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Effects of gating and contact geometry on current through conjugated molecules covalently
bonded to electrodes
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We study the effects of gating and contact geometry on current through self-assembled monolayers of
conjugated molecules strongly coupled to gold electrodes by sulfur “anchor groups.” The current changes by
more than an order of magnitude depending on the angle between the axis of the benzene-dithiolate molecules
and the normal to the electrode on the less coordinated “top site” position. The effect of gating is also much
stronger in this case compared to higher coordinated “hollow site” binding of the molecule or{1d1\u
surface. The large hybridization of the molecular states with electrode states for the hollow site leads to
practically ohmic current-voltage characteristics. Changes in molecule-electrode geometry accompanying the
gating of the self-assembled monolayer may be the reason for strong changes of the conductance.
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[. INTRODUCTION “top-site” position above a surface Au atom, compared to a
“hollow-site” position, when it is bonded to three surface
Studies of electron transport through organic moleculegiold atoms, see Fig. 1. These bonding positions were consid-
(molecular film3, viewed as the possible components of mo-€red in the literature as being the most favora#dso, one
lecular electronic devices, are a very active area ofannot exclude that the observed changes in conductance
researct 2 Although the rectifying properties of the mol- through BDT are caused by charge trapping-detrapping pro-
ecules in two-terminal molecular devices were demonstrate8€sses close to the interface between the molecular layer and

in 1990s* only recently havethreeterminal devices been the gate SiG.

fabricate® The individual G, molecules were gated in the _ Study of the effect of contact geometry and gating on
vertical device~ 30 nm of SiQ gate oxide. In the slot electron transport through molecules, motivated in part by

geometry of this experiment, the gating field on the mol_experlmental Stqd'es’ IS Interesting from bo_th fundgme_ntal
and practical points of view. Given the notorious difficulties
ecules should be small because the length of the molecules h ing individual moleculé hard|
(the “channel” length is tiny, 2L~1 nm, so that the geo- W't. measuring indivicual MOIECUIESHNE can hardly over-
trical ture factor i ’ i<l "I'h i : estimate the value of theoretical modeling of the correspond-
metrical aperture factor 1S sma / - 'he galing poten- ing effects. We describe the present theoretical model in Sec.
tial on the molecule itself can be estimated a¥/4L/2t

- k II, which is applied to contact geometry and gating in Sec.
<Vg, WhereVy is the gate voltage. Indeed, the region of || The results are summarized in Sec. IV.

Coulomb blockage in Ref. 5 shifts by about 10 mV, when the
gate voltage changes by about 0.5 V. This is consistent with
the above estimate of the gate oxide thickness.

Recently the measurements have been reported for diluted
SAMs of benzendi,4)-dithiolate (-S-GH,-S-), the sim- In order to gain more insight into the origin of the depen-
plest conjugated molecules, referred to below as BDT, wittdence of molecular conductance on a weak gating field, we
only one phenyl ring. The conductance was reported to behave performed a series of self-consistent calculations for
much larger than that found in the earlier break-junction exdifferent attachments of the BDT molecule to (All) sur-
periments by Reect al.” who observed the first peak in face. We have found that the effects of charge redistribution
conductance of 0.0o.A/V at 1.4V, the reported transcon- as a function of molecular configuration and/or external field
ductance was anomalously large. are important, since the mismatch between the work func-

With regards to a possible origin of the observed behavtions of Au and BDT results in a considerable charge flow
ior, we first mention the importance of the geometry of thebetween the molecule and gold electrodes. Without external
molecule-electrode contattlf the orientation of the mol- bias, the lowest unoccupied molecular orbitaUMO) lies
ecule with respect to an electrode changes, so does its cooloser to the Fermi level of Au compared to the highest oc-
ductance. Indeed, we have found earlier that the conductan@gipied molecular orbitalHOMO). The current through the
of BDT (or any other conjugated thiol-terminated molegule molecule strongly depends on both the tilting angle and the
strongly depends on the angk between the molecular self-consistent charge redistribution across the molecule. Al-
“backbone” and the normal to the gold surfad€g. 1). Ina  though it is not cleaa priori what the sign of the combined
simple “toy” model, the current dependencesisir’din the  effect would be, we have found that our previous conclusion
regime of strong resonant tunnelifarge bia$ and even about strong orientation dependence of the conductance
stronger, =sin*g in the regime of nonresonant tunneling through anisotropic conjugated orbitals and thes orbitals
(small biag.® Note that the angular dependence of current ison electrode Au remains valft.
much stronger when the end sulfur is in the less-coordinated BDT attaches strongly to the gold substrate by thiolate

II. SELF-CONSISTENT CALCULATIONS OF
ELECTRONIC STRUCTURE AND TRANSPORT
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Top site Hollow site where eﬁm are the onsite energies in a system with neutral
Au ' , Au t x atoms,Aq,, are the charges on sitegyy =1/|m—m’|, ¢,
[ NV the image potential, and<0 is the electron charge.The
S S chargeAq,, is found self-consistently from the local density

0 V of states, which is given by the site-projected imaginary part
. - of the exact Green’s function of the problem. The total re-
tarded Green’s functiors,,,var(E) is calculated by “at-
/ / taching” the semi-infinite leads to the molecdfeAs a result
\ \ of the attachment the molecular levels acquire a width that
strongly depends on the coupling between electrode and the
molecule ' ~1t4, /D a,. HereD », is the width of thes band
S S\ for Au electrodesty,.s is determined mainly by thepo
t i ‘s hopping integral from Au to the end sulfur atom on the BDT
t Au ' t Au molecule, which is of the order of 1-2 eV. One should ex-
pect significant broadening of the molecular levels when the
FIG. 1. Schematic representation of the benzene-dithiolate molmolecule is attached by a thiol group to Au, since a strong
ecule on top and hollow sites. End sulfur atoms are bonded to onehemical bond is formed.
and three surface gold atoms, respectivélys the tilting angle. Underzerobias voltage, the electron chargg on the site
m can be found from the Green’s function in the standard

end groups -S- that form covalent bonds with’A% In order ~ Manner as

to properly account for such a bonding in the present calcu- o

lations, the Au atorfs) connected to S are treated separately Im= > f dENn(E)f(E), (2
from other gold atoms that compose the gold electrode. The 2o

conductance is computed with the use of the general proce- 1

dure of Ref. 11. The gold electrodes are described by a tight- Nma(E)=——=ImG,amd E), 3)
binding model with nines, p, andd orbitals per Au atom &

with parameters from Ref. 12. The equilibrium molecularwhereN,(E) is the density of state®OS) a on the sitem,
geometry is found by total-energy density-functional f(E)=[1+expE—Eg)/T] *is the Fermi function, ané is
minimization!® The tight-binding parameters for the mol- the chemical potential found from the global charge neutral-

ecules and molecule-lead interfaces are taken from the solidty of the system. ) )
state table of elementé. In the case of finite bias voltage the system is out of

The onsite energies in the present tight-binding mode@(’],uilibrium and one has to find the charge that is “flowing-
which are very important for finding the correct charge re-n from the electrO(_jes onto the moleculle, cf. Ref. 15. Then
distribution between the molecule and the electrodes, havi®¢ DOS on the siten, related to the influx of electrons
been estimated from the Hubbard model in the atomic Iimit.fr‘vjvm the  lead w=1,2,v& S vyvrltten as
The energy of an isolated atom is approximatecas-E,  Nm(E)=2(for Sp'“)Ek;VkM Um(k; KIDIZO(E—Ey ), where
—eAqm+§UAqﬁ1. HereE, is the energy of a neutral atom z,b"nﬁ(kz,ku) is the wave function at the molecular site,
with the atomic energy level at e<0 with respect to the which asymptotically becomes an incident Bloch wave in the
vacuum levelenergy origin, Aq is the excess charge on an leadw far from the molecule with the wave vectors, (k).
atom, andU is the intraatomic Coulomb repulsion. In this Now we can find the occupation number for that site on the
approximation, we obtaire=3(A+1), U=I—A, whereA  molecule due to charge flowing in from the leadas q,
and| are the experimental atomic values for the affinity and==%,,* dEN/(E)f,(E), wheref(E) is the Fermi func-
the ionization energy, respectively. These expressions hawn for thewth lead(i.e., with Eg=Eg,). In order to calcu-
been used to estimate the following parameters used in thate the Green’s functiofand the chargesg,,) we define the
present workU=11.5,e=7.8 for H;U=6.3, e=5.2 for C;  “channels” such thak,=k¥(E), wherel=1M enumerates
U=7.8,e=6.5forS;and)=6.7, e=5.9 forAu(allinunits 3|l the quantum states in the lead unit cédlice).* It is
of eV). We would like to mention that the use of different convenient to rewrite the expression for the charges in terms
values for the one-electron energies like the ones from  of “open channels.” The “open channel” is defined as a
Ref. 14, leads to unphysically large charge transfers. Bloch wave that propagates in the lead at a given energy. The

We have calculated the current through BDT on(#1)  Bloch waves incident on the moleculee., having the ve-
in both the top site and the hollow-site positions. Including|ocities towards the scatterar,>0) will contribute to the
onsite and intersite Coulomb interactions one finds that th@harge f|OW|ng to the molecule from a particu|ar lead,
onsite one-electron energies for statat the sitem should

be adjusted as 1 (may
) N",TV,(E)=2§ Ef_ﬂ/dwdkﬁ UK K [PS(E—E) )
| z

=9 ; , I 1 1
€ma= €mat UmAqm/e—i_m’(mZ’im) €Ymm Alm +€dp,, -2 2 E _|‘r//\rl1v~|(kzl ,k||)|2, (4)
(1) 2m K 1(0}">0) oy
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whered, is the unit cell length along the leagy, are nor-
malized for the length of the wire, which drops out of the
final answers. Note that the integration in E4) goes over
the whole Brillouin zone, not just ovelk,>0. The delta
function picks up the open channels on the leads. From no
on we can drop the lead index and assume that one can la
sum up all the charges flowing from all the leads. Once th

Hamiltonian is set up, one calculates the charges on the site

recalculates the onsite energies,, and continues itera-
tively until the charges converge.
The current through the film is
expressiotf'!!
qVv
|-

29
I—TJdE -

whereq=|e| is the elementary charge, afdE) is the trans-
mission probability

given by a standard

o]

E+

3
f(E— > }T(E), (5

TE)= 2 |tan(E.kpI?, (6)

kH,nn’
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Ill. EFFECTS OF CONTACT GEOMETRY AND GATING
ON CURRENT-VOLTAGE CHARACTERISTICS

We argue below that gating of SAMs, if accompanied by
changes in molecule-electrode geometry, may lead to large

Whanges in conductance. Given the strong orientational de-

Endence of the current through conjugated molecules like

DT, and that in experimental SAMs the molecules are
fever positioned strictly normal to the electrode surfease
was assumed in Refs. 17 and),1&e shall present the results
for the transmission, density of statésigs. 2, 3 and |-V
curves(Figs. 4—6 for a series of tilting angleg between the
backbone of the molecule and the normal to the14d)
surface. The dependence of thieV curves for BDT on the
top site and hollow site is illustrated on Figs. 4 and 5 for
=0-30°. Itis especially strong for BDT on the top site. The
majority of the results is given fof=10°, which seems to
be a reasonable choice for experimental SAMs. Note that in
the upright positionf=0 in top site(i.e., perpendicular to
the contact surface, as was assumed in Refti& overlap
between the & andy p orbitals Xy being in contact surface
plane,z normal to the contagtand thes orbital on Au (or
jellium) is exactly zero by symmetry, since X|H|s)

where the summation goes over the surface Brillouin zone ok (y|H|s)=0, whereH is the Hamiltonian. Thes electron

the lead. Transmission coefficients, (E,k)) between the
scattering channels andn’ are found from the solution of
the scattering problett. In the case of weak molecule-

on the top Au can only hop onto a 3 orbital via a
(z|H|z) =sso hopping integral. Obviously, for BDT on the
top site, this result holds for all incident electrons with any

electrode bonding the transmission probability is approxi, . Therefore, thexandy p orbitals on S cannot be traversed

mately given by the Breit-Wigner formila

| R
E—E)2+([, +T,g)%4’

T(E)~2 ( (7

by electrons incident from the contact. At the same time,
only those states on the sulfur ion are coupled to conjugated
7 orbitals on the benzene ring. Therefore, for the BDT on
the top site and oriented normal to contact, the current
will be suppressedas observed in calculations by Di Ventra

whereE, enumerates the energies of the molecular orbital§t al'"*Obviously, this symmetry selection rule is lifted for

(MOs) contributing to transportnot all of them do, see Figs.
2,3, I' (g /% is the rate of the carrier transfer to the left
(right) electrode from the molecular orbital This formula

any ##0. Thus, the previous calculatidig®have been per-
formed at an artificial singular point. Incidentally, the same
conclusion applies to the scattering of the carriers incident

applies when the width of the MOs is much smaller than theVith k=0 (surfacel’ point) on upright BDT on a hollow

energy difference between them, so that the resonances §8€- Indeed, in this case the matrix element for hopping to
not overlap. Each conducting molecular orbital produces dhe sulfur atom on the molecule is proportional to
steplike contribution to the current. Indeed, when the reso=i(Xi|H|s)exp(k;p)=Zil;=0 for k=0, wherel; are the
nance falls into the “window” between the lowest and the directional cosines connecting the center of the triangle
highest Fermi levels in the lea@&, <E,<Egg, the current formed by three Au atoms on AlL]) surface with Au atoms
obtained from Eq(5) is in the corners at positiong . The same is obviously true of
the hopping to the p-orbital on S. Thus, in the case of BDT
on a hollow site,all the contribution to the current comes
from states withk # 0. Therefore, for BDT placed upright
on the hollow site, the total current i@t suppressed, as it is
for BDT on the top site. Consequently, the current for BDT

It follows from this analysis that the current-voltage char- ., w0 oliow site is considerably less sensitive to the precise
acteristic should look as a series of steps, occurring when th

resonant conditions are satisfied for particular conducting(Ca ontact geometry.
molecular orbital. The apparent negative differential resis-
tance(NDR) at bias above 2 V, Figs. 4—6, results not from

resonant tunneling but from the electrode density of states. In Most of the present results can be appreciated from the
the present model the electrode DOS in bounded from abovanalysis of the transmission probabilfyE) and the density

for each particular value df;. As a result, the current will of statesN(E) on the BDT molecule, see Figs. 2 and 3. One

be zero at the energies above some threshold. The apparespects from the golden rule that the transmission would be
NDR persists in the present calculations irrespective of theroportional to the density of states. However, although
number of basis functionss( sp, or spd basig, Fig. 6. peaks of both functions follow each other rather closely,

29 I'nI'g

A. Density of states and transmission
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FIG. 2. Density of statebl(E) and transmissiof (E) through
benzene-dithiolatdBDT) molecule on A@111l) as a function of
energy:(a) BDT on the hollow site(b) BDT on the top site(see
text for the description of the configuratiprThe broken line indi-
cates the transmission(E) under the bias voltage 2 V. Molecules
in both configuration are tilted by 10°.
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FIG. 4. Current-voltage characteristic and effects of gating and
tilting with respect to the A(1L11) electrode surface on current
through the BDT molecule on the top sit@) effect of the gating,
onsite energies are shifted by the amodntindicated on the fig-
ure, (b) effect of increasing tilt angl®. Current is in units ofl
=77.5uA. Inset: schematic representation of the gate geometry,
2t=1 nm,L=4-5 nm(nominal oxide thickness was 30 pnV
is the gate voltage.

there are important differences between the density of stateg (at E_=Eg—1.0 eV), Fig. 3a). Transmission is almost

and the transmission. It is easier to analyze the results for thgsg atE>E . but there is a large density abnconduct-
.. . w*
top position first. There are two sharp peaks around thgyg states in this energy interval. Those nonconducting states

Fermi levelEg, marked ast™ (atE,«=Ef+0.5 eV) and
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FIG. 3. TransmissionT(E) through the BDT molecule on
Au(111) and the effect of gating(a) hollow site, (b) top site. The
gating is simulated by shifting the onsite energies on BDTdhy
=0.5, 0, and—0.5 eV. Note the presence of a sharp peak (&)
for top site (originating from the LUMO on BDT close to the

Fermi levelEg .

are formed at the end of the molecule and reside primarily on
the end sulfur atom and gold atom on top of which the mol-
ecule sits, with little coupling to € conducting states on the
ring. Thew* peak contains mostly Au and S states and some
Car ring states whereas the peak is made mostly of S and
C ring states with a little addition of Au states. Sulfur at-
oms introduce the states in the HOMO-LUMO gap of the
benzene ringwhich is about 6.5 eYand hybridize with Gr
states to make the conducting pathways across the BDT mol-
ecule. As a result, we see a much smaller gap betweand
7* states in BDT, which i€, —E_.=1.2 eV. In the case
of the hollow-site position, the situation is considerably dif-
ferent. There ther and #* states are much broader and
pushed apart by much stronger hybridization with three un-
derlying Au atoms than for the top site, Figh® The “soft”
energy gap for the hollow position E,«—E_=3.25 eV,
Fig. 3@ (cf. Ref. 19.

It is instructive to compare the present results with the
data for Ni-BDT-Ni SAMs (Ref. 20 and jellium-LDA(jel-
lium local-density approximationcalculationst® The sys-
tems should have many similarities since Au and Ni have
almost the same work function of about 5.1 2\Mn both
systems a large conductance peak was reported at a bias of
aboutV=2.1 V, which is larger than the earlier value of 1.4
V.8 The peak in Ni system is narrower and does not show any
appreciable spin splitting. Interestingly, in Ni-BDT-Ni the
additional resonantlike features are found at low bias volt-
ages of about 0.3 V and 0.9 V. They correspond to smaller
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FIG. 5. Current-voltage characteristic and effects of gating ands a strong function of the tilt angle, and it may vary signifi-
tilting with respect to the AWL1l) electrode surface on current cantly, Fig. 4. Finally, we note that the HOMO-LUMO gap
through the BDT molecule on the hollow sitéa) effect of the jn the “jellium” calculations is~5 eV,l7 which is substan-
gating, (b) effect of increasing tilt angle. Current is in units lof tially larger than that in bare BDT molecules, and that is
=T1.5uA. unlikely. The calculated value of the first peak in conduc-

_ tanceinjellium-LDAis 2.4V, larger than the observed value
conductance compared to the peak at 2.1 V. The position off 2.1 v As follows from this discussion, one needs more
the peaks should be compared with that ofd\8tates. It is  analysis to draw definitive conclusions about the position of
well known that the energy of a minority peak in Ni DOS is the Jowest conducting orbital with respect to the Fermi level
very close to the Fermi level, whereas the majority peak iSp electrodes in Au-BDT-Au and Ni-BDT-Ni.
about 0.5 eV belovEg. If the conducting molecular states
were considerably smeared out, like in the case of hollow
position, Fig. 2, then the observed low-bias features might be
due to those peaks in Ni DOS. The fact that the first peak ~ The gating effecton the transmission andV character-
is observed at 0.3 V, and not at much smaller bias, may béstics is illustrated in Figs. 4 and 5. The gating is modeled by
due to energy dependence of the molecular density of “tail’shifting the onsite energies on the moleculeddy, which is
states aEg, which shifts the peaks by 0.3 V. If, however, the usually —0.5, 0, and 0.5 eV in the calculations. Obviously,
peaks in the molecular density of states are sharp, like in thia the experimental situatidrsuch a large shift would re-
case of top position, Fig. 2, then the peaks in conductancquire very large gating fields, comparable to the atomic fields
should correlate with the position of the molecular orbitalin the order of magnitude. This is because one has to sub-
closest to the Fermi levéLUMO, according to the present stantially change the electronic states on the molecule, and
work). The position of the LUMO in BDT in the present the characteristic energy is given by the HOMO-LUMO gap,
model is about 0.5 eV above the Fermi level for the topusually a few electron volts. Such large fields could not be
position. Therefore, we expect that in the top-site configurapossibly produced in the slot geometry with the channel
tion there should be two peaks in the conductance, one &ngth of onlyt=1-2 nm through the gate oxide with thick-
about 0.5—1.0 \(the position of thed peak in Ni DOS with  nessL=4-5 nm(nominally 30 nm.® Schematic representa-
respect to ther* resonance, depending on the connectiontion of this gate is shown in inset in Fig(a. The analytical
between the molecule and the electrgdesd another at solution to this electrostatic problem can be found by stan-
about 0.5 V higher than the first offi@t 1.0-1.5 V. Interest- dard methods and it naturally contains a small parameter
ingly, this is very similar to what was reported for the Ni- L/t<1, so the gating on the molecule itself would be much
BDT-Ni system, with the peaks &=0.3 V and 0.9 V°If, ~ smaller than the nominal gating voltay .
however, the LUMO ¢* statg is at 1 eV above the Fermi One can speculate that large gating may result from, e.g.,
level, than the spin peaks in MiDOS might have produced charge accumulation in the gate oxide next to the molecular
the peaks in conductance at 2—3 V. Indeed, there is a corilm. However, changing the oxide from Sj@o Al,O; ap-
ductance peak at 2.1 V in both Ni- and Au-based systemsarently has not modified the res(it8esides, there is an
but it is not spin split in the case of Ni electrodes. It is worth abrupt change of conductance by about an order of magni-
mentioning that the position of the first peak in conductanceude at the gate voltagé;= —0.3 V, which would suggest a

B. Gating the molecules
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high sensitivity of the interface charge to the bias voltagewiched between Au electrodes there may be two processes
Both facts are difficult to reconcile with the idea of interface going on that significantly change conductance. Since the
charge accumulation but we will study this possibility. BDT molecules are clamped by the matrix of alkane chains,
Comparing Figs. @) and 2b), one observes that the they have to move with it. Note that the matrix of alkane
smaller hybridization between $and Aus states for BDT  chains is not in registry with the Au electrode. The BDT
on the top site produces sharp features in the energy depefrolecules have a nominal length of 7.2 A and are dissolved
dence of the transmission at the Fermi level. The LUMO injn the matrix of (CH)sS alkanethiol insulating molecules
this case is above the Fermi level by only about 0.5 eV. Th&yith a nominal length of 8.3 A. Thus, the BDT molecule
shifts of onsite energy by similar amount substantially, o4 appear as a dip on the surface of the matrix, and one
change the transmission at the Fermi level, Fig)3and the 5 fo\y gold atoms can get into this dip during the deposi-
corresponding current per molecule as shown in Fi@.4  {jon and bind to the end S. The geometry of this bond is

There is a pseudogap at low voltagess1 V, with the ncertain, and the bond may well be stretched. In this case
threshold voltage moving by an amount comparable t0 theyen 5 slight perturbation exerted on the SAM might lead to
external shlft<I>_g_for_the top-site conflguratlon. By contrast, 4 reconfiguration of the bond resulting in large changes of
the large hybridization of $ states with Au on the hollow  conqyctance. It seems reasonable to assume that the “do-
site results in much broader energy tails of the resonant,in walls” separating different patches in an alkane matrix

peaks in the density of states in the gap region in the vicinity, o e rather freely in the system, since it does not require
of the Fermi level. Consequently, gating effect on the transy,,ch energy. The BDT molecules will follow the matrix and

mission, Fig. &), and current, Fig. @), is smaller compared 5 gjther snap from a hollow site to a top site and back
to the top-site situation. _ _ and/or change the tilt angle. Both processes may be accom-
For the hollow-site configuration there is no trace of thepanied by large changes in the conductance. Conformational
HOMO-LUMO gap in thel-V curve, and thd-V curve is  changes of the clamped BDT molecule are rather restricted,
almostohmicin the wide range of voltage¢<2 V (Fig. 5.  and the motion of the “domain walls” may be quite repeat-
This is indicative of themetalization of the chemically gp1e. One may wonder what causes the domain walls to
bonded molecule. This should have general implications, thg,ve. As a possible reason, we suggest the presence of posi-
simplest being an obvious difficulty in gating such mol- e metal ions inside the organic film, as a small concentra-
ecules. _ _ tion of electrode ions in a SAM is rather inevitable. Indeed,
Finally, it is important to mention t_hat in the present as p;+ strongly interacts with §H in the gas phase and forms
well as other calculatlo.ns, the LUMO is the qlosest mo'lecu-an Au*-CgHg complex with a binding energy of 2.65 eV,
lar orbital to the Fermi leveEr and the maximum gating \hereas neutral Au forms a Van der Waals complex with the
effect is naturally expected when its energy is pulled dowry,inging energy of 90 me¥2 Even more likely is a formation
closer toEg . This takes place giositivegating voltage, and  f those complexes with thiophenes, which carry an electric
not the negative one, as reporfedhis is an apparent con- dipole. It is likely that a similar charged complex can form
tradiction which needs to be resolved. with BDT molecules in a SAM with those BDT molecules
that have lost contact or are in poor contact with the gold
substrate. It is also possible that a charged complex can be
The tilting angle has a large effect on the/ curves of formed between the charged metallic ions (Aor other
BDT molecules, see Figs. 4 and 5. The behavior of the BDTelectrode metajsand alkane chains. A small field in the or-
on the top site and on the hollow site is again rather differentganic film will then produce a tangential force on the ions,
The1-V curve for the hollow site remains ohmic for tilting and this may trigger the domain wall motion when the pin-
angles up to 45° with moderate changes of conductance, Figing is weak. Additionally, since the packing of the film is
5(b). The variation of the current with the angbeare much  not ideal (an organic film is usually a rather disordered
larger for the top site, Fig.(#). By changingé from 5° to  patchwork of “grains”), the Maxwell force acting on the top
just 15°, one drives thé-V characteristic from one with a Au electrode at finite drain voltage and/or electron wind
gap of about 2 V to the ohmic one with a large relativeforce may trigger the domain wall motion, which may also
change of conductance. Even changihdrom 10° to 15° require a combination of these factors. The second possibil-
changes the conductance by about an order of magnitude. ity would be a buildup of the interface charge, but apparently
Finally, Fig. 6 illustrates the role of the electronic struc- the replacement of oxide did not change the results. As men-
ture of the electrodes. The results described above have betianed above, it is also difficult to explain the jump in con-
obtained with only thes states on Au atoms. We have also ductance at a certain value of the gate voltage.
considered arsp and spd basis for Au. Although this sub-
stantially increases the computing time, but the additiop of
andd states brings about only moderate changes in current.

Since the hybridization iS dif‘fel’ent fOI’ dif‘fel’ent cases, the We have presented an extensive ana|ysis Of the e|eCtroniC
current magnitude slightly varies for different basis sets.  states and transport through the benzene-dithiolate molecule,
which is the simplest conjugated molecule that forms a
SAM. It shows that the effect of gating strongly depends on
With regards to the origin of the reported gating effect,the geometry of the molecule-electrode contact, and is maxi-
one can envisage that in dilute BDT-alkane solution sandmal for the less coordinated top-site position. It is related to

C. Effect of contact geometry

IV. SUMMARY

D. Possible origins of the gating effect
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the sharpness of the peak in transmission, which correspondé their own, as discussed in the text. Changes in random
to the LUMO on BDT and is close to the Fermi lev&} of  charges in the film and/or chemical composition of the BDT
an Au electrode. By the same token, the current is morenolecules(e.g., loss of end sulflirare possible but are un-
sensitive to the tilting angle of the molecule when it is posi-likely to be reversible. One needs to characterize the films
tioned on the less coordinated top site. It is worth mentioningetter and vary the gate oxide thickness and other parameters
that the fact that the LUMO is closer ©¢ suggests that a of the system in order to confirm one of those mechanisms or
positivegating voltageV, should produce the larger effect, syggest some other effects controlling the gating in slot ge-
not a negative gate voltage, as reported in Ref. 6. This disgmetries like the one described in Refs. 6 and 20.

crepancy should be addressed in the future. Blndlng on the Note added in proom recent report, Ref. 23, established
highly coordinated hollow site naturally leads to large hy-that the relevant data reported to Ref. 6 is not trustworthy.
bridization of the molecular states with electrode statesThese findings suggest that very large discrepancies between
which become smeared out. Consequently, BDT moleculgne effect of gating estimated in the present paper and that
becomesmetallized i.e., the |-V characteristic becomes reported in Ref. and possibly other related papers of the
practically ohmic. A very small effect of gating is predicted first authoy may not actually exist. Indeed, when the present
for this geometry. In any case, it is difficult to expect large paper went into production, a few reports on the gating of
effect of gating on BDT molecules in a slot with a width of molecules have appear&t?® and their results apparently

only 1 nm by small voltage applied to the gate 4—5 nm awaysupport the present estimates of the effect of the gating on
One should assume that there is eittie buildup of inter-  molecules.

face charge in the immediate vicinity of the slot opening,

which is very sensitive to the gate voltage; (@) small in-
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