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Measurement of the conductance of single

conjugated molecules

Tali Dadnshl", Yoav Gordin™ 4 Raoman Krahne + Ilya Khwrlch Dana Mahalu Veronica Frydman f

lozeph Sperllng Amir Yacohy & larae| Bar- Joseph

Electrical conduction through molecules depends critically on the
delocalization of the molecilar electrondc orbitals and thelr con-
nection 1o the metallic contacts, Thiokated (—5H) conjuganed
argandc moleoules are therefore considered good candidates
for molecular condisctors™; in such molecules, the orbitals are
delocalized throughowt the molecular backbone, with substantial
weight on the bomds'. However, their nelatively
small size, typically — 1 nm, calls for innovative approaches 10
realize a functioning single-molecule device™ . Here we repost an
approach for conlacting a sngle molecube, and vse it to sty the
ettect of knculizi within a :m]ngﬂﬂ{ modecule on the
electrical m;ﬁﬁg""ﬂf:[ method is based on synthesizing a
dimer structure, consisting of twa cnlloidal gald |Prh:h.-n con-
nected by a dithiolated short organic molecule™", and eloctro-
siarticul'lr trapping it hetween two metal dﬁ‘trodts. W stuady
the dlectrical conduction throwgh three short organic molecules:
4.4 -hiphenyldithiol (EPD), a fully conjugated moleoule; bis-
i4-mercaptophenyl)-ether (BPE)"™, in which the conjugation
15 broken at the centre by an oxygen atony and 1,4-
benzenedimethanethiol (BDMT), in which the conjugation is
broken near the contacts by o nethylene growp, We find that the
axygen in BPE and the methylene growps in BDMT both suppress
the ebectrical conduction relative to that in BPDL
Warious methods have been suggested and realized 1o form nano-
metre-sized gaps, induding dectrem beam Iltlmgriplq, with shadms
maske cvaparation', mechanical beeak junctions™, electromigra
e, andl side etched quantum wells=. \.hlrm]esiwtlw'n depasited
em the thin gap, and it is assumed that electrical eonductivity is
ahtained vwhen 2 single melecule bridges the gap and conducts
current. Although impressive success in measu the comductance
aof medecular junctions s been reportad ™ ™17, serious problems
are evident. The mest notable are the uncertainty about the namber
of comducting medecules in the juncticm, and the lack of infonmation
about the shape and structure of the metal contacts ey the
prdecile, The dirmer-hased contacting scheme presented lere
prevides several advantages. (1) Single-modecule devices can be
Exbwicatid with ligh cerainty. (21 The contacts to the molecule are
well defined and can be characteriznd separarehy (30 Our seheme
avids the need for fabncating nanometre-aned gaps. (4} 1t also
allewass meniarements of the temperature dependence of the molecu-
lar junction conductance over perods of howrs and even days,
regaining the onginal spects after thermal cycli
The dimer smthesis s performed by mmng a salution of dithio
lated molecules, whose stracture is depicted in Tig. la, with a gold
colloid, keeping their respective mtin hdow 1:140, The aolloids were
stahilized wsing the comantional divate method®, Tn making the
bridged dimers, the thioks on the bridging molecule displace citrate
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aniong to fonm stable Au-5 bonds"™ (Fig, 1h, o), IF mere than one
mbecule hinds to a certain colloidal particle, trivers (Fig. 1d0,
tetrarmers (Fig 1eh and higher oligenmers can be formed, To ensure
that wcet of the dirmeric collidal particles are bridged by & single
dithiolated molecule, the concentration of the L;I[I:u 1T, in
the reacton mixture should be moch smaller than the ancentra-
teon af the monomene eollaidal particles (0., In that case, when
the reacton is completed, the muo B of dimers o single
unbound colloida] particles s expected 1o fallow the relation
R O 00, — 20, 1 We mesured 8 for different inpul aoneen-
trations of dithiolated molecules, keeping C, fined, and found that
the abowe relatinn holds for C 0, ratins dhat are loseer than 1 15
The dimeric collnidal particles are separated from: moncmeric
particles and higher oligomaers on the hasis of their relative mass, by
centrifugation throwgh glycerol or sucrose dersity gradients. Bach
structure propagates as a different band alomg the centrifuged tube,
and is easily distinguished because of its reddish colour, Figare 1f
sheiws o ranssrssion elocton micrescope {TEM) image ar ligher
mgnification of & dimer {made of twe 10-nm colloidal gobd particles
commected by BOMT] that wes synthesized in this manmer, The
gap between the two particles is readily seen, and s size is in
good agreement wath the sz of the BIMT molecule, which =

+

I - ;

Figure 1| The molecules and callaidal structures under stady. a. The
struciures of the three mobecubes; 14-henzenedimethanechiol (BDMT),
44" biphenybdithiol {BPpand bis & mercaproph end -ether |BPE )b, The
dimer contaciing scheme. g-g, TEM imagzs of BDMT dimer, trimer and
Eeframscr slraclures maade of S0am collsidal gald particles. f, TEM image of
a BOMT dimer muade of I0-nm cellnidel gald pariicle The — 1 nea
scparalion between the Dw pastickes cormesponds appronimately 1o the
ROMT lemgth (0.8 nm),
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approcimately 109 nm. To further sstablish the pressence of 2 molecule
in the dimer, we conducted Raman scattering measurements om
dimers made from colloidal silver particles™. A clear Raman
spectrum was defected from a single dimer, with the charactenistic
temporal blinking of a single molecule,

W pasition the dimer betuaon two dectrmsdes using the method of
dectrostatic rapping™'~*, The pold eloctmdes are defined on o
silioon substrate with a thin (25100 nm) oxide layer using electron
hearn lithography, Tn most of our studies we use dimers of 30-nm-
aliameter collosdal gold particles. Hence, the electrodes ave madie with
S50 i sepansitivn, swhicl s beow the dimer s and larger than
the diameter of a single particle. The processed stroctures ane first
heaned™ arnd then insertod ina probe station where the dectrostatic
trapping is perfoinmed.

The sucress mie of the dertrostatic lmpplnglx relatmedy lup]l,.'n)d
reachies ~5(%% when the 1mpud.amx' of the dimer selution is high
eninzgly, susch that the dipale—dipale interaction betwoem the electro-
des and the colloids is not screened. An 1r|:||:,s.is af the trapping events
revenls that i 55% of the cases the gap is bridged by one colloidal
particl: only. In 45% of the cases we get a dimer hetween the b
dectrodes (Fig. 2a): in 35% the conductivity is ton kow to determine
the annductance features. We find in scanming electron microser
(SEM] imaging thar the brightness of the celloidal gold particles of
these dirmers is bow, probably due o poor conductivity between one
o the particles and the dectrode™, Tn 1% of the tapping svents we
obitain high conductivity dimers, Tlase are the samples thar we nefer
ter heres 11 BPIL, 13 BPE and 15 BOMT devices.

Trapping single colloidal particles between dosdy spaced electro-
e {2530 mm ) allenws us o stuey the cusrent—veltage characteristics
of the contacts. For the 30-mm eolloidal gold partides, se find o
Coulomb blockade statrease with a single electron dharging energy
wf ~20-3meV, and by applving a voltage to the substate
we aan measure the diamend #ructure of the conductance {see
Supplementary Fig 1] charmctensiie of 2 simgle-dboctrom transaster®.
Ttis evident that a tunnd barrier with a typical resistance of - 10 M2
is formied betvasen tlw‘!ﬂh]]ﬁlﬂldﬁﬂ!l;lp"l lectrodes, probably due
tor the liganads that stahilize the colloids in the solution.

The measurements of electrical ransport through the dimer
structures are performed using an ac. wltage with an amplinede
of a few millivalts superimposed on a dee voltage, and the curment
& well as the differential conductance [dVdY) are messured
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Figure: 3 | Image and | e differentisl spectra of

dimers. a, 3EM lmaage of & dimser rapped bevween the two elecirades. b, The
differental conductance a5 & funcion of veltage measursd for BPD, BDMT
and BPE dinsers a1 4.2 K. €, Coulonab hlockade oscillations of the colloidal
gold partiche whick are superimpased an the conduction peak of BPD
measured a1 42K
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Figuirs 3 | Tampaeal and tampat af tha dsnar
conductance, a, & compilation of 130 mweasuremen s of the &ifferomtial
conductance spectram of one BFD dimer, laken nver a porisd of 3 frehowre
The conduciance values are represented by a colour scalle, which ranges from
blue [n&s bo red | 308l b, The specira of a shified such that their peaks ai

2V cningide, thus demanstrating the rigid shifi namre of the temporal
N vmanions. €, The evolution of the lowest voluge conducnance peak of &
BRI dimer with cemsperature. & decrease in helght and broadening of the
peak with increacing temperature are ahserved.

smmultanerusy. Figure 2h shows 2 comparison of the diferential
conductance of the three molecides 2t 4K These are repreentative
«curves from more than ten deviees of each of the molecular species
that vere studied. The BPD dimers dearly show a series af con
ductance peaks. These peaks cannot be attributed to charging o the
pold particles—their typical spacing is a few hundred millivolts, more
than an order of magnitude larger than the charging energy of the
particles. In fact, in some cases we could resohee the Coulomb
blockade eecillations superimposed on the lange conduction peaks
(e Fig, 2c), The oscillatiom period is very similar to that ohserved in
4 single-particle messurement {(see comparison in Supplementary
Iriferrsation | W note that the conductance through a single trapped
collesidal particle is substantialby higler tham tlat of o dimer, typically
by ane o two orders of magnitode. Hence, the tonnel barrers
between the metal electrodis and the pold partices: act 25 small seres
resislances, carrying only a minute facion af the appled wlizge,
while mest of the voltage is dropped 2oros: the molecule.

The BPE and BT dimers sl remarkably different beha-
viours. 1t 1% dearly seen that the aonduction through the dime s
formied from thiese molecules fums on at much bigher voltages
(typically larger than 0.5V) and one cannat resoha: amy peak
structure, The systernatic difference between the three molecules
further confimms that the messured differential conductance is of
ranlecular origin The apparent gap and exponential twm-on of the
differential conductance in the case of the BPE and BOMT dirmers
suggest that adding localizing groups interferes with the conjugated
arcmnatic system and suppresses the overall comductance through the
lecube. This sssertion is supported by comparing the BPE with
the BPD micdecale, where the addition of an oxpgen atorm between
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the comjugated rngs suppreses the conductance almost entirdy
baove |V, A similar effect takes place in the BIMT dimers, where
the metlylene groups suppress the overlap of the molecular
hadlchane orhitals with the eontacts™,

Focusing, on the peak structure of the TPL dimers, we find that
while the main features of the conduecance spectrum are highly
reprrsducible, there are temporal flecuations a5 well as variations
hetween different devices. Figure 3a dhows a compilation of 130
rreasurerments of the condusctance of one dirmer taken over a period
wif a i hoours, Steong temporal flucnsstions in peak position, which
oot el b a8 Barge s 2 fiewr boaraedred millivalts, ave evident. W find that
e comeductance spectrum shifts rigidhy—tlat s, all peaks ar positive
and negative veltages move in the same divection by approsdmatehy
e same value, This is demomnstrated in Fig, 3, where we slift all
spectra such that their peaks 21 — 02V comeide. 11 % seen that this
operation causes all ather peabs tobe aligned a5 well. Such belaviour
s typical of electrestatically gated Coulomb blockaded spsters with
difterent input and exit capacitances™, Plosting the ennductanee in
thie V=V, plane {where ¥y, and ¥ are the rﬁnin source and gate
wiiltages, respoctively) produces a seewed diamonds structure (see
Supplerentary Fig. Ihl. It can be seen that under these conditinms
the conductance peaks at praitive and negative draim-souree bizs
indeed mowve rigidly om application of o gate voltage, As the gold
particles are very effective in scroening the effect of remote potentials,
we comelude that change mevement in dose vidinity to the molaoule
s rise 0o the ohserved rigid shift of the spectrum, These temporal
Aluctuatiors can therefone be corgidened as evidenoe for gating of the
rrdocule, which ocours randomly, We note that the termpoeal
frequency of this random gating depends on the voltage sweep
vate, difdr, and the voltage range of the messwement, It could
b substantally mimamzed by working at loww sweep mtes and
within a hmated wellage mnge, such that stable and reproducible
reasurerments can be aonducted over hours.

The dimer structire allows s 0 comveniently perform measure-
ments of the temperature dependence of the molecular unction
conduciance. We demonstrate this capability in Fig. Sc, which shows
the hehaviour of the lowest voliage peak (- — 0.3 Vin Fig, 3a) as the
temperature is increased from 4 K to 100 K. 1t is evident that the peak
brocdens and decreases in height with increasing temperature,
keeping the ares approsimatey constant. The shift in peak pesition
between the low- and high-temperature measurements is due
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Figure 4 The Fep af apectra af
different BPD dineers. a, b o ke i i duzt

speciram of fen diflerent BET dovices {ihe spper curve bhas been shified
uprwands for daritys. b, Histograns of the conductance peak positions
enlecred from nine BFD devices, Fach specirum was converied i a seiof
peaks of unit height and a widih which is the Tull-wideh at half-masimuns. &
righd shift of the specirum by up w0 50mY was allowed,
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1o gating, which occurred durng this long measurement. The
broadening of the peak can be accounted for by the change in
thermal distribution of the electrons in the leads. This mechanism
is expected t0 broaden the peak by — 25,7 (halfwidih at half.
maximmem], where kg is the Baltzmann constant.

Comparing, the conductance of nine BPD dimer-based devices
shows that the vanations between devices in the positions and
relative strengths of the peaks cannot be explained cnly &5 a rigid
shift, This is demonstrated in Fig. 42, which compares the spectra of
s BED dimers. We can see that while the main features appear ar
approirmately thesame vol tages, ome cannot align the two spectea by
a simpde shift operation. We note also that there are differences in the
walue of the conductance between the various devices, wliicls can be
as large as an order of magnitude, To statistically quantify this
variakality, we construct 2 histogram of peak poations (Fg. db).
This i dine by comverting each spectrum o 2 set of peaks, each
represented by a Block of umt height, a widih which = the full-wadih
at half-maximuam, and is centred around its mainem. A rigid shife
of each spectrum was allowed to accommindate the tempaoral fuctus
tions It is seen that the peak struchure survives the averaging over
mizny molecules, indicating, that the variability in peak position is
smialler than the peak spacing. The peak positions d!rlq'rrninﬂl from
e histegram agree very well with mezsurements done on self-
assembled momalayers of BPTF, Henvever, such agresment is lacking
when comparing the messured spectra with recent caboulations of
midecular conduction !, In particulay, the measured twm-on voltage
i sagnificantly bower than theoretically predicted. Moroower, the
predicted conductance is several orders of magnitude higher than
oberved.

METHODS

Collnidal gold panapartiches with 2 dameter of Sinm wars proared wsieg 2
waaihod described by Goatar of ol ', wath dight modifcations, Bricfy, 2 solution
of ‘sead collnid” {24 nm § seas prapared by addieg 10 ml of e el aquo
Han CLeAHAY 1o 100 ml of Mali-L) water wh g e min Latar, Linml af
Ill|n|.'|||l ! aquecs risodium e was added, folkowed, 1min laer, by
Lol of reshly preparsd 0175 i JaBEy e warer, wnd the misge was
stareed Tor 3 oin. Larger colosdal particle, 30mm an dame ere prepared by
adding 02wl of 10 sgm] ' erisodmm cirane and 130 of the du“seed eollodd"
sl v 30l of a bodiag squecas salutices of HAuC g 3HA 00 mgml ™"

pokd particle wall-
bution'*,ancomfinmad by TES
e partiche J
the renction”.

R 1I|J,¢ for Fmiss and discarding the supareatant. Th il

resuspenidad in 2.3ml of LM Nl dH and cenirifuged again as above, |evg,
ezt 08 il o comcentzased zoliivao llscspm.rdummdn..l:ha:1|9=o|\ad
e L] Bl Mk el datuged weitls 1 BV H e the desived cencen This
salnrion was esived with a cqual s colidal gokd
sotutin containing 2= 10-fold molar excews of colloidal pa wand arcuhated
> Ths mixtues |3 mi] wat bnaded on 3 Hi-73% ghceral gradion
dat | x 1i"g for Womin im a Beckman 5941 moear,
of the gradiest wers collndad and chara d

rie: of The dancess

propaced on an dhstron beam ds

ed in & proba sation; a 4. i
dimser cﬂllllmn (enatair ally 45-35% dimers, #-30F% single paricles
and a few per cent of higher conjugates) is placed on the eletrodes’ arface,
e am g mll!nc of B0t a 100 Hz iz applicd between the decirodes for
(e is then deanal in doade distlled warer, and Blows dry in
watrengee, The devices are teded cm the peobe statica, aed the anes cthat show
comdactivity are bondad and mescmiad ar 8E. Afer the scasircuient, the
devices ane amaged s ENE Cor dereneine the 1ype of colloadal arucvare tha
has bwan irappad.
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Stability of the Larsen B ice shelf on the Antarctic
Peninsula during the Holocene epoch

Eugene Dt}mack » Diana Duran Amy Leuenter L Scott Ishman Sarah D.ane Scoftt I'u'IcCaIIum David Amblas®,

Jim Ring”, Robert Gilbert™ & Michael Frentice’

Thee stahility of the Antarctic ice shelves in a warming climate has

heeen discussed', and the recent colbapse of a significant part,
aver 15500k in ares, of the Larsen ice shelf off the Antarctic
Peninsiala ™ bas led toa refocns towand the implications of jce shelf
decay For the stability of Antarctica’s grounded woe*®. Some
ammaller Antarctic ice shelves love undergone perodic growth
and decay over the past 11,000 yr (refs 7-11), bat thes: ice shelves
are al the dimatic mit of ice shell viability'* and are therefone
expected o respond rpidly 10 natural cinmate sariability at
century L millennial scales™'. Here we use records of diatoms,
detrital material and geochemical parameters from six marine
sediment cores in the vicinity of the Larsen ice shelf o demon-
siruie that the recent collapse of the Larsen B ice shelf is unpre-
cedentedd during the Holocene. We infer from sur axygen isctope
measarements in plankionic foraminifera that the Larsen B ice
shelf has been thinming throughaut the Halocene, and we suggest
that the recent prolonged perind of warming in the Antarctic
Peninsula region'* ", in combination with the long-term thinming,
has led to collapse of the fce shelf,

A marine geologic survey was oonducted in the northwestem
Wdddell Sea [hetween 6575 and 557 5, and 59°W and 617W) just
befiare thedramatic collapse o large portionof the Larsen boe sl fB
(LIS-B; collowpuialby Larsen B ee shelf) in Marcl 2002 {Fig. 1), Here
e erllected sediment cores, surface sedmment grabe, bottom photoe-
graphs and cceanographic profiles of emperature and alinity, and
eomdiscled 2 reconnaissance hathyrmetre survey | Figs 2 and 3. These
data were aollected in open water just cast of the pre-collapse 1151
front, bt following 2 serics of calving evertts resalting in shelf odge
retreat before the 2002 collapse. Thus the T15-B cores and an
additiomal core! sy collected in the T15-A region (core 25
in Fig. Ia) were located in a suwbice shelf setting until 1995, Surface
pln’mphrkrnn ooncentratinne were estimated via ocean colour
sarellite imagery (Fig, 1o and surface warer sampling, The sediment
woires Teenverad placial and Holocens marine sedimentary sequences
representing the trarsitions from glacial conditions to de-gl
taubrice shelf} conditions, and then 1o open marine conditions,
Three steatigraphic intervals {units 3, 2and 1) are vecognized: a lower
homogeneous diamicton (unit % glacial), 4 stranified w0 cross-
strafified gravelly sand o granulated mud (unit 2 deglacialy, and
an upper laminated 1o homogeneous, shiglily sandy mud (unit 1;
sub-ice shedf)] (Fg. 2h). Only the uppermost centimetre of unit 1,
with higher barsilicenus content, represents open marine aondations.
These umits are mierpreted on the basis of 2 number of specific
criteria in Anfarctic glacial marine sequences™''", The presence of
glacial dill (unit 3) s comsistent with the glacially soulpted and

sireamnlined sea floor documented from multibeam data (Fig 1)

and with a much expanded glacial regime on both sides of the
Antarctic Peninsula (Fig. la; see Supplernentany Information ),
Termin i oof ghacial cover upon the e flear of beth TI5-A and
TI5-B i comstrained by radiecarbon dates of 1,6 + 55years
befowe present (v ee b on caleareous foraminifera within the base of
e aubeboe shelf facies, unit | in core RC-2 (Table 1), and palaco-
magnetic inbendaly cros-dates of 1,700 & S00vroe within LI5-4
cores'!. Radiocarkon ages on aleareouws foraminifera and arganic
matier {Table 1) demongizate that subsequent deposation beneath
the LIS-B tonk place at progressively bever rates following deglaca-

tion, Tn su af lithafacies interpretations is the fwobold greater
thickness it 1 within eore KC-3, when compared tn other cores.
{Fig. Th]. K% s chosest e the historical grounding line of the L15-B

arourd [ason Peninsula, (Fig. 1h) and would be expected to have
received glacial detritus at greater rates thansites more distal from the
debwis source (the grounding lineh,

Al of tlve coves except KIC-3 ane characterized by concentrations of
graved at the sediment—water interface {Fig. 2a) marking the acoumu-
Latien of coars: oe-rafted material. Tlis 1s a result of a combination
of coarse debris relessed wisen the ice shelf retreated to its penult-
et position in P9 and the rafting of poorly sorted stones undier
e disstal resches of the 1155, wiich wes generally devoid of material
except for englacial debis septa entraimed at tributary jurctares
along the Antarctie Penirsula’. The inference that some of these
stones resaded exposed on the se oor for some lime is supported by
e Mnl), coatings of a few rmacrometres Urickness over ther surfcoe,
rexuiring ar lesst 1.5-2.7 kyr to accunmulate given ohserved rates of
WIni, accretinn in the Southermn Ocean'®, The surface of unit | is not
inmawasd or lag surface bue ome of ko sedimentation | Table | ax
Ph activitics show near-surface evoess heyond hadeground levels
{Fig. 3, albeit associated with very lose sediment accumulation rates
{Tahle 1) Cmiby a fev af the large boulders recovered and ohserved in
bottom photographs (Fig. 2b) show evidance of recent colomization
Fnyepifaunal orgarnisms, All such organizs vield modem '5C ages for
hingenic calcite (Table 1, AA-S5355 to AA-49558), attesting to the
reverit increase in advection of orgaric detrits to te sea floor in this
arca, Bxtrermely lowr distom abundarce within all ewept the wpper
centinetre of unit | supperts a sub-ice shelf origin for unit 1.

Chuanititative divvroore diatem data (Fig. 3a) indicare <-:m:r:ﬁtmg
Holocene histores for LES-A and LIS-B. I is notable that there 5 a
much hagher overall diatom concentration i KC23 (LIS-A) as
eontragted ko concentrmtions in LS5 cores, which are several arders.
af magnitude lower, remforang the lnpatheas that while the 115-4
regiom had no e shelf for extended perinds |‘||:|ring the Holneene!,
1|||' L15 B persisted through the Hiolocene until its nwntm“n]n-

ncrease in absolute diatom concen v ] in s
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