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Effects of gating and contact geometry on current through conjugated molecules covalently
bonded to electrodes

A. M. Bratkovsky and P. E. Kornilovitch
Hewlett-Packard Laboratories, 1501 Page Mill Road, 1L, Palo Alto, California 94304

~Received 27 April 2002; revised manuscript received 10 May 2002; published 11 March 2003!

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 on a Au~111!
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.

DOI: 10.1103/PhysRevB.67.115307 PACS number~s!: 73.40.Gk, 73.61.Ph, 73.63.Rt
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I. INTRODUCTION

Studies of electron transport through organic molecu
~molecular films!, viewed as the possible components of m
lecular electronic devices, are a very active area
research.1–3 Although the rectifying properties of the mo
ecules in two-terminal molecular devices were demonstra
in 1990s,4 only recently havethree-terminal devices been
fabricated.5 The individual C60 molecules were gated in th
vertical device; 30 nm of SiO2 gate oxide. In the slot
geometry of this experiment, the gating field on the m
ecules should be small because the length of the molec
~the ‘‘channel’’ length! is tiny, 2L;1 nm, so that the geo
metrical aperture factor is small,L/t!1. The gating poten-
tial on the molecule itself can be estimated as;VgL/2t
!Vg, whereVg is the gate voltage. Indeed, the region
Coulomb blockage in Ref. 5 shifts by about 10 mV, when
gate voltage changes by about 0.5 V. This is consistent w
the above estimate of the gate oxide thickness.

Recently the measurements have been reported for dil
SAMs of benzene-~1,4!-dithiolate (-S-C6H4-S-), the sim-
plest conjugated molecules, referred to below as BDT, w
only one phenyl ring.6 The conductance was reported to
much larger than that found in the earlier break-junction
periments by Reedet al.7 who observed the first peak i
conductance of 0.05mA/V at 1.4 V, the reported transcon
ductance was anomalously large.

With regards to a possible origin of the observed beh
ior, we first mention the importance of the geometry of t
molecule-electrode contact.8 If the orientation of the mol-
ecule with respect to an electrode changes, so does its
ductance. Indeed, we have found earlier that the conduct
of BDT ~or any other conjugated thiol-terminated molecu!
strongly depends on the angleu between the molecula
‘‘backbone’’ and the normal to the gold surface~Fig. 1!. In a
simple ‘‘toy’’ model, the current dependence is}sin2u in the
regime of strong resonant tunneling~large bias! and even
stronger, }sin4u in the regime of nonresonant tunnelin
~small bias!.8 Note that the angular dependence of curren
much stronger when the end sulfur is in the less-coordina
0163-1829/2003/67~11!/115307~7!/$20.00 67 1153
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‘‘top-site’’ position above a surface Au atom, compared to
‘‘hollow-site’’ position, when it is bonded to three surfac
gold atoms, see Fig. 1. These bonding positions were con
ered in the literature as being the most favorable.9 Also, one
cannot exclude that the observed changes in conduct
through BDT are caused by charge trapping-detrapping p
cesses close to the interface between the molecular layer
the gate SiO2.

Study of the effect of contact geometry and gating
electron transport through molecules, motivated in part
experimental studies, is interesting from both fundamen
and practical points of view. Given the notorious difficultie
with measuring individual molecules,7 one can hardly over-
estimate the value of theoretical modeling of the correspo
ing effects. We describe the present theoretical model in S
II, which is applied to contact geometry and gating in S
III. The results are summarized in Sec. IV.

II. SELF-CONSISTENT CALCULATIONS OF
ELECTRONIC STRUCTURE AND TRANSPORT

In order to gain more insight into the origin of the depe
dence of molecular conductance on a weak gating field,
have performed a series of self-consistent calculations
different attachments of the BDT molecule to Au~111! sur-
face. We have found that the effects of charge redistribut
as a function of molecular configuration and/or external fi
are important, since the mismatch between the work fu
tions of Au and BDT results in a considerable charge fl
between the molecule and gold electrodes. Without exte
bias, the lowest unoccupied molecular orbital~LUMO! lies
closer to the Fermi level of Au compared to the highest
cupied molecular orbital~HOMO!. The current through the
molecule strongly depends on both the tilting angle and
self-consistent charge redistribution across the molecule.
though it is not cleara priori what the sign of the combined
effect would be, we have found that our previous conclus
about strong orientation dependence of the conducta
through anisotropic conjugatedp orbitals and thes orbitals
on electrode Au remains valid.8

BDT attaches strongly to the gold substrate by thiol
©2003 The American Physical Society07-1
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end groups -S- that form covalent bonds with Au7,10. In order
to properly account for such a bonding in the present ca
lations, the Au atom~s! connected to S are treated separat
from other gold atoms that compose the gold electrode.
conductance is computed with the use of the general pr
dure of Ref. 11. The gold electrodes are described by a ti
binding model with nines, p, and d orbitals per Au atom
with parameters from Ref. 12. The equilibrium molecu
geometry is found by total-energy density-function
minimization.13 The tight-binding parameters for the mo
ecules and molecule-lead interfaces are taken from the s
state table of elements.14

The onsite energies in the present tight-binding mod
which are very important for finding the correct charge
distribution between the molecule and the electrodes, h
been estimated from the Hubbard model in the atomic lim
The energy of an isolated atom is approximated asEm5E0

2eDqm1 1
2 UDqm

2 . HereE0 is the energy of a neutral atom
with the atomic energy level at2e,0 with respect to the
vacuum level~energy origin!, Dq is the excess charge on a
atom, andU is the intraatomic Coulomb repulsion. In th
approximation, we obtaine5 1

2 (A1I ), U5I 2A, whereA
and I are the experimental atomic values for the affinity a
the ionization energy, respectively. These expressions h
been used to estimate the following parameters used in
present work:U511.5, e57.8 for H; U56.3, e55.2 for C;
U57.8, e56.5 for S; andU56.7, e55.9 for Au ~all in units
of eV!. We would like to mention that the use of differe
values for the one-electron energiese, like the ones from
Ref. 14, leads to unphysically large charge transfers.

We have calculated the current through BDT on Au~111!
in both the top site and the hollow-site positions. Includi
onsite and intersite Coulomb interactions one finds that
onsite one-electron energies for statea at the sitem should
be adjusted as

ema5ema
0 1UmDqm/e1 (

m8(m8Þm)

egmm8Dqm81efm
I ,

~1!

FIG. 1. Schematic representation of the benzene-dithiolate m
ecule on top and hollow sites. End sulfur atoms are bonded to
and three surface gold atoms, respectively.u is the tilting angle.
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whereema
0 are the onsite energies in a system with neu

atoms,Dqm are the charges on sites,gmm851/um2m8u, fm
I

the image potential, ande,0 is the electron charge.15 The
chargeDqm is found self-consistently from the local densi
of states, which is given by the site-projected imaginary p
of the exact Green’s function of the problem. The total
tarded Green’s functionGmam8a8(E) is calculated by ‘‘at-
taching’’ the semi-infinite leads to the molecule.11 As a result
of the attachment the molecular levels acquire a width t
strongly depends on the coupling between electrode and
molecule,G;tAu-S

2 /DAu . HereDAu is the width of thes band
for Au electrodes,tAu-S is determined mainly by thesps
hopping integral from Au to the end sulfur atom on the BD
molecule, which is of the order of 1–2 eV. One should e
pect significant broadening of the molecular levels when
molecule is attached by a thiol group to Au, since a stro
chemical bond is formed.

Underzerobias voltage, the electron chargeqm on the site
m can be found from the Green’s function in the standa
manner as

qm5(
a
E

2`

`

dENma~E! f ~E!, ~2!

Nma~E!52
1

p
ImGmama~E!, ~3!

whereNma(E) is the density of states~DOS! a on the sitem,
f (E)5@11exp(E2EF)/T#21 is the Fermi function, andEF is
the chemical potential found from the global charge neut
ity of the system.

In the case of finite bias voltage the system is out
equilibrium and one has to find the charge that is ‘‘flowin
in’’ from the electrodes onto the molecule, cf. Ref. 15. Th
the DOS on the sitem, related to the influx of electrons
from the lead w51,2, . . . , is written as
Nm

w(E)52(for spin)(k
z
wkuu

wucm(kz
w ,kuu

w)u2d(E2Ekzkuu

w ), where

cm
w(kz ,kuu) is the wave function at the molecular sitem,

which asymptotically becomes an incident Bloch wave in
leadw far from the molecule with the wave vectors (kz ,kuu).
Now we can find the occupation number for that site on
molecule due to charge flowing in from the leadw as qm

5(w*2`
` dENm

w(E) f w(E), where f w(E) is the Fermi func-
tion for thewth lead~i.e., with EF5EFw). In order to calcu-
late the Green’s function~and the chargesqm) we define the
‘‘channels’’ such thatkz5kzl

w(E), wherel 51,M enumerates
all the quantum states in the lead unit cell~slice!.11 It is
convenient to rewrite the expression for the charges in te
of ‘‘open channels.’’ The ‘‘open channel’’ is defined as
Bloch wave that propagates in the lead at a given energy.
Bloch waves incident on the molecule~i.e., having the ve-
locities towards the scatterer,v l.0) will contribute to the
charge flowing to the molecule from a particular lead,

Nm
w~E!52(

kuu
r

1

2pE2p/dz
w

p/dz
w

dkz
r ucm~kz

w ,kuu
w!u2d~E2Ekzkuu

w !

52
1

2p (
kuu

w
(

l (v l
w

.0)

1

\v l
w

ucm
w~kzl ,kuu!u2, ~4!
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EFFECTS OF GATING AND CONTACT GEOMETRY ON . . . PHYSICAL REVIEW B67, 115307 ~2003!
wheredz is the unit cell length along the lead.cm
w are nor-

malized for the length of the wire, which drops out of th
final answers. Note that the integration in Eq.~4! goes over
the whole Brillouin zone, not just overkz.0. The delta
function picks up the open channels on the leads. From n
on we can drop the lead index and assume that one can
sum up all the charges flowing from all the leads. Once
Hamiltonian is set up, one calculates the charges on the s
recalculates the onsite energiesema , and continues itera
tively until the charges converge.

The current through the film is given by a standa
expression16,11

I 5
2q

h E dEF f S E2
qV

2 D2 f S E1
qV

2 D GT~E!, ~5!

whereq5ueu is the elementary charge, andT(E) is the trans-
mission probability

T~E![ (
ki ,nn8

utnn8~E,ki!u2, ~6!

where the summation goes over the surface Brillouin zon
the lead. Transmission coefficientstnn8(E,ki) between the
scattering channelsn andn8 are found from the solution o
the scattering problem.11 In the case of weak molecule
electrode bonding the transmission probability is appro
mately given by the Breit-Wigner formula8

T~E!'(
r

G rLG rR

~E2Er !
21~G rL1G rR!2/4

, ~7!

whereEr enumerates the energies of the molecular orbi
~MOs! contributing to transport~not all of them do, see Figs
2, 3!, G rL (R) /\ is the rate of the carrier transfer to the le
~right! electrode from the molecular orbitalr. This formula
applies when the width of the MOs is much smaller than
energy difference between them, so that the resonance
not overlap. Each conducting molecular orbital produce
steplike contribution to the current. Indeed, when the re
nance falls into the ‘‘window’’ between the lowest and th
highest Fermi levels in the leadsEFL,Er,EFR , the current
obtained from Eq.~5! is

I'
2q

\

G rLG rR

G rL1G rR
. ~8!

It follows from this analysis that the current-voltage cha
acteristic should look as a series of steps, occurring when
resonant conditions are satisfied for particular conduc
molecular orbital. The apparent negative differential res
tance~NDR! at bias above 2 V, Figs. 4–6, results not fro
resonant tunneling but from the electrode density of states
the present model the electrode DOS in bounded from ab
for each particular value ofki . As a result, the current wil
be zero at the energies above some threshold. The app
NDR persists in the present calculations irrespective of
number of basis functions (s, sp, or spd basis!, Fig. 6.
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III. EFFECTS OF CONTACT GEOMETRY AND GATING
ON CURRENT-VOLTAGE CHARACTERISTICS

We argue below that gating of SAMs, if accompanied
changes in molecule-electrode geometry, may lead to la
changes in conductance. Given the strong orientational
pendence of the current through conjugated molecules
BDT, and that in experimental SAMs the molecules a
never positioned strictly normal to the electrode surface~as
was assumed in Refs. 17 and 18!, we shall present the result
for the transmission, density of states~Figs. 2, 3! and I -V
curves~Figs. 4–6! for a series of tilting anglesu between the
backbone of the molecule and the normal to the Au~111!
surface. Theu dependence of theI -V curves for BDT on the
top site and hollow site is illustrated on Figs. 4 and 5 foru
50 –30°. It is especially strong for BDT on the top site. T
majority of the results is given foru510°, which seems to
be a reasonable choice for experimental SAMs. Note tha
the upright positionu50 in top site~i.e., perpendicular to
the contact surface, as was assumed in Ref. 17! the overlap
between the Sx andy p orbitals (xy being in contact surface
plane,z normal to the contact! and thes orbital on Au ~or
jellium! is exactly zero by symmetry, since (xuHus)
5(yuHus)[0, whereH is the Hamiltonian. Thes electron
on the top Au can only hop onto a Sz orbital via a
(zuHuz)5sss hopping integral. Obviously, for BDT on the
top site, this result holds for all incident electrons with a
ki . Therefore, thex andy p orbitals on S cannot be traverse
by electrons incident from the contact. At the same tim
only those states on the sulfur ion are coupled to conjuga
p orbitals on the benzene ring. Therefore, for the BDT
the top site and oriented normal to contact, the curr
will be suppressed, as observed in calculations by Di Ventr
et al.17,18Obviously, this symmetry selection rule is lifted fo
anyuÞ0. Thus, the previous calculations17,18have been per-
formed at an artificial singular point. Incidentally, the sam
conclusion applies to the scattering of the carriers incid
with ki50 ~surfaceG point! on upright BDT on a hollow
site. Indeed, in this case the matrix element for hopping
the sulfur atom on the molecule is proportional
( i(xi uHus)exp(ikiri)}( i l i50 for ki50, where l i are the
directional cosines connecting the center of the trian
formed by three Au atoms on Au~111! surface with Au atoms
in the corners at positionsri . The same is obviously true o
the hopping to they p-orbital on S. Thus, in the case of BD
on a hollow site,all the contribution to the current come
from states withkiÞ0. Therefore, for BDT placed uprigh
on the hollow site, the total current isnot suppressed, as it is
for BDT on the top site. Consequently, the current for BD
on the hollow site is considerably less sensitive to the pre
contact geometry.

A. Density of states and transmission

Most of the present results can be appreciated from
analysis of the transmission probabilityT(E) and the density
of statesN(E) on the BDT molecule, see Figs. 2 and 3. O
expects from the golden rule that the transmission would
proportional to the density of states. However, althou
peaks of both functions follow each other rather close
7-3
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A. M. BRATKOVSKY AND P. E. KORNILOVITCH PHYSICAL REVIEW B 67, 115307 ~2003!
there are important differences between the density of st
and the transmission. It is easier to analyze the results fo
top position first. There are two sharp peaks around
Fermi levelEF , marked asp* ~at Ep* 5EF10.5 eV) and

FIG. 2. Density of statesN(E) and transmissionT(E) through
benzene-dithiolate~BDT! molecule on Au~111! as a function of
energy:~a! BDT on the hollow site,~b! BDT on the top site~see
text for the description of the configuration!. The broken line indi-
cates the transmissionT(E) under the bias voltage 2 V. Molecule
in both configuration are tilted by 10°.

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 BDT byFg

50.5, 0, and20.5 eV. Note the presence of a sharp peak inT(E)
for top site ~originating from the LUMO on BDT! close to the
Fermi levelEF .
11530
es
he
e

p ~at Ep5EF21.0 eV), Fig. 3~a!. Transmission is almos
zero atE.Ep* , but there is a large density ofnonconduct-
ing states in this energy interval. Those nonconducting sta
are formed at the end of the molecule and reside primarily
the end sulfur atom and gold atom on top of which the m
ecule sits, with little coupling to Cp conducting states on th
ring. Thep* peak contains mostly Au and S states and so
Cp ring states whereas thep peak is made mostly of S an
Cp ring states with a little addition of Au states. Sulfur a
oms introduce the states in the HOMO-LUMO gap of t
benzene ring~which is about 6.5 eV! and hybridize with Cp
states to make the conducting pathways across the BDT m
ecule. As a result, we see a much smaller gap betweenp and
p* states in BDT, which isEp* 2Ep51.2 eV. In the case
of the hollow-site position, the situation is considerably d
ferent. There thep and p* states are much broader an
pushed apart by much stronger hybridization with three
derlying Au atoms than for the top site, Fig. 3~b!. The ‘‘soft’’
energy gap for the hollow position isEp* 2Ep53.25 eV,
Fig. 3~a! ~cf. Ref. 19!.

It is instructive to compare the present results with t
data for Ni-BDT-Ni SAMs ~Ref. 20 and jellium-LDA~jel-
lium local-density approximation! calculations.18 The sys-
tems should have many similarities since Au and Ni ha
almost the same work function of about 5.1 eV.21 In both
systems a large conductance peak was reported at a bi
aboutV52.1 V, which is larger than the earlier value of 1
V.8 The peak in Ni system is narrower and does not show
appreciable spin splitting. Interestingly, in Ni-BDT-Ni th
additional resonantlike features are found at low bias v
ages of about 0.3 V and 0.9 V. They correspond to sma

FIG. 4. Current-voltage characteristic and effects of gating a
tilting with respect to the Au~111! electrode surface on curren
through the BDT molecule on the top site:~a! effect of the gating,
onsite energies are shifted by the amountFg indicated on the fig-
ure, ~b! effect of increasing tilt angleu. Current is in units ofI 0

577.5mA. Inset: schematic representation of the gate geome
2t51 nm, L54 –5 nm~nominal oxide thickness was 30 nm!, Vg

is the gate voltage.
7-4
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conductance compared to the peak at 2.1 V. The positio
the peaks should be compared with that of Nid states. It is
well known that the energy of a minority peak in Ni DOS
very close to the Fermi level, whereas the majority peak
about 0.5 eV belowEF . If the conducting molecular state
were considerably smeared out, like in the case of hol
position, Fig. 2, then the observed low-bias features migh
due to those peaks in Nid DOS. The fact that the first pea
is observed at 0.3 V, and not at much smaller bias, may
due to energy dependence of the molecular density of ‘‘ta
states atEF , which shifts the peaks by 0.3 V. If, however, th
peaks in the molecular density of states are sharp, like in
case of top position, Fig. 2, then the peaks in conducta
should correlate with the position of the molecular orbi
closest to the Fermi level~LUMO, according to the presen
work!. The position of the LUMO in BDT in the presen
model is about 0.5 eV above the Fermi level for the t
position. Therefore, we expect that in the top-site configu
tion there should be two peaks in the conductance, on
about 0.5–1.0 V~the position of thed peak in Ni DOS with
respect to thep* resonance, depending on the connect
between the molecule and the electrodes! and another at
about 0.5 V higher than the first one~at 1.0–1.5 V!. Interest-
ingly, this is very similar to what was reported for the N
BDT-Ni system, with the peaks atV50.3 V and 0.9 V.20 If,
however, the LUMO (p* state! is at 1 eV above the Ferm
level, than the spin peaks in Nid DOS might have produced
the peaks in conductance at 2–3 V. Indeed, there is a
ductance peak at 2.1 V in both Ni- and Au-based syste
but it is not spin split in the case of Ni electrodes. It is wor
mentioning that the position of the first peak in conductan

FIG. 5. Current-voltage characteristic and effects of gating
tilting with respect to the Au~111! electrode surface on curren
through the BDT molecule on the hollow site:~a! effect of the
gating, ~b! effect of increasing tilt angle. Current is in units ofI 0

577.5mA.
11530
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is a strong function of the tilt angle, and it may vary signi
cantly, Fig. 4. Finally, we note that the HOMO-LUMO ga
in the ‘‘jellium’’ calculations is;5 eV,17 which is substan-
tially larger than that in bare BDT molecules, and that
unlikely. The calculated value of the first peak in condu
tance in jellium-LDA is 2.4 V, larger than the observed val
of 2.1 V. As follows from this discussion, one needs mo
analysis to draw definitive conclusions about the position
the lowest conducting orbital with respect to the Fermi le
in electrodes in Au-BDT-Au and Ni-BDT-Ni.

B. Gating the molecules

The gating effecton the transmission andI -V character-
istics is illustrated in Figs. 4 and 5. The gating is modeled
shifting the onsite energies on the molecule byFg , which is
usually20.5, 0, and 0.5 eV in the calculations. Obvious
in the experimental situation7 such a large shift would re
quire very large gating fields, comparable to the atomic fie
in the order of magnitude. This is because one has to s
stantially change the electronic states on the molecule,
the characteristic energy is given by the HOMO-LUMO ga
usually a few electron volts. Such large fields could not
possibly produced in the slot geometry with the chan
length of onlyt51 –2 nm through the gate oxide with thick
nessL54 –5 nm~nominally 30 nm!.6 Schematic representa
tion of this gate is shown in inset in Fig. 4~a!. The analytical
solution to this electrostatic problem can be found by st
dard methods and it naturally contains a small param
L/t!1, so the gating on the molecule itself would be mu
smaller than the nominal gating voltageVg .

One can speculate that large gating may result from, e
charge accumulation in the gate oxide next to the molec
film. However, changing the oxide from SiO2 to Al2O3 ap-
parently has not modified the results6. Besides, there is an
abrupt change of conductance by about an order of ma
tude at the gate voltageVg520.3 V, which would suggest a

d

FIG. 6. Effect of electrode structure of Au~111! electrodes on
current through the BDT molecule on the top site. There is mod
ate difference between calculations usings, sp, and full spd bases.
Current is in units ofI 0577.5mA.
7-5
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A. M. BRATKOVSKY AND P. E. KORNILOVITCH PHYSICAL REVIEW B 67, 115307 ~2003!
high sensitivity of the interface charge to the bias volta
Both facts are difficult to reconcile with the idea of interfa
charge accumulation but we will study this possibility.

Comparing Figs. 2~a! and 2~b!, one observes that th
smaller hybridization between Sp and Aus states for BDT
on the top site produces sharp features in the energy de
dence of the transmission at the Fermi level. The LUMO
this case is above the Fermi level by only about 0.5 eV. T
shifts of onsite energy by similar amount substantia
change the transmission at the Fermi level, Fig. 3~b!, and the
corresponding current per molecule as shown in Fig. 4~a!.
There is a pseudogap at low voltagesV&1 V, with the
threshold voltage moving by an amount comparable to
external shiftFg for the top-site configuration. By contras
the large hybridization of Sp states with Au on the hollow
site results in much broader energy tails of the reson
peaks in the density of states in the gap region in the vicin
of the Fermi level. Consequently, gating effect on the tra
mission, Fig. 3~a!, and current, Fig. 5~a!, is smaller compared
to the top-site situation.

For the hollow-site configuration there is no trace of t
HOMO-LUMO gap in theI -V curve, and theI -V curve is
almostohmic in the wide range of voltagesV,2 V ~Fig. 5!.
This is indicative of themetalization of the chemically
bonded molecule. This should have general implications,
simplest being an obvious difficulty in gating such mo
ecules.

Finally, it is important to mention that in the present
well as other calculations, the LUMO is the closest mole
lar orbital to the Fermi levelEF and the maximum gating
effect is naturally expected when its energy is pulled do
closer toEF . This takes place atpositivegating voltage, and
not the negative one, as reported.6 This is an apparent con
tradiction which needs to be resolved.

C. Effect of contact geometry

The tilting angle has a large effect on theI -V curves of
BDT molecules, see Figs. 4 and 5. The behavior of the B
on the top site and on the hollow site is again rather differe
The I -V curve for the hollow site remains ohmic for tiltin
angles up to 45° with moderate changes of conductance,
5~b!. The variation of the current with the angleu are much
larger for the top site, Fig. 4~b!. By changingu from 5° to
just 15°, one drives theI -V characteristic from one with a
gap of about 2 V to the ohmic one with a large relati
change of conductance. Even changingu from 10° to 15°
changes the conductance by about an order of magnitud

Finally, Fig. 6 illustrates the role of the electronic stru
ture of the electrodes. The results described above have
obtained with only thes states on Au atoms. We have als
considered ansp and spd basis for Au. Although this sub
stantially increases the computing time, but the addition op
andd states brings about only moderate changes in curr
Since the hybridization is different for different cases, t
current magnitude slightly varies for different basis sets.

D. Possible origins of the gating effect

With regards to the origin of the reported gating effe
one can envisage that in dilute BDT-alkane solution sa
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wiched between Au electrodes there may be two proce
going on that significantly change conductance. Since
BDT molecules are clamped by the matrix of alkane chai
they have to move with it. Note that the matrix of alkan
chains is not in registry with the Au electrode. The BD
molecules have a nominal length of 7.2 Å and are dissol
in the matrix of (CH2)5S alkanethiol insulating molecule
with a nominal length of 8.3 Å. Thus, the BDT molecu
would appear as a dip on the surface of the matrix, and
or a few gold atoms can get into this dip during the depo
tion and bind to the end S. The geometry of this bond
uncertain, and the bond may well be stretched. In this c
even a slight perturbation exerted on the SAM might lead
a reconfiguration of the bond resulting in large changes
conductance. It seems reasonable to assume that the
main walls’’ separating different patches in an alkane ma
move rather freely in the system, since it does not requ
much energy. The BDT molecules will follow the matrix an
can either snap from a hollow site to a top site and ba
and/or change the tilt angle. Both processes may be acc
panied by large changes in the conductance. Conformati
changes of the clamped BDT molecule are rather restric
and the motion of the ‘‘domain walls’’ may be quite repea
able. One may wonder what causes the domain walls
move. As a possible reason, we suggest the presence of
tive metal ions inside the organic film, as a small concen
tion of electrode ions in a SAM is rather inevitable. Indee
Au1 strongly interacts with C6H6 in the gas phase and form
an Au1-C6H6 complex with a binding energy of 2.65 eV
whereas neutral Au forms a Van der Waals complex with
binding energy of 90 meV.22 Even more likely is a formation
of those complexes with thiophenes, which carry an elec
dipole. It is likely that a similar charged complex can for
with BDT molecules in a SAM with those BDT molecule
that have lost contact or are in poor contact with the g
substrate. It is also possible that a charged complex ca
formed between the charged metallic ions (Au1 or other
electrode metals! and alkane chains. A small field in the o
ganic film will then produce a tangential force on the ion
and this may trigger the domain wall motion when the p
ning is weak. Additionally, since the packing of the film
not ideal ~an organic film is usually a rather disordere
patchwork of ‘‘grains’’!, the Maxwell force acting on the top
Au electrode at finite drain voltage and/or electron wi
force may trigger the domain wall motion, which may al
require a combination of these factors. The second poss
ity would be a buildup of the interface charge, but apparen
the replacement of oxide did not change the results. As m
tioned above, it is also difficult to explain the jump in co
ductance at a certain value of the gate voltage.

IV. SUMMARY

We have presented an extensive analysis of the electr
states and transport through the benzene-dithiolate molec
which is the simplest conjugated molecule that forms
SAM. It shows that the effect of gating strongly depends
the geometry of the molecule-electrode contact, and is m
mal for the less coordinated top-site position. It is related
7-6
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the sharpness of the peak in transmission, which corresp
to the LUMO on BDT and is close to the Fermi levelEF of
an Au electrode. By the same token, the current is m
sensitive to the tilting angle of the molecule when it is po
tioned on the less coordinated top site. It is worth mention
that the fact that the LUMO is closer toEF suggests that a
positivegating voltageVg should produce the larger effec
not a negative gate voltage, as reported in Ref. 6. This
crepancy should be addressed in the future. Binding on
highly coordinated hollow site naturally leads to large h
bridization of the molecular states with electrode stat
which become smeared out. Consequently, BDT molec
becomesmetallized, i.e., the I -V characteristic become
practically ohmic. A very small effect of gating is predicte
for this geometry. In any case, it is difficult to expect lar
effect of gating on BDT molecules in a slot with a width
only 1 nm by small voltage applied to the gate 4–5 nm aw
One should assume that there is either~i! a buildup of inter-
face charge in the immediate vicinity of the slot openin
which is very sensitive to the gate voltage; or~ii ! small in-
homogeneous electrostatic forces and resulting stresse
the SAM result in the reconfiguration of the film and, co
sequently, of a clamped inside BDT molecule with respec
the gold contacts. Both of those mechanisms have probl
,
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of their own, as discussed in the text. Changes in rand
charges in the film and/or chemical composition of the BD
molecules~e.g., loss of end sulfur! are possible but are un
likely to be reversible. One needs to characterize the fi
better and vary the gate oxide thickness and other param
of the system in order to confirm one of those mechanism
suggest some other effects controlling the gating in slot
ometries like the one described in Refs. 6 and 20.

Note added in proof. A recent report, Ref. 23, establishe
that the relevant data reported to Ref. 6 is not trustwort
These findings suggest that very large discrepancies betw
the effect of gating estimated in the present paper and
reported in Ref. 6~and possibly other related papers of t
first author! may not actually exist. Indeed, when the prese
paper went into production, a few reports on the gating
molecules have appeared,24,25 and their results apparentl
support the present estimates of the effect of the gating
molecules.
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