact rupture provide a
the jwundbheomonduct ancies deraosp | fisriannd e b tt iBfei ecdo ndu
decreases by more than two orders -codntmadrsi.t
Analyzing the force data to identify signific
First, t hFe(F if pRIclee btlrueec e race) 1 F*Fr ghlslé ogrmeedn t «

trace) wher eF®pwiftyh diatdaapfoii méd as:
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F*[p] :\F[p] avg 10 |3[p] avg 50 E q2_5
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Fi guzld Sampl e trace demarssetdr adamalgy sfi ar (Ep ,c@
(met hyl thsonrgdled belnee Tihen atuipdrugies fghawnl bG t
|l ines are provided as visual gkt dashet autxh ¢
(green) within a 1 nmuopitsplatemani ohrom t he

F*shows clearly defined spikes at the posit

and is much | ess senarnedvteotiohe aodiogni mali se@a tca
We note that due to high frequency noise in t
cannot reliably identify the | ocation B thes
that @madsreopm change in fore2l gthatexpehbmeot
|l evel of the force data) as a significant for
all data collected herR*sfasadalitfot mdde trmel eduwlr

events within a 1 nmpeicommdgatpitunrgdlleldeman & threa tle ¢
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the high B#msistiigwmiitfy caafnt f or ce evieend si nwhtilhcenh fa
dat a. I't al so demorFsttowmdreds thiegh nfsreemguden oy tryo
The algorithm then i1identifies the | ast force
irrespective ®Ohcehedoeottd imoe ercad . arc arnwpbteudr ea sl o c
the origin to co4dpsdgearci nd ec adn dydtaecreanre nand f o
at the rupture | ocation of the ma@l,&cwleaar tjhunucg

there is no identifiable molecular rupture | o
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El ectronic transport and nedc han

si nmdleecul e j unc

Nanoscale interfacial physical properties bec
functional-mblesul o eMmhghiecas i nfor maticam at t
hel p address a gsmuelgtairtduidneg otfh ep rionpteerrtpileay bet we

el ectronics oHertehesharjaucntcetriioznes .el emdlIrodulte ans

junctions of heterogeneous <carboxyl and meth
mol ecaunfleisnd t hat the stability of t he car box
met hyl sul fide | inker. Furthet hewé offdn@@d@Admat t
bonBly establ i shsiintgu rjeu nicatbiloen, fionr matiicdben, a t hewe

approach to probe electronic properties of ca

The work presented in this chapter was perfor
Mi chael Steigerwald and members of Prof. Col i
x This chapter is adapted from: S. Ahn, S. V. Ar a

Steigerwald, C. Nuckoll s, and 210.11284pn K pt8-&&rla man, F
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The devel opmenstcatde mbletuloar cs g eqgbi rtehse
relationship between the structure @Bd @&har gc¢
mol ecul ar jJunction consi sot seloefc tar ondoelse cvuilae tbeoru
groups that provide both [47he Teélee anteracruirce da rcd nrd

the molecule déependn®|l pocul anl paokbone structur

the electrode met al and the chemical l' i nk gro
type and st r emogltehc udfe tihne emeatcali on, in acdgditi o
Together, the backbone and the |l inking groups

electronic | evel al i gnme|[81t9). Maent yw eckinf ftehree nnte tcahl e |
have been used experimentally for atF&xhing m
lLami M&asimet hy |l [6slufffuildegsrifpraeacyc[llLP,phpmephi nes
1Bcyanl@aemsd covaclaernbto @EPILdhntkkes | i nks dimol acel ehe
contact geometry, whose variati on fcraonm rjeusnucltti o
to junction, parti cqul2822 R y Al t hbloig bd aed uerneknseonatr se
al k atneersmi wiat md car boxyl i c acid drPealpescthraowme cbe
mechani cal cpij agay eiheaswseo fn ot bseoe nf arre p odretsepdi t e t
chemical modi fication opporf2uBht hepanmnffot ted
attributed to the practical <challenges arisin

nomol ar organic sbrvenbast adswepli ag3.behavior

Here, we overcome these chal oeergearibypyxytl ud)
one met hyl sul fide (SMe) i nk; the SMe grou
pr oprithi eWe measure electronic and mechanical

mol ecul es terminated with bot h COOH and SMe |
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acrosmolAtul g uncti ons, we find t hatnsboahe SM
comparable in terms of their electronics. I n
group to gold t-holbd JAQ@ObanHoxyWYkang an at omic
we also camoy ecuwt esboglde r ypa2ufrWwe nie ansdu rtelmsetn t t
asymmetrically terminated mol ecular junctions
to the bond rSuMet utreer niionrade@20@ wninod cehc uilnedsi c at es t h

bet ween the acid group and gold el ectSMedes I

bond.
31 Systematic trends in conductance for
Themol ecul es used i n t his SAtQu d (,Al dmied h)y,|

(methylthio)paBop(iAlinfiac-(Aeeddlry)(sulBbf anyAld) bURpami c
Scient(inmeatchy |l sd4ul f andyAld) p(eRytaann oS cci-(eana iti dif yi (ct)dy i oa)nbde |
aci 8) ( (Al drich) wer e purchased and -used \
bi s(methyl BBi avalsemszyeamndre(si zed bet {208 DMe tolceldur e
4-( met hyl t hiB&) bweansz osaytnet k(enseitzheyd tfhriocom b4 nzoic aci

o1 k eedta[34Ll

Mol ecul ar conductance measurements are carr
mi cr ofSSwbpee a gold tip (cleaved Au wire, O0.25
gold coated mica substrate are brought in ani
solution onfol € bFailgeBdxedg.et The curnrmenttilpetawede ns ub :
measured at anO0O apVYlasda bfi asctoifomM50f the rel at

yield a conductance (current/ voltage) versus
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Displacement (nm) Conductance (x 10~ Gy)
Fi g8t €onductance meCasQiH/eStMen ms nat ed al klan&ch
i Il usdafr atdin@inAd ul ¢ ur(dt iAo 2.D c an dyd taacreane nt hi
from over 10A30068ckendmeanduakd. altnsaeth:i aSamnmndl! «
mol ecuA#c AID conductance hissitzoeg'r@afmadlf nlAli2 n eaa
Gy f oA3anAdj . | ns-ebgarSietmimi ¢ pl ot of the wvari
conducthantcltee wiumber of carbon atoms in the

l'inkers).

pull ed and broken, t he conductan@:(e@:t??daqesthseho

gua um of conductanceysecimadincatfi ndet tadtnttalce ¢r

of a few and, eventual [3¥, Vidhesni ntghe Aaut osmircg | ceh
broken in the absence of mol ecul es, the cond
electrode displacement due to tunneling acros
fromtds bel ow our experiment al detection [ 1 mi

snapping back 4333#heNheonn tnecatssurrearieanx s are carr
al kanes4A wiettthyl ene groups terminatedA®AY ,a COO
conductance traces showradtiti voanbhbslEkeguamrst a
3lbi nset) . These plateaus are seen |if t he mol
bet ween the electrodes, with the terminal gr

i I I ustFrn gBiacke i n
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Fi gB8lbe showesl i menhsi onal conideBdtaeatedi 6t omr &
measur e meA3t swhweirteh al | traces are aligned al on
where the single Au atom contact breaks. We s
conduec tarncund 4, chaamdct@&r Gstic of Au quantum
positive displacements, we see Ad4Gidndttcattngon
mol ecul ar junctions are for medui siraatdol n@ t ced nyt af cot
Thi s-dit wensi onal hi stogram al so shows that the
about 0.2 nm, in good agreement widwh tfhr ewmi oes
or methyl Byl fTihdedevpaloleg sdi stri bution of the <c
tdat the carboxylic gr ecuopo rhdiinndast esde |Aeuc taitvoenisy, tao
amine and met HLP s dlhfeiscte regrsaudpgs together dem

mol ecul e junctions-scdn heasimgl icablby xfydn me & cii n

The variation of conductance with the | engt
theeetronic strud2t36Fy oWeuahei fyuntheonrends
systematically as a function of the number of
di mensi onal conductance hi s tcoogmpaofsingd®fic ¢a.l |Byme a
fitting the molecul ar conductance feature in
determine the | ocation of the peak in these
correspond to the most f r e grueesnptel cyt i meza snuorl eedc ud
observed to decrease with increasing mol ecul a
plotted-lomgaaidsdeémic scale against the number ¢
i nodRi gBile Wet matt et he number of carbon at oms

carbon atom in thenQOM®HBEarngdr osuop ,ont.h efFrednrae | i ne
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we find that the conductancyg Woththnsreasieg
l enG=R"g”") wheGies the cBhduthancentact resistanc

carbon atoms Hin tthhee cdheaciany acmdh st anth \Wd ©ht9aiN
0. 1/ met hyilreneo agdd oaugpr eement with past measur e me
with a wvarietyl[56f1]11 2338BiPnaThegroarmptsact resi st a
extorlaapt i ng this fit t oq.FRoerr oc accnaprdroins oant,o nwse) iirsc |
values determined from measurements of al kane
i nsodRi g 8.Ic o). I nterestingly, we find that t he
constandnsefi ebhi s al most t-60€HNSMmecampobhnantdsofw
have aodstamgwt cof 0.9 N 0.1/ meArsyelreinees) hiafs waen
carbon atom within the | inker w hBiacshe d d wwens trha
consi dertahtei ocnont act resistance qof( ~+Thé0Rpondi ng
whetrlre contact ¢ eairSsMea nntoel iefcTulBde Fr o m itnhfiesr, W €

that the electronic coupling between a COOH g

SM&u | inkage.

32 Conductance of aromati c backbones

Having established the reliable formation o
mol eculnesy, twen to aromatic systems that have
transfer t raceglhesiomenti grygpred eMaercdu o@Dt rVdens f er
focus on the prototyyfimeahytohjoBlhredoimbl Sdele
COOH 1| inks on opposite ends andheeaxzowmrdaictc t am

hi stogram, gener atiends, ush dwy 8.20@bar rdiwtrdnane ) . We se
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br oad mol ecul ar conductance featur e,
15

indicating that Btihe conducta@angc e, . 0.

B1 MesS
changes from jJjangctiaonrd t o ] uon ¢ thHOatpH 11

coul d depend on thel0pri e ation o f he
8 B2 MeS SMe —— in Tetradecane

mol ecul e i[BPEhecijahky,owe .

. *g B3 M954Q—< — in Tetradecane

fnd that the most Brequent |y measuréT
© 5

conduct Bhicse 3florhi gher

saturA4 enddbl ecul e, desr‘-'

comparabl e l engt h. 0

10° 10” 10™ 10°
conductance clearly d e mo ncyriductanée €G3) t he

more efficient el eéfogﬁ?;r?sctonéw§b6’?qet'ﬁ”’rha%sugh

terminated
. . . ductance hi shmigc anms
the del oscyasltieznmed @it ygth | g B aidre ) t wif bor coparma o ¢
wat er a(tl ipgHh,t 1 dbnBd2(eg fa)nagne

mol ecul e | evel. HowBe3V(\;a,rc),|,e,1,tnt@pm@@erclasnoen t o
carried ut at an appli
i ts symmetricallB2 | inked analogue,

(orange Ftirgd8®#e nwd e t hat thBRlcosdacti @amceioadi cat

reduced coupldidng idbinealt «C taheom bet ween the phen

33 Binding mechanism and mechanical stahb

We exploit the chemical modi fications affor
mechani sm between tuhela&citd oglrcoupg-iarsd ,t lwe Adherf
presence of water at a pH of 11 (NaOH base).
the i onic current between the tip [dRhd AdubpsH r ¢
11, we see the clear molecular(~to®iB)@sanbe f

experiments perfor medtrianckeit g®® @ d eCoagteh @ € raicg hdti cl
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nat uB¥ pgef 4. 28), we expect the carboxyl .group
Therefore, the absence of any changes in the
binds to the el éAur O@@Bt Weouwgdhs oa p@@®@orm t he
acidic so3utibmwmt (pH ildenti fi ablvedcolfbdhuct amaude d
to the redudeldn sohebstrogmpgloy aci di cBB @l wntoiton
deprotonated in the |l ow pH solution. To deter
bond formation, wee@gxurfementcd mEfubmainiowd)dmenzo
where the hydrogen of the carboxylic group i
Figd2eéviol et traobeyrer we aoclneodre cwBBdhutThasee
measurements therefore indicate that the 1 mm
mol ecul ar junctions, gi v'i-Aug bcionndcilnugs imvees thedviniti dsenm
this result supports a biAmd ibnogn dmetchhraonui gshm tbhaes
charged oxygen aAwmisnt eraachteirontshanThGs al so pr
carbon atom of the carboxyl group appears toc
equation for the albkawee series, as discussed
I n order to test BerdbdAnd edterca mgtdle shetwee era
conductance and for cemomheaudreememnhst ioms s ifrod |
previousliyrdets.R&i bRrdi ef l y, wwei bsecanduwestiowme a
mi croscope ( AF Mo laencdu Ifeo rjnu nsci tnigabred elde tcvoememre r & | @«
cantilever (NanoAnaMmorca atoneh.yt@nmd vuac tgaanlcde i s m
the tip/sample junction at constant bias of
monitoring the defl ection coafntaFliep&8ad.i § mAcays<e d

mpl e conductance trace measuBledwheir ea wie nsM e
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characteristic condudp &hg63be Iratvehaed sai rmoudl ntda ne b

measur ed faovricneg tar acchearhact eri stic saw tooth pa

(

S

f

el astic) and irreversible (plasticl)dpdéafeor mat
onductance and foroasefs gd®leasvheo voofefesnret t A ong
i spl acement axi s so that the end of t he m

i spl acement .

To deter mi ne, with stamolsddiwclad jsumgantiiforc amepg
oltkPottisands of simultaneous coniddatanlty w@xnidn

wdi mensi onal hi st ogrnanChtigdt reBr (Raecéo)nydduectt baenlceed t r

re analyzed to select those that have a col
etermined from iteg®d o thoyglrraengusirowing a conduc
act oirmmoefdiSat ely foll owing the plateau. Althol
asily recognizabBlnol ebel shoesul esgih af rel a
or mati on-mmwlfecsal agljeuncti ons. These slked ect ed
i mul taneously measured force traces are ther

l ong the displ acemenotfFiagxG3zse Klals fShowe G ma denss
l igned alang bheafldiog a constant offset to
he end of the conHKiug@3agqsbheo w Itahtee a2iD i so nzdewcot a n
i stogr ams, respecttiivedly, r ppreseant atgi anm eofst alt
tatistically averaged rupture f or-d&diemdrss itohneanl

orce histogr ama(ibilga8BReT be e maaginadft udhe sharp dr

profileiapl aeement corresponds to the aver age

with clean gol d, we have showat ¢dimiac jtihmectriuprn v
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0.2 nN. Applying ¢ h8itAsw neu meettihomso,l ogey abt ai n &
N 0.1 nN. This force is compdiabd-SMeo hoenat r e
2T indicati nuthianditmg <£©OOength is notAuvery d

donamaceptor bond.
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Fi gB8B83Eorce measurmomhenBtdd)ew? Dhc o md wsotl aarcceeme n B .
measured in the conducting AFM setup. | ns et
the molecul ar conduct ancemepiljat2elx wfi osrpctea c 8 ma
constructed from simult 8djewnuctliyomse.asThedstf
profile (black Iine) is overlaid. Il nset: Si
tradeoewn in ins3eat of Figure 3

I n conclusion, we have experimentally prob
and comodgatuddes with carboxyl Il inkages. We ha

forms mechani cmdll ggc isltea bjl len cstiinogn,e wi th a- ruptu

character[2@gdusti nkersn the case of thiol I i nk
l inkers plays a <critical role in its binding
measurements establ i sh tHh easp oas s imeiclhiamy c alfl yu
el ectronically conducting I|inker group, and

chemical modi fications to tune interfaci al el
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Di ssecohtmegcth ani cosn d ur copamtnhcwea y s

I 8 ngroé eguunicet i g nd deefnievat i ve

El ectronic factors in molecule€e®nsuglatasnqguoant

dramatic modul ati on and s upoplreecsuslieo nj uonfc tc comdsu c

effectagiel eceal ei | evel requires simultaneous
properties, as conductance alone cannot provi
mol ecul es with | ows t otdhgdeu crmhe o had nsi. ectsH eoofifee,rsitw e d e n

singdleecul ebyumetas drosacger ashse t leer ejnu nvchteinomso ¢ | e
bias conduct a@omparsi nnge atshue ede s ul tusr ferxone rti me 3«
provide theysftiesgatdegci mdctt heni obet ptay mbehwaec

di stinctively quantum mechani emll ercaitl ler § umfc ta lo

This work was performed in coll arheomadri o nofwi R mh

Nuckol I BBETgcalupuyul atfioonmse dwerye Dpe Mi chael Steig

X

This chapter: i$. \adaMrtaeddh yfar,onm . S. Mei sner , M. Kr
M. L. Steigerwald, C. Nuckoll 2pg28hd -B. Y¥Yé&diBat ar an
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Understandi ng andgdl econonok!| imrgopeheéi es of
fundamentally importaitl. fdhmhemglcaamamlnard i alge ant rc
(STM) based break junction appr oacdn dguicvteasn ca&
relations-mopecwnl sijnpgheti ons because it provid
ensembl e of [3Bjeaslowement sin these studtifes onl
junction e€ionndmebanced. This | imits the inter
where the comeuctven geesfimaned .orThielory predicts
modul ations in single molecule conductance fo
as variously substitut ecdongruagmdateidc redReecdwlneas w
example, theoretical calcul ations have predic
with |l inker gr oupsmeattta tédacdlh aunlide r3) apvoes iat icoonnsd u(c

five orders of magni-tiunlked[@wedne i@net bdbmaespo f f &

conductance measur ement s al one, whet her such
conduct amepsabcti heaeted mol ecules is often belo
instrument s. Aé¢ g uhii lgihb rbivars eesf, f encars , junction h

cannot belarbul €dr olhér mor e, a esdddd stocdbemamppt
robustness of interference phenomenon by rigo
junction formation probab#pluintcy,i obi wdhirng@at sone

structur e.

Herwee overcomel tbbakl emgdd chy simultaneous
conductance across single molecule junctions
s e {1lupp . We study three mdil émat byl tlpit &(Pmwinse(sdh e e

met hylthio)@hearyd) gmkadmgl tFHi o)Thteisleb enmoel e(cul es
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since the | onger s thialnb ebneen zlkeanek bboanceksb, 0 nreast hdeirs ¢

mol ecul ar junctions more frequently and the t

mechani cal and electricA8lPcoWwe aekpltoi tt heheAuh
probabilities and reliable contact properties
t housands of indrobduadahej unbusonessoof interf

Thpawpadasiti oned Illienfkfeerctgwved ys ciemplemaandsprbh

conduct i-nmogl esciungel eRthet meegehahncal l' i nkages bet
mol ecul e ar e 1,t hbeuts aonmenjausg aitn on i s broken due
results uinetiowerco@Bduthanamamechani cal | mentkaer s a

position but the conjuUgaTleer drisigrpoi meastmaalle
conductand@de Weadue et hem si multaneous!| yolmteaismur e c
signatures of junction formation and rupture.
and rupture force for each of the three mol ec
the conductance, we fiinmentshat viehe or upteurd e nikken
are able to demonstr ameetsa f otrdftounteesd meshatni mal |
Aumol e-Aul g unctions but does not show a meas
cal cul ationsumomethdami cqulani nterference as th
measurements enabl e us not-condvwctongnwmetsecghte
generally allow us to deconvolute elecetronic

mol keeujunctions.

41 Experi mental setup and measurements o

Simultaneous meamalreameine scofduwdtngnoece and f

using awuddgtocnmnductive atomic force microsco
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detanelVi[plU(sdee al so Mbhptalal)junctionsoatred for

AFM <cantil evemmiamrad saimstAuat e schebmiag Baal | vy r

Quadrant
Detector

Gold coated )”
AFM cantilever *‘_':

substrate e

Gold coated & @ Y/, O
_ 3
S

Piezo

FigudtL&xperi ment al setup arféd) m&lcheuwmlaai cstorfu

chemical struclfBures of mol ecul es

Conductance is determined by measuring curren
mV. Si multaneous measurements of cantilever d
junctioni sTohpeABMed i n ambient conditions at

mM) of the t d8deéetgRAIgl ecnultle,s?h(dor obenzene are
substrate. For each bweamawsghtement o ¢ctbaetadtp wit
conductance g(r@atZetr, tthhaen gfuadht um of conductan
retracted at a constant velocity of 18 nm/ s w
conti nuorusdd/). reweri ng this elongation, the Au
contact, clearly identifodgetddinbyha absduonctawncten
cont act ruptures to a broken junctubhomwhehn

mol ecul es, mol ecul ar junctions arpl ategqguently
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Fi gd42dei s pslianyuisl t aneously measured force and

breaking Aut spowintth oaudmitgaec?ae c ud rd sawmigt(Fhi g 4.2be

respectively). We see a stepwise decrease I
6
G 10° [ a
-
810" F 49
(2]
-2 (4]
©10 [ 2=
= 4
2107 =
) 0
0104_ I 1
0 0.5 10 0 0.5 1.0 0 0.5 1.0 1.5

Displacement (nm)

Fi guReSampl e experi ment alSaympmea sturaecde st roafc es
conductance (red, left axi sAu g mnud cftalrdaues a(nhdoal)3k
Au single molecule wsndtnidomsateDdawmrwafridnadr i
rupture.

measur eduef)orhcaes (ablc ki arod cht wardithd tedrlat esrarwat i ng | i ne
l oading) and abrupt drops ( stnr ufdatiifea |l Afrteearr rtahn
rupture of-atbm AdAaoansaoagl en the absehae act emoke
1 o@éonductance plateau), no further features
conductance drops bel 86G) thandteaber dbreel svalys
there is no more a | oadd gdiaet hv¢h ema natni | Aeuv eprq i nat:
broken in theer prae ssedorhogec edfe junction with a <c¢h

feature i s for ng@l P~TOM0Ii s% aodfd itthieo ntailmep| at eau i s

traces 1 mmediatel wff alhleoviiun gc otnh eaFcitgudi2ivees( eield u s
trace) for an i ndiviTdhuea s imeual stuarneenoeunst! ywiatchqgui r €
show addittoootnha |lf esaatw r e s . thhetptmu X ureaseat wel s

the displacement axis and the mol ecul ar junct
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0.6 nm. Once this molecular junction has rupt
seen i n measlwr2emént sowtt hst ,h 3dme ansoutr eemehitilsi twi &
defined conductance plateau, however a major.i

features after -ctohnet arcup tausFei d dluesttifaa tAoud f once f e

similar in magnitude t @anzhose seen in measure

42 St atistical anal yses without relying

For each 1Bolweubepral(yze 7000 simultaneous]|
fee traces using an aut Crhatpadcral2g o reetchuns edettBaei
| arge datasets to obtain stati st ksccaallley sstirgunciti
varies from junction to | uncetmemn. wHee nb etghien Al
contact ruptures in the conductance traces. T
bel ow 1Fdcusing on the simultaneous!| yl omgquir
segment of -$hdsstanrce efeormdtiheecul es ypbeyengot ht
| ocate the final junction rupture event, i .e.
Gorupture | ocation and this final force event
For daocbhing PmFbobg#é4abagl esve( observe that mol ecul ar
after the rupture of the Au point contacts an
the conduct gr de whli a&the shuiasl eéoreen used in -previo
mol ecul e jundtl®2nl metchaei ¢snportant to note t
mol ecul ar junction rupture events t-dher foiungehd f

conductance plateau to obtain the elongation



60

Twai memsi emnductance and force histogr ams
of the final force event a[8Bt HFerorciogiidrucdlamrce,
traces are offset Igatperuarlel yl oscuacthi otnh aits tthhe or
axi s. The 2D c oghdawcet menare Hiimsd oglramg -atxh a5 @0 s p |
bing/ mmd | ogarithmic bins-awxgil ®@8h@O tkh)da Rc/ odhedcuacdtea
force ddatiad,uailn traces are offset both | aterall
value at the 2o0fioghidmres tiosgasmemse.arTlbe ns al,onbgd 0di s
bing/ mmd ,f olr2c. &5) (bg mesd nNEvery vzDtfiacrad e steicdti oqr
with a &Gmdisist anpeak is used to determine a s
entirelidatSasnete t hercd i 08 basede on conductanc

significant force8bB®WénmeasuerdAtiracpsuri @ €ach

| i g42be we an siprd diyvricdeu adnd connewnat &h cVe me a s
see a ¢clear conductance plateau after t he rt
acquired force t rtaocoetsh sfheoawsu rseesv eirnadi csaatw ng mu
the junction, ul ti mat ellyo nrgi@pBti wrhiheg fammaér f o0 «
(downwar dFiagd2ev 0ocurs at exactly the same di

dr oFpi.gd43ae shows the 2D conlmuepraasenthiinsg o®7 &8n ¢

individual traces f oeantwhwacsh faojusn ggtna ife ecralitt & oou ¢
force data was used to identify and set the
point, we observe that the conductance -also d

di spl acenoenrstt r atdieng t he r eblaiseeldi | altiygnafent hips c
conductance profile of this THAG9qRiogd3dend abchko ws

trace), which compareshwseslbgwambd theatl®dcbndm
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b, cl)2afn@r r es pedctprvoefliyl easn of conductance bel
more than 85% of the 7000 measured traces
each case. The abrupt jump in conddctldmes :
vi sual gHanAse) wisort hat bond rupture coincide

most frequently measured conductlam@dle val ue

traceec(4o40 sWee tphpadanked Ihfodremesuljeuncti ons wit
hi gh;dewdlInled conductance,cas] ohatee & emloNfemcDod rh €

force histogram created from the isFmg84 aneous

along with the statistically averaged force p
NN atdizerlomcement, corresponding tdllh he force
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Mol e@Qwlheows similar behavior in conductanc
hi gt afm 43be from 6332 traces), shows a <clear
| ower val P&, ToHi s3.r2d sLwl t i's intuitively under ¢

communicati onmbhet weenngbedaeoto the ethane br
t hpepaspadsi ti ons of thel | IFmloenr & hies stdentsitcalal t g
(I nBieg44 e green tracee) ,] umnec tfiionnds tahlasto trhuepst ur e ¢

show a |l oading and fupture behavior similar t

Qualitatively different b3 h aWei odo isotf ouad
conductance plateaus i n Fi gdfcei dlumd i vtirdaucae s ,f oar
however, dtoo osthho ws isganwvat ur es typi cal of junctior
and areusanal ofgorce hemra#s ufbmenis okpresentatiywv
rupet uevent of the molecular junction in indi:?
(Fi g43é¢, constructed from all traces that sho\
shows a broadurcengluicgmainicy dl@ate t he radigue el ev
43d (red trace). This carmebreo asocnrtirb ebdu ttioo nt Heo
t he sigma c hsapnanceel ,t utnlmedughge bet wctrodes and
i nteractions betowedn atllse amal[@2hjiel ahNbe ebeet a g dae :
profile centered at the rupture eventigener at
44(red trace). Clearly, there are a spttautriest i c
events afptteart etthe & fldaaoa®i omhiscihmidaul dt onot be
conductance data alone. The bond rupture forc
concl ude -nohlaetc ud ien gi3wem et iIforgneadimotbus how cl ear C

pl ateaus and have a significantly | ower <condu
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|l ow conductance due to interference effects.
conductance 3weu agbisteatvievdloy very 1bi2f fasens ff oot
evidencednventihenal |l inearcandutbogac@&e htmscm bt 3

4.).4

Taken together, 1t 2heendfi ddacteet ptrhoafti | leasn d orrupt u
approxi mately the same for all three mol ecul a
rupture force depends on -StMee dopoeiptioc bonher a:-
mol ecul e, and ittieviatpyppaofent he nsepsure Daoarce t
experifnoernceea bl uti on, can be explained -®Me t he s

bond4g3for

The independent analysis of force ahd con
aspects of junction evolution even in the ab
amount of elongation sustdihedjbypcthenj-ehonga
gives information abmowalte-&uhleg igeeo . mekmygemher dle, A

in the junction can sample multiple Dbinding

ideal i zedmoleg-Aulc@ud n Atui [ R gTehoemejtunyct i on el ongat
with the -3nodiextuar@ace,S but is smaller t&zeo the
gap that is opened whe[RRt hiei Atuo proa md «fo ndlaacn g ¢

constructed from individual oh$%&deds)anldh eh apveea k
val ues obtained frh3mrteh egieicathdld.eerdphbeat ¢ @awms| ¢ ogt |
lan8are in accordance-SwidtcetsteameHorwervegp e cat irveel a!
pl ateau | engt2h T 0bsceulvokldbdaodueonfoi pomat i ons

et hane Briwhgec hi mr e noltoBaluleowed tihre eietntaral C=
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These measuredgtthongaveoms!| further confirmat

independent [3p2Zh conductance

Tab#k Conductance, el ongation |l ength and
mol e dd.l es
Experi ment al Measur e DFT
Mol ecl conduct| Elongatiof Rupture SS di s°t 4
(9 ( nm) (nN) (m)

1 1.3%710 0.42 0.5 1.31

2 3.2%10 0.32 0.5 1.29

3° - 0.31 0.5 1.17

a-B3LYBA&G** | evel of theory

b-no@monduct i v3dimolned udsehfoow ewde Ipleak i n conductanc

43 DFT cal cul ations and discussion of r e

Having hedt athlei ssi mi | ar m&8chweiamaé ashladit ot
comparisons between the chemical Sstructures
unambi guous!| y2i soncelsusd ec ofintddauec tti mgb rt dhkaenn T onj ug:
formschanically stable yet lah@atei eaklentiabuy
structur eScawibtom altlomsp and with si milmert amol ec

positioned | inker groups effectively turn off

To benderrstand these results, we have exar
organic molecules bonded to an Au di mer (whic
AuS deancocrept or bond. We wuse a di mer oft oAut haet on
unpaired spin occupying the valence 6s orbit

organic molecule to just one "electrode"” in o
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it encountbeorusn dt hoer gnaentiacl.s ilmmp | @ ff fi eecdt ntohdies ifsora t
of the system prior to the charge transfer.
structures of t hese medled* * JAlfetvethieg haets tt hoec cBI D
mol ecul ar orbital (-6lPMOINI £ ed mslt h@aiged p3s far &u

showrgurds The HOMOt efids acr’'esspsacteheofenthier emol

FoudBTheoreticalDERI cptl iamii dends structures an

Auyl (BanAddu (>8) Au

contr agtathdl tSh gni fl,i ctamea |HOMO nconnects both th
and provides a clear electronic c@ndoune shiedewe
the molecule doesndt communi cadfe twhe hs dther att e
bridge. I n additi ofhgarrbootnast i iomc raeraosuensd tthhee sceo nsfy
the molecular junction. Therefore, a broad p
without retardi n3g tobseearvuep ttunraet fad rtcheo.u glhn t he HC
bridge, It does not have signimetarstitawompml i tTwh
finding is consistent with observations from
ki ngt/Bs Hammett [2cCRBoedhd cée@anscl|l pusihe ngr gamive na
which predicmepaoegdiPfromor ttierect experi ment al

coworekleercst r ochemi cal | yt rgaunasinphoertfti eksimebi@amwad@m r g e
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(styryl[3bt iHolweves , this area has recently rec

the possibility of st-mdyeongll6tRésgeebffects at

Il n summamy, esuhgl gunctions paraametlaemkedder

stil benes have been-AfFM med rwsaicrhg td adc orad U otwisn d
singdleecul e mechanics through force, i ndepen
despite great di fferences in their conduct an

mol ecul e junctions that are mechpaavisacdnet g st al
l'inkers provi de similar mechani cal stabil it
conductance. Forpatllaenkeer r gga soaurpss thlreermereh aanso t vy
cont actnee,tl awmhkdres di srupt the cenHanttcah aoht a
guantitatively accounting for the contact mec
that quantum interference is an inherent prop

guenched by mi ctojowsrcootpii acn jwanrcit@na@merst. y Trha &S utr\

capability extends o-mo | eucnudleer sjt amci ngn opr ospenrg
conductive and insulating systems as simpl e
Mor eover, tphriosv i alesr caacrheans to design and st
devices that wutilize quantum interference.

44 Supporting information

Fi gdGceompares the conductancl8 ahm tshe@epedrdy
hi st ogir@adBagt henduct ancelifseagrmomi nfedmré | inn édart lhy

| ogar it hmihciasltloyg rbaBimsa £ dwmhoi Ildei scernabl e feature
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The peakofposheéei snhep | Eing4aché df et r ehaohi e3hsitshe m

tabul GBa®de i n

0.07
g 0g ¢
= 5 ]
Q W =]
O = O
3 N 50.04
N a 8
= 200 =
< o T
E € E
o a. 5
2 2
0.01
0
0’ 0.0 0.4
Conductance (G) ' Elongation Length (nm)
Figube€onductoadcetep l eng(tal)li i sgoagma me f co
measur ed tractées’ fSor i tholl 8 mteleggsppbkeentof al |l ng
hi stogr ams WiGGabidndaszed l i nes preea@ntcomnh

hi stograms withbblBIOorbd atsi/areclaeegt h 1@i snaorn ma
tot al numbk&d78&86,33283a85) for each case (0.
hi stograms are overlaid.
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Van derintWarad csine teanlg amimer f aces a

s n grioé¢ e deuvl eel

The forces of attracti on ibretdviefefne raggnotmsv aarnide tmo
One of t he most ubi quitous forms of attracti
represestpierg fnoninteractions with more subt.]
bonding betweeneapemsmeMealusappuoach of measu

simultaneounllyeciuhesijmuglce i ons to characterize

mol ecul e interface at the | evel of i ndi vidua
per f oarnmt igguati vely with either theoretical or e
The work described i n this chapter was conduc
performed all the theoretical calcul ati ons.

x This chapter Si. . adaptbM.aS.r bHiny bFerretis, en, and L. Vel
Material@p: 2pa 2.
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Van der Waals interaction, and its subtle
and surface r-ougamiessi at emfed aé s, i § estFruictal e
function relations in diverse ar easadgaerhbuldy nc
[1-3]. However, van der Waalesn gii mtge rtaoc t d loanrsa crteemmai
fundamentmoll ,ecsiil mglleevel both in experiments ar
accurate tr ealtameanlt, olfontdhoen ndoms per si on i-nterac
organi c i mtter ftoc edsa,t ee fhfaove | argely focused on
mol ecul es on fl at metallic surfad4e% vweehr mini
show, through meamoleemeépt snechasioaog) ¢l &t pyr.i

can bindtcttaurncadn cAu el ectrodes through an addi:

chemical |l sAus pleaaicfeipd oM bond. Using density fur
show that van der Waals interactions bkeetywe en
rol e i n the junction mechani cs. These me a s u

characterization of van dergawaiad si ntnarefraacceds o

mol ecul e | evel

51 Experi mental setup

I n this work we oprceebse amnadn dj urnuwepti worne sft i f f n
junctions bsichogn daaaebhomgc force micr-mecepel  AF
junctions ar ebif py medi nvabti (gBy4),i 4ddy| )le,t2hyl ene ( BP
bound betweemna Au Alu lxotdtisagddadda n tMelassweare ment s ¢
t hrough thenpgenctainonadpeptieirend nlei atshe juncti on
simultaneous measur ement st hoef fcoarnctei |aepvpelri edde fal cer

(see mé&t gadbe)s.hows the simultaneously measur e:
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Fi gbfl.eSsi multaneous measur ement of singap Bo

representation of a BP junction formed bet"
Experimentdl cpndieasanee (upper panel) and
(|l ower panel) sample traces during junctio
Shaded areas i n upper panels repreowent phingt
areas represent structur al rearrangements v
abrupt force fluctuations (downward pointi
junction rmuennujrersctioomn and stiffness is th

force (Il ower panel) duri ng-ctomd ae€\ o luwitdoerw.n €0 Hoen :

conductance traces shows(péfhat gaastam bht egedu
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t he Auc omdiarctt thins and ruptures. When the sa
presence of BP or BPE moloencaull ecso nodnu ctthaen cheu psluab
in the traces at conductance vnaollueeésu |teghuantc ta roen
Previous work has shown that pyridine termina
di stinct geometahaersacteearcihstwict conductance di ci
bet ween the [tOWp &l dicighod®srduyotri Wd B unfcdrn mend (\VE
thecelrode separation is smaller than the I eng
can rearrang-eomnaoudtoirmg ap i noBwe E ofrh e( BIFp pFeirg upaen e |
51c, d show t heolcuotnidounc toafn caen ®A/d p i nthe presence
a function of elongatigonf.olWeowedk lkky pd as eque raag ¢
| ower conductance val ued oitmm cci ccatnitmag tt autp ttuhree s
BPE unction, whichorr eBpRiBadaeges (TheadBBtance o0V¢
remains in the high conducti ngFisghbetearidyulmieghl
51d,and defines the high conductance step | engi
conductance junctions in ~80% of the measur e
| ow conductance jungamao ngBcPaEnwhaelns op rreuspetnutr.e BuPp ¢
without switching to their resmetei#fvué puowtcon

is fully ruptured, no current i s measured bet

The simultaneously apgnefFedbhlbeéy cehowaceped
sawoot hspawhteerren each | inear force ramp is indi
with its characteristic stiffpsessn (ftohees| cper
abrupti mwelbwismdg raungdiuunrcet i on r[& 8lrbr aTigeme nt sr c e

al so clearly denarmrsetsr eiulea ttw hyepei ccuaih(eBREP | unct i on
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switches(BR®E auBPtion. Although most abrupt fo

conductance, we find that structur al rearrang
BRand BRExcti ons, without significantiganduct
51c, d. Sever alupdiugstteionscatw elvoeandt s ar e seen i n the

span ofy BHEo nBdRu c ttaenacue. pTlhae di st ance over whi ch
before the final |l oad/ ruptur eFieytelnydd nids dreif g mleis
the rearrangement l ength. nmé¢hitlreati ta hasn dbuecetna r
corresponds tasithegl sthbhdhdiBi hevef obsedembnstr a
t hat conductance ©plateaus can sphh dHesequar

simultaneously measur edl dowalceprmpome i a@ife sstamuad tnudr

52 Rupture forces, junction stiffness an

We measure and analyze thousands of indi v
conductance measurements t o ddertoeprsmiinne ijnudnicvtiidou
and junction stiffness (sl ope of the force ra
on three distinct regi mes duvat omi ¢cj uaecnt aant sel
conductdrngBMBEact iom)nshiagmld c gord ugjPUNncgt iBbAMhs t hat r
an open junction (see methods section for det
t hese tshr ee shbraegeddae aFndgbdbe respectively.- We fi
at omi csrcuopttuarcet wi t h an average force of 1.5 n
of 8 N/ m in excellent agreem@kt Twhiet he rprroervsi oiuns
positions of fdomenathldael soypé miemasntaale uncertai |
cal i brsetei cChhsap(t er). 2Th&ewt dbhs 206 the distribut

representative of i ntri nshiact jawnec tfioounn dt oe vjeun cit
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carried out §lt31ATh2eK riunptwacuudmr ce and stiffnes
t he det anmpdostie ntthiea l edilebl §y Tlhen dee@aaspa ement s o
| arge dat aset s, as presented her e, provi de

junctions t loath arhee mdicfafl d ryemtndb physically.

Normalized Counts
Normalized Counts

0 10 20 30 40
Stiffness (N/m)

Figb2&®upture force and stiffneBdisstodgrsammsg]l:«
forces and (b) effectgrveeens;t ineare su OtoBrseB K
mean stjizk=f 6es¥s NKO. 1 N/ m, number of mea(ssuhra

redys FO.85 N; O 08. 2a NN OK 1 N/ m, N7 =1590)N; @&u
7. 7.8 N/ m, Ni(=gr2ex46)l,F4BP N; O 0110 .n2N,N KO. 2 N
BPE reds F.88 N; 0024 . N, N KK.2 N/ m, N = 530)
the peaks of the distributions are provide

The | ow conanudct BRBhcBPons bet.h8 rnuNptium eexade
agreement wi t h previously p Uylbd 2 Ppsared esedkipaebdtm

trajector yecdlocuwmleat iwdansh density fundtoirp Bal t !
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juncfigdlophs These junctions t-ypptatbbpysaivow & oscCE
exhibit a shortddtheccrhtit-@ndenmiéap h@n the hic
jmucti ons, consistent with-Auhdostdr etBaotichn & hMEN BP
junctions have a similar st jcflfonsees st of 7t hNe/tm oafn
atomicsco8t Aegmhcti on stiff necaor,r d@snpoan dssi nipol itfh
Sspring constanimobe-maheael epuncei matalwhere each
a spring. Wi thin thismopdieeitudreeun ctth eo ngt iwfhferrees st |
bonded to only ehecAuvuodeompen, eaalm only be eq
an Au -asiomglce contact. The stiaimfdneBsPsEe mehesue £m
consistent with geometries where the molecul e
formatn oAlu dbacacept[fdafl 4bBndn cont-comdtu,c tgiameg BiPg h
BPE unctions have an average rupture force of
than that of the single Au atomicpuyjcome¢ticon A
similar to that for gtehe aviemglge Awpctoantadtor cel
rul esnoexpl anation of t hesbheaserpudubhamednpa br ene a
Since botsh hmovlee ctunhee s ame hstiegrnmifniacla rudprtaguurpkesa, f @e rc
measur gdrhdareadnuhcitghn g j uncta olmisn diemp nmg ¢ s i S M
beydrmae s peNchiofnidtt AruBlte i measur ed pahdf B Réscst | foars
are 10 N/m and 15 N/ m respectively, bot h hi ¢
contactder €dbnwi thin the sprsbdgrogedsti lf sesisse

significantlyedetfereodasti mvbeaathgomddi ti onal b

To understand bett erc onhdeu csttarnuccet uprsen aobfiw otiohse S\

t hetructur al rearrangement Si gnatBuraensd pBePaEs ur e
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j unc.tWeonsseaeavo ot h [ matdune ©oMmi rtaolr d ehdewda op p tour e
switching of tlev jcomdtuican ngoosfE lag Bicq bBRoidgeurr ep an
51d) . s@Hddi teivemalsf orce indicate that these higl
sequence of structurlal irmmgparcrt anogne nteme s¢ o nwd u cht al
high conductance structure exists only over
pl ateau, given by the difference between the
| ength as .ddéfingb& & webldsviedw gr ams of the conduct

t heearrangementydmdigt hs for BP

b BRE: Step fprgth

distributions

a D dconflictared| N M

Rearrangement

BPE junctions. These di str

o
[EEY
6]
>

which are peaked at

forgaBhRd B RE p e csthiowe Ityh,at )

a |l arge fraction of h e [ condugtance

BP, step length
distributions

rearrangements.
——Conductance

steps ( ~88Brd o-~-OIHBE

undergo structur al

-

o Normalized cquntso

O Rearrangement
mge&magnts could]| be

due to chain formatilaln the Au

»

Al t hough these rearr

el ecf2rodtelse high stiff eso'§ %%faaléng'sd -
Length My ¢ hi

i n t hese structures rul es S
Fi gwBeStructur al rearr-¢
expl amdtiisomhawst he CHO f¢lyi| NegC o nudnucct ti aonncse. s
rearrangement l engt had:

is changing its at.(tba)é*.jnar‘ﬁ"é%ttiOgﬁiﬁ?‘”"oﬁhgthe
j i ons ar

compri se

portions of rearr:

durin el ongati on co

el ectrode wunder st[gﬁlgc,tﬁa}r)cJ/Dgghec:jaulsier(]seS_%he
zero
aet notms

motion of I[P @b n Aius t

withe fact that theswieahriahgememgiheofgtthhe cmd
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Taken together, the rupture force, stiffne

usg o deduce a model for juncti onFifgddamatAAaun an.

Au
High

\ / ‘ ‘sk 05
= —-——
m piacen
Ruptured .
Ruptured Displacement

Energy (eV)

Force (nN)

Fi gbAdestructur al evolution duwr)i ngc hjeurmradtiico no-
pat hways deduced from experimental observat
show structur al rearranweaemd u catnadn csewi sttcrhu cn
suitable for DFT calculations in which the
formation and in which significant contribt
at omcal e roughness can be probed. (c) Upon
the speNcibfoincd Aius accompanied by a | arge for
structure results-Nibondthe Capetulreat od &rher Aid
without (bl ue) inclusion of dispersion eff

interactions. The electrode reference ene
energy relativeaetostrhetunietial (d)ectsr ®. 45
prior to rearrangement of 1.8 eV.

rec

<

guamt poontact is first formed. bdpweretriue tvor ee
el ectroder essugdftacleot h undercoor di natAeud dAoun ogi t €
acceptor bonds, as @t hatasi ntaemgaeect Awi tsh rtulce up
nosipeci fic van der Wq @dlog h (ved W)t i-loddealbic ¢ D mohalr
di spersctoinonsn)t.er Bhese conditions afwxendptt mal

juncAsombmhis junction evolves usiwiefrabsa rteses , | 0
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conductin@hijuuncsi ¢eam.nsi stent with pashghwor k w
conducti ng swhremt itohne reelseuclttr ode separatiopn i s
whi |l ecoln@dwcting junctions appear to occur wit

the el[eEktrodes

53 Density functional theory simulati ons

To understand the mechanbased nc anloc el ateitan d
sever al bonding scenar i os$ hoaihsipl eernsa éospa c tti hrer h uadn n
| ocal correlation contribution wiothicmapRoeeBdDFT
appr[@8ch8ecthi.)oan fWer st tchoensii mgeias p eirodtieornact i ons o
mechani cesonodfucltawg junctions. Previous DFT ba
chemical INVAus pdeactiafeipct ori dleaBdyzed cflidbphpWe revi sit
sever al prot oftogrPi bdilon dat rsiadtderesecesh w5i)@md compar e
DFT results with those that I nt hiemdcel udsiisopne r csfi
di spernstieornacti ons | eads to small incredmses in
t segeometri es htehme capedinftied axd d eomt oorf btolanedd ddoonnoi r
hengreadi ent corr ec[2 pwli tDhFoTu tc adicsup eartsiioonmrs i nt er a«

c h atrearci zien dtihneg b

To model -cbhdudtiigrhg geometry we <consider
i || us tFri gytbidbgsvhiemr e t he rough el ectrode surface i
of aattomphhri dge. The BP mol ecul e -liasy elxo nrdieddg et. o
tilt of the BP molecule backbone model s the ¢

here and simulated by control of tNkAeu pdeosniotri o n
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acceptor bond strength is found to be about 1
Structdirseperhshieoonacti on contri butes an addition
junction elongation imd eswdnmatl iad &ldl yorya preoefa odhsgs itn
O.@X¥ ol l owed by a relaxation Wigh4d€he Apper 6
el ongation of 0.16 nm there i s apuabsupthestada
to an adjacent hol |l ow-Nsibtoa dwh iglodc @ ma i(Tnhtea i cnai | ncgu |
force drop for this event is about 0.8 nN, <co
r&rrangements iFi gtbldoee de)x.p eAs memea j(uncti e I s e
the edge of the asperity and the | oss of vdW
maxi mum susohi deBi ghtdddgfen good agreement wi t h
res.ulh®s s pecrosnitorni buti ons faccalwnts fspreclfnd tr aj
contributsipeeci dfi cpnowdW@Wcinostatti c domps$ utgheeld i nsapxei rnsu
sustained force is sensitiv-Autbondeel ongatia
rupture and the coordinati;ont hef vtdhAe ickoinkigliyba t

bet woe.edn t o 1 nN.

Thkey results of the calcuobaducngnunaece BBwWaT,
the dispersion contributi-ooindusctmjncemal P man,d K
chemicall yNspraci vd¥& Aoteractions heeéeéxpbaibme
experimentally measwure¢dnctuipoms e wfohcedhe Fong
specific chemical i nteractions are similar t
optimized vdW interactions cofurtelse pymigeirneser
structur al rearrangement and to even | arger

observed in the experiment Fikgibfalrleys,ultihse icno ntsk
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bond being at a substanti al angle to the plan
t hat was previously proposed ¢tbl ekpl addi t hen
proximity of the C atoms in the pyrfiadinlei tratng
enhanced el e¢2tpraonndi ci scoupeér afooonrete & ddhdec e d t o
condufPttanWee have ruled out any appreciabl e mec
C bond through contr-phemeghpyr-ethenglspwiditd#i e m
(see Se)cdt | dhese mol ecul es have t he s ame mo |
respectively, except thserdeiefathetmobeoaubeom
Au bonds. Nei t her of -defeisree dmod cercdid eetsa nscheo wp | ve
measur eme-at gr wi ppriddi ne do-tmott hserovwnasybegoaod
rupture. These réeberesademonst maCepleohaeéntl yatd c

comparable in strea&ngtnh etractthe® nshesmiemali nAu hese

Il n summary, we have used an atomic force
speci-Ni andsupneocni f i Wa aszlasn idretrer acti ons between tF

Au el ectrode and two pyridine terminated mol €

measur ement of the relative I mportanate tolie t h
si nmgdleedce ,| eivnela regi me where they are of comp
have particular impact on the drive to devel

interacti-mobea@aul emeitmttrernftd oyesi n,amdsgg@s aemnty dtoac
beyond the simplest model systems of ideal, f

metals that are critical to many areas of res
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54 Supporting information

DFT Cal cdhat iBiPartsinaocnervai t h t he Au el ectrode w

sl ab geometry consisting of thrsesérmohotayensil

mol ecul e. The surface unit celll frRoirgbdtea s r i d g e
51 5. The vertical di stance between the wupper
supercel | was at | east 13 . During simulatic

held fixed withteaer bofkd4l aB8tijce Apar amdher degr

unt il all forces were |l ess than 0.01 eV/j for
consideringhuonrndlimnkormeni, and fix the positior
mol ecdeéi he a specific value of elongation. T

by shifting the BP molecule relative to the s

with a force criterion for stalucoiuatil onel a at

|l iterature consider molecules on flat met al S

AUAu i nteractstomwsctonr eeshe( paydr ami d and ridge).

approach, as hamassbteeénedonevohviobhbpeurdder coordi
To estimate the role of van der Waals 1inte

empirical -D2i appRrji@&®8dlcorrect the PBE version o
approxfi2@asi ampl emented i [R2Phéhe WASR. Peavpekraag e d
estimateshe C6 coefficien[/,3D0]lr ahgi agpdarom r22t0
eVi® We coséd2fweMr R. 772 . THhe addieriachabnAus
strong. Ase mncootnede xitn of h t he r eScemdaflfyl erre vsi esneide n
scheme, the effect of s[@reéni nbjReiadpmilrnopaocrht,a nwe

the rang®i notfertaltea i ons wi t hofd &l at)i.veTtye shhuwlrl
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par amet eralfcowl aAtued st oc be 4. 13 | -BRthchbémegeg phi
1% | arger than experiment. The generalized
indicative of the extrabDatschemeveThet eeacbid:d
spercel | geometry employed assure more than 1
and the first | ayer of Au in the next celll ab
bi pyridine studies assure nhaat dipel entassact iaod
Au dacceptor bond in the primary cell and tho
0.05 eV to the Dbinding energy. This conserva
ammonia bondi nd3Ramda®dcéabi adat &mnal | vy, t he use
consistent with -ohe ueédtD?2n edpppersoldadéert. cFuutr t her
cadlcati ons indicate that an additional Au | ay

(<0.05 eV).

For calibration, we considered the adsorpt
surface. We found a relativelytheasbenblkeheeades
above the plane of the surface. These results

(0.81 eV and 2.93 j)Souabemhfgl arhes ateavmel .k aAxmhleinka
based on the van dail WpPBlBpakRenwe alemrulmichdiomg
3. 73%) A desorption energy of 0.64 eV has bee
desorption (T3FD) Teaeaperi smnesbme evidence that t
(17'3s®) i s too smal |l [8f3chr Wiatrlgev almod & &sd & ethhieg h
estimated desorption energy could be D2 | ar ge

approach overestimatesnvahvideg Naalfo®rinhesaaqt



S i

e X

b a

Fo

85

ngle ring, the error could be as much as 0.

peri ments.

OQur previously published <cal cubliaptyiroindsi nef wa
sed odalpyclamst er model s for the tips (20 A
mul ate the | ow conductance configuration in

nsifdfer Wthen focusing on a single |ink bond |

ith the backbone of t he BP oriented vertica

| c (T ak3dp. r Bve perform similar cal cul ations

rami dal tip (4 atom) in a 415 surface unit
1 or 0. 2 and structure relaxation to ¢
ckbone is initially tilted about TZaM3ilkegr ees
rr-a single adatom tip, the binding energy I
1 (i gil)e | nt eroersttihnigsl ymodest backbone tilt

ajectory where the adatom jumps to an adjac
atomic struchhaumde mpmeiant tafef elcitnkbi nding ene
stained force, as one would expect on gene
cluded as a perturbative correction using t

stainedefhesesesimghtly (0.14 nN and O0.18 nN

spectively). As a comparison, a trajectory
spersion interaction included i n thmumgeomet
rce are very similar, al though the adatom

rface within the Gri mme scheme.
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Tab3leCompari son of binding energyraerd -ab«dil

structures and computational approaches.

: . Binding Ma x i mum
Configuration [/ Th (eV) (nN)
Pyramid model [/ P 0.75 1.11
S|l abat+tom tip [/ PBE 0.81 1.12
Slab + adatom tiop 0.97 1.5

Slab + 4 at owh (tgepo /P BPH 0.96 1.26
Slab + adatom tip [/ Pl 1.16 1.68
Sl ab + adatom tip [/ PBE 1.14 1.69
a b c
0.8 14
3 z
h ?0.4- g |
5 z —G—PBEI-EU.? ~&- PBE
,}'; —&— PBE + vdW —&— PBE + vdW
(geo PBE) (geo PBE)
; -5~ PBE + vdW ~&- PBE + vdW
0.0-2 | | (geo PBE + vdw) 0.0k (geo PBE +vdW)
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Displacement (A) Displacement (A)
Fi gbb®FT adatom geometaly Ral awéatsbnecture
adatom tip model. Energy (b) and force (b)
point)hmwee happr oxi mavtdiw n(sge omBE,r yPBBti mi zat
(geometry optimization with PBE including v
Control e X\Wee rhianveen tcsar ri ed out epohnetpryorli dmenaes u

PP) asndr4gl (PP)r i (eéadntgarioom Si gma Al dri cBpP. adttese
BPE,espectively, except that they have a pyrid
the emndhelrhe conductance measur ement s -dweiftihn etdh e s

conducttaenacwes pdmd no cl ear peaks appear in thi
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(Fi gb6deThis demonstr altedd nedatconduaevteil hg juncti

mol ecul es that havecenhgaeunoeemgnt di heomi hke F

10 .
1.0F 4 b
10’ o ol |
® s :
£ 10’ 3 :
E 8 06— '
c N :
Sa o] '
310 £ 04 |
— 4.4’ Bipyridine (BP) o :
102 4-Phenyl Pyridine (PP) < :
[~ — 1,2-bis(4-pyridyl)ethylene (BPE) 02F it . —
[ = i i o) o oce
10'3 | | | O : 1 | 1 | 1
10—5 10 10-3 10-2 0 1.0 2.0 3.0
Conductance (Gg) Force (nN)
Figb6.Eorce and conductance daf{d&)f Comdaoohtan
BP, PP, BPE, and SP generated from'GGO.ve(B)SOE
of forcaes imedashwer eoresegsiagbe 8PomMocohhacG (
force event greater or equal to a preset tg
contact rupture.

do not sheawobhyreptwure evemupt ureey.onldsitnhge aAuf
detection algorithm ags[3Jeteai laelds oi nC haayprt eph e2v, i c
rupture forcki glbébeamowstt bat ia negligible frac
events beyond the set threshold value of 0.3
speci-€CicnfAaraction wehe dlhhseerswd ke Iraerage nr U @trurt
presence would be expected to result in a mea
measurements with SP-sspheocw ftihcatv diwi itnhies acca 9 e0,n S

form juintchidedlslned conductance plateaus or for
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Force summid2eyummasi the mean values of measu
for cAulBaBid_ jBlPncti ons ,h yBiRs avlt wwdiiihmegy .sBwi t chi ng f or c
as the difference between t heyjfuonrcctei owma launed |tuhs
j ust after swjtoediingnt OQfFdrg BicdBEh emaceer oi nswi t ¢ hi
force implies that the high and | ow conductan
that the switching between these two states i
relatively | arge tdtarntiomg afverags, i ndhdiecatwenct i
tensile stress. We al so observe that there i s
bet ween pnjflumsce i BRs t hat rupture and those tha

indngathat their binding is not significantly

Tab32eSummary of forces and stiffness of wvar

Scenar RurztnllJ\lr)e S(tl\i”fnf])n St?nrNt)i ngSwi(tncNh)i n
Au (jGupty 1. 80.01 7.N0. 3 Nl. 01

BRiruptu 1. HB. 01 10RN@. 2 . R®. 01

BRiruptu 0. 8G.01 6 .NO. 1 . Be. 01
BRiswiitBiehh 1. B@. 02 9.\®. 2 0. 8. 02

Acknowl edlgheime nwastukp pwas ed by the National-0B8cience
44185) and by theA Packtarodn Fodu ntdhaitsi owmor k was perf
Center for Functional Nanomaterial s at Brookhave
Dpartment of Energy, Of fice of BasiACOBRBEHDHHB8ZBE i e
(M. S. H.).
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Correlating ctamnce uard moCT

of si | veagalad oam rct

Whil e Au single at omi-xt ucdanetda ctAg hraetnaa t medeync hvae
experimentally. Here we measure tideatendowot arc
and tfwahndaddi tiommuct ancepafnedat~ylb.e3g oGad (+BatdIG&S

corresponding to tUsd ngi mglceo nattwoonriaeo adoinmimeocite ¢ h
di stinguish thseal @i §feuventr alt ombti fcesamdhdan:
sti f€Comlsisned with prevesubtstaldl emgpcomdiuct angcie
featur eOAg @ontgct dredttuhe-Agbsam@lhg cont act wi
oxygen atom in parallel .tiUtn Ifirzamgf croangp | &@mae n¢

t hus demonstrate the correlation of conduct an

This work was performed in collaboration wit

suptpofrrom Dr. Mi chael Frei

x This chapter: i S. ddakhrtadhya,o mM. Frei, A. Hal bri tt
20184): -p2.3706
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The electronic pr-apemticoentatt mehalvesberghe
using t he mechani galnicyt t@ochntr gulkedanidr etahke scC.
mi croscope -juaaxced obl[ljle ek hai quest commonly studi
measurements is bemdc@lAupt dhbiel ittoy iitrs a&mbi ent
ease in metallizing various surfaces. El ectro
been carri edhioguht euradheiognhu ¢[®8;dihawerser , there a
studies of the mechanical propentaessofot hmsee
t har9.Aul nc htahpitseee present simultaneous force a
silver (Ag) atomic contactAuc amtda ctoanp aWlee rt ehaeg r
contacts shOo@ ehclteheer quaGt um of condua ttame e)
formation of single atomic contacts even unde
at ~fa.nd Gpl.Su&h conductance features have bee
stulddeps and theoretfididhaveevpsovigaedodetail ed
structural largi modi sdoklpamnO¢t¢w di ssociate into
undercoordinated Ag atoms, Hweh An oeypemaauo

tenar ef ore be expected t o bosnidz e oc anhtea chti ;4 ga nyd rber:

cont act either i n OaArgal ISeulc horeviemt seraires mag e A
compared to Au, dudllt® iMesashiirghmemt s e ava ttihv iAtgy
therefore present richer possibilitcempamnedtr

with Au single atomic contacts amduale®acbpen:

could | ead to t he-nfodremautlie@r umfctnowmesl singl e

I n this study, we measure, simultaneousl!y,

point contacts wusing a custom atomic force mi



94

Ag contacts under ambi ent c ojnudni cttiioonnss. tWe areers
statistical analysis in a robust manner . We

under junction elongati on, there ar e-atnom onl
contacts (with gc,ondpt adhlea® ssabtd~1HWBEE8c6GE we assi
to the presence of atomic oxygen i mpurities.

i mpurities in our experiments, our observed ¢
experilntkpatnad t hg&rpsttiudales which attfebdutees he:
atomic oxygen in Agccoconthat s(p2WeecabkbrRrudyet bsesi
conditional occurrence of these three conduct
insights f rcoomrtelneastd oairsosad | ow us to employ a
based on their structures oinrst owvitt thraeae 9d iasgthiern oAt
(ABAC) (b) -atemngbet &gt with a parR)l |la&ind okXog)g €
Si nAdag om contact i ncorporatingS)an Wex ygyediu ceet
structur al evol uti oinonpsatehnwh yan dloyz et htebsee fj aurnace
mechanics of the three digtoindatct@anrcteadtent uWe s
from Ag single atomic contacts, have a guptur
featureb, awbh attributed to the configuration
|l ower rupture forces (0.8 nN) but have-a stif
atom contact. I n contrast, strutboces oyi t~1. 8
show a significantly higher rupture force (1
these quantitative results not only represent
poicmtnt acts, but al us|al Icow cu s1Qliteln ot thaast mét 1hegu ©ogm p

i n strengAgh btoondtameacnAdg ni c alt hwvhsetna bp &1 alel el
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6.1 Conductance features

We <carry out simultaneous conductance and
mi cr os c olpreejabkas edon mRX)h.odTd Agdat her | arger st a
correlations, we also carry out conductance

mi croscope -jluanxcad obr BB up TOETMFM experiment a

anal yti cal procedures are detailed in the Met
previ252&l yBriefly, a Ag coated AFM cantilever
Ssubstrate are repeatedly brought in and out o

constant velamcciet yi.s Qmwenadsuucr ed acr oss the tip/ se
mV. The force is measured simultaneously by m
back of the cantileverRri gélagchyézbahioova!l Icynidlulct s
(red) and force (bl ue) measurements from a
Conductance decreases stepwise aast a sf uonbcsteirovne

Au poomtilhctTshe si multaneously measured force t

4 20
— d 10 k b
S B < 15
: | 3
b | c Q
= 8 1k 4 10°®
S E =
3 f z
T I
o ke
VT o° 1°
‘ 0.1
N 0

1.2 1.6 20
Displacement (nm)

Fig6éiLExperi ment al setup and sample simultal
(a) Schematic of the experimental setup us:
Sample trace showing thdedvolawtiisgn amfd domd
point contact as a function of junction el
corresponds to the rupture force, whil e rtele
to the stiffness of the junction.
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attributed to reveblse b( el d<t &) ¢9gf ammat irory e

To understand the details of the di,ffwe ent
first collect a | arge data set-Bdf sEQ@Q upO@&@sAg tc
to gather |l arge data sets with a Ag wire tirg
cantil ever neceBsls ameya sfuare memée s AFMoendonat gmee t
creatinlgi mnéd nleiast ogr am BRMi ¢ 6tdooeuot mpdaarteas sleD eccotni dou
hi stograms (normalized by the number of I ncl
(yew) . Bot h hi stogr ams reveelfi mddr aonhewuics ainc

although the peaks are more promi geoandd otran de

pl at eau i n Ag corresponds t o a junctmidan Wi
transm2s®8L oMHowever, it i's known that Ag cont .
chalgasl indeed, we opeeea ka arse Agc epd alt e@us are

Additionall yamt ipeakg dloiest o\t shogw anti &ar t pe
hi stogram, but opaspebhkanrpumdslbbeG Thi s highe
has been attributed to a st adbttlem) coadi@®Bddn ge ome
The Ag measurements also show acdrarregsp mmrudnbreg
t hr esupgatciennel i ng currents after junction rupt
atosmrcal e rel axadtiom odntAgctss niglhmedi ately aftet
contlax3tPp8 2 The presence of ot her adsolrvveat be a

respongihded entfsorat | ower conductance values 1in

The Ag hiBtg6@G2laemlism shows a dJiemnadiucraet i anrgo utnh
frequent and stable comamhicguriast i foomr nmeidt hwhtehnat A

br o[d €np Si nfcreonD t he ambi ent enviroomenti matne d
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Fi gbeOn€di mensi onadi memdc i owakrelr@asison condyc¢
On-di mensi onal conductance hi sOIlg)r @ansn s(tlri uncet
data selection for 10,000 Ag (grey) traces
were measur eeBJwistent utphe TR EM hi ghl i ghted regi

wit h-SAg O e-88)C (Aggr ey P a(ngdr efegnQ .-c ¢ ror) e 12aDt icorno shsi

without data selection for Ag traces. The |
the -coonsael ati on hastdofgr @8mG patct avled @b a T hiend i
used for the compoealidtiveeg dbthiuee saadedbot eel

contours ar e -caitmeNn sOi.05a |l (ccondluncet ance hi st og

haveaasat Bé data -PAC ntegraym t3hoD 4 Agtedch,cel33 45 K&
(green, 2501 traces) conductance ranges, T &€
sil vefl7laht ome can expect oxygen aicoms atto si

AgO containing str uestiunrge se.
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aflthoeno red ntcaad tl sy, wiAtgh
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showhave a condugl3rmceFurft reCa.sdos@owntexperi men
t heopsli gl e atom contact feature in 1D conduct
showi ngarmnd 3pf&latGures were [d@I| elchedsveel rye sanlatl sy zlei
need to better understand the structure and
what foll ows, we wutilize the independently me
strmualt uevolution pathway by first quantifying
structures wusing conductance as their struct

properties of each of these structures.

6.2 Correl ations amemg udoersduct ance

We first carry out a statistical correl ati c
construcddii mgnasai d¢onwaorl r eclraotsisomi ghBi2lset o guamnd a pr c
det ai | ed[2p2B wis@w ©Hli.)gin Bri ef | y¢ ortrheel a&2tD ocnr ohsiss t 0 ¢
the correlation in either the occurrence or i
within individual traces. Positively (negatiyv
values occur (do not ocagergqu[@io gfgirighbe ( mi g Mhte
panel ), we also plot a verticallo@ecorfnéeésep orditr:
the dashedpolni teheactc r@$®tG on hi stogram) wwhere
feature and those at ot her conductance value
positively correl@tienddi cagiesn tanodug@adna® egauws Gr
frequently occur together in the sagend rlac3.
Go, WwWhich we attributed to the prepksaneau-ofaliOei
cor rdelwaitteh pl ateaus at either of these values.

G(corresponding toodmet l@meteds i Nn&n ghibgt g rGan
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Al ong thi s dprroefgiiloen,s gpahredunceat @. 4 h@'t the struct

conductance pand efavde GoriteBaGed.

A subtl e, but i mportantcodetedialt iiom hhet agaa
negati ve valcweasoqall titihteo ggrraom scan st eam rf rreolma tt iwoon
in occurrence (occurrence of two conductance
correlations in plateau |l engths (longer pl ate
by a rshporatteeau | ength at the other conductanc
antcorrel ation (pbéawean BhdoalnldGspe. datlGue. 3 eGt he
correlation I n t hceoirrr ebatupnencne ,tohr@ée a nctpih at e a
conditionda22Bisomgesamsets of,sal ecimemaguéed toD:
features defined byFitghe@aehi Yphd aigfhitecal Irye,giwen sf iil
have more than 80 data points (equivalent to
one of trhoeucttharnecee croangd ®3:SAQG. f egooh, GDGE5t he O
AgSG region apfdorl. t1ie oRAgOdn G These conductance
| engtof fcwmtre determined from a | ogar ittahnhiecda lilny
the Methods section. We thenFicgbicg rafctt tensel
traces, without any other selection -ACteri a
pl at eausAg®@oarmdPtAfge®at ures are highl yofseuaptpurrees s ¢
i's retained. ThisSACndiuanateontshatccaulreameAhg oxyg
in the vicinity of the juncti ocnor rdenliastnialeyg siil ¢
Fi g 6.Rae, and wi t h data from Ag -toe¢xdtcghmeas
envir@hmentmi |l arl vy, by cendckwdtiamamgec & otrh AArged i s  a

of t®ACAdgeature. This suppopbtsethei 6nndnabysr
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and-SAEL jurmot inmnts occur i n the same trace. On
Ag® conductance weACnhoteeattulreet itshe eAdguced, but
could i mply th-8AC®co0asuDnN @ ItjeurpnAcdgvhi e-chéd gaOetliat e d
pl attl ea@® h However, -Bian&AfHheoAddDctance ranges
al so possible that we WwWhéedravewessnadtvetrtaoneées y\
wit hRSAMQ pl ateau. This i shibetcagrsaeamtmealkppehtseorfdd

i's most clearly PFiighiahgl.e for the Au data (

These structauummariinsedhas areEhg@damehiovch | | us

3
— Ag-SAC
a — AgO-S b
DN — AgO-P
AgO-P to rupture
2k

2

AgO-P

rupture
Counts/Trace

Conductance (Gg)

FigwBelunction evolution andf ceetiect gdy et b

il lustration of the three bonding mot iSFASC)r
atomic contact wit®),a AgerdteemiOc bad rdtgac t(-Ryilt
ruptur edArjruonwest iiomdi cate the experimentally-

di mensi onal conductance hi st eBglr atnrsa cc&snGft ¢ gur
tracesS ,( rhegdQ 35 t{dac&s)gr ek -Ptld rtuptcerse ,
traces) .

shows the structural transition pathways for

the use of conductance f efadruae smeaanbri emman tws tth
mechanics of the various strustakralj envol uonsn

Ag®d® an®AEfgjunctions rupt uR e wnpcotni oenl so ncgaant irownp t
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contact, or eSoorl,v epeirnhtaopSsA €6 ijpngt@bc tainonAg I n our a

we treat these categories separately.

6.3 Mechanics of di stinct structur al mot i

We now analyze the datBad aedquwipr endh eu i nwe tnhe
simultaneous!l y wa,t5h0 Oc ojnudnuccttiaonncse. iWe f i r st s o
di fferentiate the structures based on the <co
ensure t-9AC arm® AMg@ctions rupture under el ong
where wlkke acncedafter rupwutdi go89 bealktawhphoi 01t s
junctions, we only include traceSA@Whcaemdhatvan
range 1(® Gand fewer than 8i00.R¥%kta powenmdamngae &as
detailed above. Wi th theseP rjewgrudtrieomesn ttsh a twee voc
junctions or th&tg@3aptuimMe cbobmphet ekPy 7 untchhd ons
whi chuirreupti t hout ev®l witmgcitntre ;PampamE@li eats AdG
|l ess than 80 datopda opdGecownsguchahcemr@ng@eé-S&Chereb
and -8gOonductance features-PtlcandaoditekdcecMel an od
t hat not every conductance trace among t he
measurements of conductance and force) <cont ai
conductance histograms fr omiktilgedd8bee swvehiecchh elda ss
same peaks ags$ighIsge butowreriyn f ecwo ncdouucnttasn cien rtehgel
traces that contrirbudxcltwdddiisn rtelgg, ogaenltgaoltiei 4d res
are seenSAQ anke AMg@nari os, aRhg@heusoroePt heo dg

junctions that rupturpescomperevielg, Fal peakomtt
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Ag® junctions tha$f puontwveomnhtwe asedg®On addi ti

t he - grOange.

We can now analyze the simultaneously meas
and stiffnessctwifonsndifvorduabdch uof the do@ar ty
sectbi)aln We begin by | ocating the displacement
pl ateau BifgtG3hg er ettken obtain the rupture fo
at the position wherie ecwhnedruec ttahnec ec opn daut cetaaun ceen dc
the plateau | ewelgaXaeWe iddtuesrtmmianteedt he sti ffnes
extracting the slope of the foFicGlhgmmcer it e
force trace shows additi omalucfta@aatcier eod ad eraiun g t
scale rearrangement, WJWkrptwse samh aaet ¢ mat dd nall gd
the sl ope of this segment t o r eQhiaap@d)leyr Totbitsai r
measured stiffness is the stiffness of the e
cantil ever. To determine the junction stiffne
Sspring model for thBBmeasheedFBprangi cewnest alft
juncti on. Hi st ograms of shwomtRiirige®.4deolf cmg awidt hs t
Gaussian fits used to determine the mean rupt

results are from t hifsabélleral ysi s are summari zed

We first observe thae ftrEAGIEa(sureN) riupt ar ¢
smal |l er than t-d@tadmodomtnP@&@Y. (sTitnbgsireN$3 i n excell
with previoud atthenrsettihaal haalecwconsi stently fo

for-SAGs compared {143 8%F. 5T hneN sftoi-SABge sosf o&F M/gm |



same as that [2rffi2FhA s pree thladpotriisgmitihaer bul k Youngods
Ag an(d~ 8 [3&E@P a)
20 15
a AgO-P to b - AgO-P to
_777\_ rupture 10 | | rupture
10F / :_\ -1
’Z ' XN\—\ 5‘£ QHR—E
0 0
40 ¢ AgO-P 20 AgO-P
2°ﬁ I °f
o %)
% 0 ; }\:l\ﬂ' % 0 - }Tﬂ
©751 AgO-S © 40 :"— AgO-S
50 - o
o5 20 E
o L oL
240} _i Ag-SAC 120 - 1:__ Ag-SAC
160 - /: N
sozr‘ : 601 |: Hﬂr
0 'J 0 : |
0 1 2 3 4 0 20 40 60
Rupture Force (nN) Stiffness (N/m)
Fi g4 RBupture force and juné¢tdldomMi stiogf aenss o
stiffneSACT Ogr &8g)(r eAdPO, ( Axnrok &g e nt)o arnudpt ur
Gaussian fits are overlaid as solid curves
the peak values.
The -SuPunctions have slightly -SAM@ljenctriupmn:

and stiffness (AL mMmunequalnst owti hdiARNgexperi me

interatomic bonpdki ised pmo-&gksunaonniaa A @MOMea st vaa e/
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in series with the Ag electrodes, and thus it
or equal t & ACHhiédg63ng . ahhldAagraeltciuclaat i onsOimanad at e
strength might b eAgc obmpnadr athA Gt it a3 Bt ghEX PAggr i ment a
the observation of enhanced formation of mona
experiments (< 40 K) I n the prese@cbomwmds oayeg
comparable inAgtbldigiRh Ouo Agxperi ment al resul

guantitative meQ@shuormredinemg sotfr enrget PA.g

Tab6leMost frequently measured force and sti
in the fit are also shown.

Type # of tr Force ( Stiffness
AgSAC 955 0. 8G. 02 7.N0. 5
Ag G 34 0. 8. 03 8.\m. 8
Ag @ 215 1. R@&. 06 13N1. 2
Ag® to rup 90 1. 68G. 09 14N2a. 1

For tHhHe jAUh@ti ons that rupture completely,
1.7 nN (14 N/ m) when the jHowdVvem, rRufptududreetsiAdg s
that evolSvegunot Ag@®s are included, the rupture
NN and 13 N/ m respectiveliPy.j ulntcda i rompti wsr e hfusr cne
for-SAG and. Agailsy sitmdinggat es that the oxygen a
in A2AgQunctionks.comfidgnugkda@ owe ( e x POe cbto ntdlse tAg b e
par al | elAgt dbotnhkdes ;Agguch aerj unh&GMmCoAagnai I f beé suipf

el ongati on, we expect a | asp€er Thetsesteffoese
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force results obtained her e pjruonvcitdieo ncso nacrleu siinvc
that haveaaheO conédipgaration. TFShe unacctti otnhsati st

the sanmrbeACasj uAgct i ons furt heO® bdoemuosn sarreatcesmpahrad

Ag bonds in terms of their mechani &alonmrsopgert
Ag® junctions can be intuitively thought of ¢
paral |l el spring in the junction. Finally, we

measured rupt®reuhot cenrsufptAbg& IfeBwecrencini APO wl
evolve 4Sntsa rAg@ure is due to the fact t hat t
contact. This prevents the AFM cantilever fro
drop in forctehea sf usilmalvielruet htahrBt ] usc oibecmres vieldat r
a conductance dcedadw. t Tdelefddr eG i n this <coni
correspond to the difference bePwpgpeancthensaan
i niatl force sustaine8 jpyndthieons.uckHewdav enxrg, AtglOe
approxi mately the same (wiPthiumceéxpasi mevinted Ih e ¢
only the subset of junctions wvbkbainiSophAg@ed uaore

as well , si nR esttrhuec tbuarse ci sAgtOhe same, Iirrespect

I n conclusi on, we have studied the electri
ambient conditions. Thets&an ane afs & & te uBA\eCds s cafs h oed a
as Ag contacts that include O impuritdies. U
correlations among the conductance of vari ou

di fferent junctlgn Theucesués ssépamattehe forc

-

igorously quant i-SAC,t Begdmete AgiDi cct of e®ng addi n

to our understandingiafe fhechelbhasvsi @of @Ay, ataommi
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We e xtpheectexperi ment al met hods and results pres

single molecule junctions with Ag electrodes.

64 Supporting information

Fig685shws the | ogaritdmimeaanldli yocrobnidnuncetda nacree hi s
10,000 Ag traces +Bdaswrtad,wiwthh cthhe i STMI i zes t
i Fi g62Pae i n the main text. In the [l ogarithmic
condtance dat a, as wel |l as their mi ni ma, app
conductance r-aAQe@cOI 1D QG GhABg @Qei205. 5@ @GndP AgO

(1.001G4) ,G as highlightedFibgé5téhe shaded regions

V

Counts/Trace

W -

0.1 1
Log Conductance (Gg)

o N BN » oo o
|
1

Fi gbbdeogarithmi caldiymelmish rosnthd gineemogr am cons
measur e iflen,t0sO Gotfé®@i, ns per -l a(der) eSy )A,g eAdg P a ( d
conductance ranges are highlighted.

Fi g6shows ada@éaimpilendlraces for each of the

tektgbBaer epr es®AC sj wmatAigoopt ur gsormmductran de dl ¢

Conductance fegandr egsa®tGals® Gbser wepd abebdor e
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conductance tenatesporadiSSBQgC G ovhtilceh Agdt eel at it dr
bet wegaandl gbedat@res obsemnveedlianiome anmdbySi s pr

t ¢ ¥i( ga2b)e.

We follow the metth2dPlsBt of pdalf lor imt ttére- condu
correlation analysicorrwe acin eat e Fely@2p2 Bvind hd msvn

the main text wigshpaminnangpf0Td®z sdalGu@l ¢ eeach

conductance i s:
(aN/(n* &, (n)) E q6-1
= \ -
Jamor) (g oo g
where thei ,sdjpeatrfptshe bin in therhsrianomnndlex

representing each tloalce{..'lfihleq:)lrleded\ti mant aAerec algeu

andN® N(r) {N(n),.

Acknowl edlgheinse nvtosr.k was supported#dby8N8SRNAarmgernt hhwe
Found&utppor.t from the OTKA sKlakckmo5vI|reedsgecadr o( PA. gHr. a n't
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Experinganal f piinndgenreghget i C ¢

oft onrs gencti ons

The strength and charakbitedisgi cnt emagd¢thi arepeat

fundament al i mportance to many areas of scien
in scanning paldmectaroccurloastcioopnys are typically r
guantitative timhesghtanemapotui cs aspects. Her e

reconstruct binding energy curynmod eotil esi pghet

directly from experiment al measur ement s, usit
comparestuhe¢ s to density functional theory cal
of t he cases considered. Combi ned -moiltelcul bde
experiment, this technique providesiay appraoda

force microscopy towards quanti fwinigobti ndeaquygi

vacuum conditions or | ow temperatures.

Density functional theory calculations in thi
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At omicamet al | i ¢ -mondculed ali nt erfaces i mpact
mechani cal and ther mal properties of materi al
structures. Scanning probe microscopy technigqg
i ntaerfs Il Mo lse mwyllee junctions, ftocwsi ntgheom ®he
transjamd mepEltBlani osparticular, simultaneous m

force 4Hdamnosmioglcandaei eglué e[7-1 upnrcotviiodnes i ntri cat e
the relationship between structur e, mechani c s
use an atomic force microscope (AFM) cantil e
cal cul at e hfiortcsesi nf rtoome sresonance characteri st
converting this information i ntetrtihvei aulndeRrleyqgtL
theoretical Ssimulations are invokednetrgepr aei
through which the experi meantpads[b6fedricdani dtalt @ o tsh
hand, sever al new theor ettioc adapd aivrel oepfnfeencttss al
interactions that are cruoirglantae suwckrrdiacersse
mat t elrayaenrded mat eflizaf Hokwevgraphemecompari son
studies have had to rely on techniques |ike t
able to provide an-aestageaetle afl ®or gthieons uerfarcgey
moelcul es. Therefore, there is a great need for
potenti al energy profil emoflreocnu | ex pjeurnicnieinotnasl, dte
not omAyneo neompari son betweeh Bheoryhanteaxrpm

new t heoretical met hods t hat are under develo

Here we present a technique that wuses si mu|

atomiee junctions t o guantitatively -xihae act e
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junctions. We first introduce an intuitive an
profil es-siofde ajtwmdtci ons, characterizing their
el ongation. We use this pargameateegrgii Z2zesd afnar rh etng

Au and Ag single -ambbméal e o eetud eanda nAaindons ¢
met hyt ehmbnat ed al kanteesr misn aved d aarso npaytriicd yrho |l e

we are able to cetxepreirziemenhal Isy gohhraant cont

interacti-mobeatl ehenAarface, which remain esp
i Al nictailcul ati ons. I n each case, we find excel
siumm ations of junction elongation. Finally, we
stretching through the mechanical evolution o
far remained concealed i n expertientenntiaglu edicsatnr i
guantitative exploration of diverse interface

the @mitoognlie and mol ecul ar scal e.

71 Anal yti cal mo d e |

As an il lustrative ex amuopllec uohfe Hiihgembsocwnsani ¢ s
density functional t heory (noHTe)c ud al cjuulnacttiioonns
where t he moilse(cmdtehylst hli,o4)Cl 5tMelh e Thablel enwigat ¢ @ |
junction is performed as an adiabatic traject
iaarements of 0.1 § and minimizingi ghlae{ bt atker
circles) shows t hy tast al fpmtcd n toina lo Ke.nt ekdg yjl Hr gt
el ongatdamersgy tphreof i |l e exhi bits an asymptotic
this case, a str3icdamer wad dhe pthoer thboogndAsu br ok e

retained). The mini mum of this curvethmhepres
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di fference between and
t haesy mphaltue i s defil>
enerEiyhg (OfF the junct
l engt hLy,shgat @an (be de
di stance along the axi s
bet ween t he enedgyt
inflection point of y prof
The inflection poin i ly
identified i n t heF) (
profil eFsQgdie (ibd ack
| ] 1 1 1
We note thatusfeora cda 0 1 > 3 4 5
. Junction Elongation (A
t hat the tensile fo g ) uch th
FigdtBPFTalccul ations a
F=dU/ dxt herefore t he C4SMe snomeglcel e (apk
calculated energies (
el ongati on, along wi
corresponds to t& . ) ack(b) nMomerical de
. hybrid curve (soVvetk
calcul ations (open S
(red)toamd gkoSemonds, energies, and their
Mor s e (das hed-Jorneeds) , (
a dramatic increase green) and wuniversal t he Al
potential s faorre caolmpars
tip structure, whilc¢. (c) Bond lengths i s
triangles) and bott on
minimally stretched. AY bonds . franmoENem, (o g
mi ni mized structures
. . energy, maxi mum f orce
structur e at minit mum enei"yy, ima X1 muin 1 vl Ce
and rupture are also shown.
Previous studiee madel astuemptped ent i al eneil
(Vo ~a@- exp™¥), Le-rjrman(&,l&%ag(b/x)lz—(b/))ekor the so called
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binding cuotvefuiioadi@ lx(e”))[L6lR each of these mode

by two pabtahmadtagrast eri zes the sdel esshofwo+t hendre
sqguares fits to each of t hese neo,deds pwdlelnt aa
deriva¥Fi ydke bn (dashed red, green and bl ue, r
although these model potentials captureethe g
the potenti al energy or the force profile cal

entirely surprising b&caesemottel Mposentainal 4 ew

i nttemtmode |l pai [wi29dand ntlee aohi vassal binding
bul kstcal line meRdl IhHmwer htehacmeohanics of sin
sinmgdleecul e junct i-boondsy iinnvtoe rvaecst i mairsy o f t he mc
atoms on the electrodes in the i mmediate neig
To capture the es ) f
singtemic cont amdlsec g
| | | 3
junctions i n an i n g cally
. I
tractabl e fashion, - 2
par ameter hybri dFi mc 5
©
7.2a) tcloantb i nes a har Q
£ ;
Pxy=ik, ¥ U, near t he ,
c 2
Junction Elongation (a.u.)
mi ni ma and a | O Fi gurreHybri d model (@«
Separate harmonic (de
3 D (red) segment s, showi
%-U(X)_l_l_e-x/r towards the scale pab) amdteersepag al
illustrate the ddmedr
. . and ruptur € hree gcciomen e(cr
regi onknarthesr ea, CharaCshown zs aaa:mhd(%ple ir(1

constant of the elUgisgsi @ ¢comstanmn wilombBdit mensi
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are tchharacteristic energy and | ength paramet
model s the bond rupture regi me. Boundary <cond
i s continuous and differenti a&blreegatmet hddec en mw
chosen this conn®c4i aboywei hhe t botpieg lidde) bt ai |

however any ¢ onrFgactaino nb ep ouisnetd bweiftohroeut any si g!
r eeliaons connecting the binding energy and | el
constant are I mmediately obtained by consi ste

se¢dnsi stent | y:

Egng = 7-79F2,/ Ky =0.97D Eq7-1

L, =10.66F /K, . =3.43 Eq7-2
wher e, for conveniBnige Leg\dseFhaing t s Kuasiwsd N/ onr.
Phenomenol ogically, tbether mecihansest inear déada
(mirrored by the Il inear increa¢egiidae tvniet f oarc e
effective spring Kiahestwht | ot he hobdeeg isa ttthceo sde ¢sm
di fferent mechanics of the boOndeawpduoe bpeyc

maxi mum FRiogihd®e. i n

Figulae (sol i dtkine)e preasdn squares fit of t
cal cul ated pot enG4iSaMe Finrestg,y tpreofveéry odood fit
r. m.grror between the DFT datapoints and the
abi loift yt he hybrid model , despite i ts simpl e
corresponding to energy and | ength scal es, t o
the calculated potentFiaguibendrspy i dr dfiinleg. dRenx

extremely good agreement between the derivati
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force profile. Finally, this hybrid model p o
ataemi ze junctions we have considered Fiimgutrlei s

7lac( ssapporting. i hfeormamlbiomati on of these thr

mo d e | an | demdse atmile daeteonotruction of- potenit
mol ecul e force measurements. An added advanta
elastic regime is constant, whereas i trdvari es
Jones and wuniversal binding energyFmodlké pote

respectively).

72 Experimental and analysis methods

Fi gth3aeepsremtB8emati c of t heusexdpdaroi nsetnutdayl tsheet ur
various junct9.0onHerien tthhies ssithuigdye-mat emuktecpuobhat
are formed between an Au coat-edamedaABMbesanti
which represent the two metmattieneprcteddrs,
approach the tip and substrate tlhmRh&I®/hGnt Ae at
guantum of conductance) is formed, and then
el ongate the junction. During t he retractio
conductance across the rjadesgs i ane p8al Itk a pvar
conductance decreases iR sSrteepprse soefntii mtge gehre nbuhl
point EKioghadgt These steps i n condddocottahn cfee aatruer
in force, whi ch correspond to l oadi ng and r
el ongati on. Au single atomic cong aatre, fahlarueaec

observed before the tip and substrate entirel
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Figu8eExperi ment al setup and sample simultail
(a) Schfemahecexperi ment al setup highlightin
measured conductance (red, |l eft axis) and f
single atomi andomeli agleg CHENEI.Dd (Chemical S

mol ecules with differentHi btogeamgrobpsupsad
for Au single atomi4dcSNMNemlindalct.s Gyes 4dioavy faistds
peak | oations inkFtshea Kidhi<sasodebkspeddi hot ke

To studnyolseicnugllee j uncti ons, a |l ow concentrat
substrate either by thermally evaporating t he
solomt i(<1 mMol ) ¢9nlt5@ Pt hlen stuhbisst rsattuedy we pr esen
and Ag single atemiicveodi tkisgtdde mahli écchal seesl e(c t
bind to the Au enoé¢ etdrud denso dtea ufl eerQp SAMEMC40An S .
(1-bdt anedi ami ne) are saturathead f(GSMre)camldom meh
termi nati B, 1-bwdhnezreenaesd i amit e )ni nat ad NadrBPmat i c
(4-b4pyri dBmE)lbap@Esd i dyl )et hyl ene)) are heteroe

to gold through thengyyriodylt hgrseupnol lert utl lees , p ae



120

pl ateau at a charac)ersstreqguanhuky (bkbssesrvbadani
single atomic contact ruptures during Junctio
mo | e awwnlce k joq d.3¢)e. Jun®@BtPaeoBBEROE al so interesting
singdleecul e junctions BRbiBPIEE &nwdBHRo®PH nct hi
conductance featur esst rWet ehlda vteh arte ctee d ey fdesartounr
di stinct structures: while | owddAomdube-ancaeon
accepAwor biNndi ng, the high conductance struct.
interactions ebaetweamdt tedhem®Alu et bet raoadeypton

inter[f@aPptilomsthi s study we separately analyze

conducting features highlighti ngi nther ascitginanfs ct
binding energy, and thereby providing a recor
useful i n benchmarking future DFT calcul ation

We use the conductance feé&ayvurAas aas fAign gsea rng

cont act-molaev@lu IAeiimodglee ul e junctions, and subseq
from each such experi ment al tracdigiidbg)lce r el
Specifically, we obtain the maximum force su

| ocation of junction rupture) and the juncti
el ongation) . The distri bu(Fi gid3deeiffgrGapussiearn owt
we-defined peak representing the<HRpgstanfdr esquédirftn
<kxp , that are tabul atiilalb7de Whiclhe cparseev iionu st hsi
reported on the broad agreement bet ween DFT ¢
sever al met al |l i ¢ ssiamgd ens ilagd Ml e [6-Iclomdpdigadsnisc a | |

motivated arguments about the hybrid model p o
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profile directly from the experimentalVy meas:s
scales of singl e armodniccul ceo ntuanccttss oanmsd (s-i nlg leeV)

t her mal energy scaksb2a28a8 K®o0n2%3 eenpler aSeacendl| vy,

coupled to a stiff (50 N/ m), bul k el ectrode r
an essentially infinitely stiff bul k el ectr o
experi mente twee etshermaatl fluctuations of the A
spectr al measurements of <camtialceéven bdias ploacer
cantilever yields an estimated mechaniuccah noi
smal l er than the |l ength scale of the potentia
(~ 100 pm). The coupling of-mohecsieglenat omn

bul k el ectrodes severelryi nrge stthrei cpto ttehnet ijauln clta noc

ot her than that set by the el ongation, furthe
rupture. Finally, only the few atoms in the
significametclhyanti @ st lod t he singl-moleatcaurhiec jamrctt:

Therefore, the adiabatic trajectories simulat
vicinity of the junct iFam éd¥lelcoawe db et oe xrpee catxe, d st

capture the mechanical properties of the expe

73 Resul ts and discussi on

To obtain the binding energy fronk,h¥ expe
Fnax a<nkd>» Y hakh NEQq7-1. These substitutionaboaree mo
argumempisyhag, on average, thhet heanadi ahat irawp!
fof2g3ep As an il lustration, for Au single atol

nN and stiffness of 7.7 N/ m based on wiltOD i nc



122

previ oulg. Usea @6l s we @abbanding enl.rlé eM f2r.a2m

experi ment al dat a, I n remar kabfloer aAgur eleinneenatr wcil
~2.2248¥%as wel l as the bond dissoAgAuabfdbppnFenerg
Ag single atomic contacts, we obtain a | ower
agreement wi t h t he | owern btihnedoirnegt i eaRifigryespt ¢

Quantitative agr eemeaitt meirg hawibreg @&t exngg Itf eoxr c &Al
in the case of Ag single atomic contacts or ¢

i mpuritiesmparaturepommb@fnt measur ements

Tab7leMean values of seuxrpeedr i meant at tpt umrea f
ener Bil)ysand | emglsholtcail msed from experi men
in the eEpenidmaneé atomputed fr oFmvgaskKa@d@ie de
di stirointsut

Experi ment a| BirzEcb}Iii%?g : Le(Cb?)]tdh S
Junct | <Ea | <ka | DFT | Expt| DFT Expt |
( N) (N/ml (eV) (eV) (i) (i)
AuvAu |[8101.50N 7.7N0 ~2. 2 2. 2086 - 2.10.80
AgAg | 9550. 95N 7. 7NQq ~1. 5| 0. 9110§ - 1. 8121
AuC4sM5130.77N 5.3NC 0.6840.804 1.3| 1.M/8055
AuC4A|l1100.62N 3.9N¢ 0.65 0. 7078y 1. 2| 1.1%19
AuBDA| 6040. 45N 2.6N(¢ 0.370. 61158 1. 1| 1.18357
AuBR |776/0.88N 7.0N(¢ 0.8170.803 1.2 1.RmM3
AuBR [411/1.43N 10.3RKN 1.%34 1.5055( 1.°1| 1.1M084
AuBPE| 4940. 83N 7. 9N - 0 . 6086N - 1. N027
AuBPE | 5291.88N 14.5K - 1 . 9100N - 1.18.80
aiDFT values [§401l rom Refs
biFor calculations involving BPH junctions, a

because of computmatioadmaletdcitmyisadr asdmg st r ode st r |
cases in this tabl e, the calculations were p
el ectrodes.
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Il n contrast to the calculations ofedsilhHQT e a
resul ts-mbbecel agjenctions formed by various n
PBE using the projector augmented wave approa

(GGA) of Per dew, Bur k e, andc E&E&ehaerbonf déRBE) y f

[9,1 hTabAdles umareisz t he Irign ckcisng oaneal | the junction
and compares it with calculated values. We ot
Ssingdleecul e junctions are in excellent agreem
DFT cahsul athdeed, the experi ment al val ues hi c

binding energies (~@4SIMEL4ABD Aam B&we meggd ke d wlire

junctions whi c h -akcicredpt dthir@muusgt)e r doinrog t[AR GGA
| mportastimgf hobd yields binding energies for b
of molBePanBRE showing that the high conducting
| arger binding ener gp.Pj Froat itohnes , h ioguhrl tceoxinpsleurci tm
guantitative agreement with DFT cahsubasiedn®n
the -DFTapprPoamchaddi ti on t of rt dirac dbii wnedni tnigo nean e r GA
funciflipdnalal WEgMm2gve can at blee negxtthr ascctal e of 't he
curtvhaas i mportant tihfeurhdlcdiraand tcesr iazciaft bhieg; v@at! ounei sc

for each type of jundtaiban amemeumed in this st

Il n summary, we have presented a newhmodel
manbyody mechaniscgzeof uatbombaos. We wutilize this
energy profiles of several -mpilegluée afj aomicct i ocr
experi ment al force measurement dbaRTa.c aWec uolbattaii ¢

highlighting the efficacy of this technique.
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met hod to extract e n e rngod teiccu | ien froeransautrieome nft rso no
various environhmerthal foadindigtuiecdntssas t@é so be ex
detailed mechanical details for I ndi vi dual m €

ener get i essc adfe gtuonnecitci ons.
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The DFT based adiabatic trdjestogy tda&l gwrlna
gradient approxidmav,i Brurk@GA)an@fDiEmpizeemennetf e d( PiBrE
VASP p@cdkage adtdhei eman der Wa®8IPSMsa,l culh2zat D& s
met hod of2PBas mmeed. The tGéesKMesaMBOMnBPeswe t s f
been pr ewiemi9s2lfy bpFrieg ddae pr ahentfsits of the mode!
profile to the DFT calcul ated energi €4 Aat di

BDABRanBRSMJs. Il n additi on, the derivative of
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forcasnebttfrom DFT g@4bléc ulBattihonshe( energies anc
the DFT-campe uweldl by the hybrid model i n gener
BRSMJs i s pHnexs Thheysbddbe due toFph,heBReatecuhat
rapidly |l oses its van der Waals binding enerd
energy var danoone gthart Oditefle Howewvetri, om®r e wor Kk

ascertain i f this di sORremaompayyaich.as artifact
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Conclusions and

The experimental setup and amalvegsips oveahmioqbe
in probing a variety of |Iimpofrimati querseéli @athiso rs:
atomic scal e. These include the quantitative

mol ecul ar backbloinrelserangr ocuthpesmi &arad even atomic

contacts, measurement of-modrmcdér Wadles ffacre¢ e o
destructive guantum interference and t he re:
exper iOtehnetrs .t han the 1 mprovement of i nstrumen
siginmdi se rati os, sever al i nteresting questio

using simultaneous measurements of jfuonrcctei oanrsd
Ulti matel vy, it remains to be seen i f we can p

actively manipulating matter at the atomic sc
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81 Concl usi ons

He
of

j u

We have presented -vDwaal est juuwhnreotsu golnfst A€ o mii anu |

asurements of force and conductance. These
el ded a wealth of i nformation that highlig
nction mechanics, edpecitconi st éemamns@orftr omnc
ectronic structure. While the motivations f
tulpd new el ectronic devices and architectures
e indicadtingnanefwordimesearch by probing mul ti
Starting from a discussion of the experi men
alysis techniques, we proceeded to sceael t hei
ructure of various molecules with their ju

asurements of conductance in junctions forn
mbination with force measuld eme nutss ttoo aes tuinrda
the binding mechanism for carboxyl Iinker

n take advantage of the chemical modi ficat|
en appbaseedd faomraglayessi st ot edcihsnsiect the junction

om the contact -gmelcdh alndcass, aftr anmmet Hea nkiegnat ur
terference Iin el ool ecnile Meamepmointa todd smmnlgé
ref omend that by using specially designed mol
the contacts, while drastically -mbaeguhg t
nctions. The |l essons from thisersesdyfhawxee:s

obe electronic transport in the absence of
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Goi ng beyond characterizations of ruptur e
antitative measur ement orholveamu ldeearti nWaleeel fsa icf eogr|
|l ecule | evel through detailed analyses of f
r R Waals forces are a manifestation of el ect
gineered materialtobes¢tirmatae nsi tcthearl | emgo mgh
rrcombined experi ment al and theoretical app
derstanding of i mportant relationships betw
t hen tehxetseen dreelt hods-sdal esijl wreat iadmsmi cwher e w
t ween conductance and structure were expl oi
ntaminated silver junctions. Once mase, S i

t ween structur al motifs at the atomic scal e

Finally, we proposed a simplified anal yti ce
dy mechanics occurring in tQheanvi tiani vel pf e
ergies and | ength scales of the relevant I
ti mates for binding energy frogr &@ixpedi menhhag
ch as temperatur ewtlpirlogr amemedetdiesalr ptabaoauyul af

ti mates only in relatively simple bonding

way to obtain binding energy profiles directdl

be

8.2

t h

nchmarrke ntgh faurteut i cal cal cul ations as wel |

Outl ook

One of the i1 mportant challenges that we o0Vc¢

e dramatically improved force resolution th
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t hought
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nt atiigonn .f i Heawmav ermprsovements are stild/l
her mal noise of the AFM cantilever) h
r optics, combined with -ampt omi ped bhe
ic amplification of t hlei npihtoetdo dee refcd o
wer the force noise from ~ 0.1 nN cur
asurement capabil i td efsgr cien caadpda btiiloint it
cal pr obcionagt,e db eAcFaMu scea ntthiel egyelrd pr esent
| ocal pl asmonic resonances in order t
e modiengiang,ontsh ey ewiclhlaldpen the door
chanics can be used to alter not only

es as wel |l

er avenue for future work | i1 gsesntoh:
more information from both existing a
we have mostly explored correlation:
over thousands ofsciahe&i jiudhwali omsal iWh
to be necessary to obtain statistical
nt al and analytical ability that it i
olblt mi no Ixcdosxrttriedtastsisons bet ween differe
s, such as their conductance, ruptur e

r s -boynu rac tjiuonnc t b aa:i s . Final-bgjedarnor mpan

AFM experiments i schtmi sxpyYyoreaheeehéooces i nda

detectahb

|l e by changes in electronic transport
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