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Microscopic study of electrical transport through individual molecules with metallic contacts.
II. Effect of the interface structure

Yongqiang Xue* and Mark A. Ratner
Department of Chemistry and Materials Research Center, Northwestern University, Evanston, Illinois 60208, USA

~Received 4 March 2003; published 11 September 2003!

We investigate the effect on molecular transport due to the different structural aspects of metal-molecule
interfaces. The example system chosen is the prototypical molecular device formed by sandwiching the phenyl
dithiolate molecule~PDT! between two gold electrodes with different metal-molecule distances, atomic struc-
ture at the metallic surface, molecular adsorption geometry, and with an additional hydrogen end atom. We find
the dependence of the conductance on the metal-molecule interface structure is determined by the competition
between the modified metal-molecule coupling and the corresponding modified energy level lineup at the
molecular junction. Due to the close proximity of the highest occupied molecular orbital~HOMO! of the
isolated PDT molecule to the gold Fermi level, this leads to the counterintuitive increase of conductance with
increasing top-metal–molecule distance that decreases only after the energy level line up saturates to that of the
molecule chemisorbed on the substrate. We find that the effect on molecular transport from adding an apex
atom onto the surface of a semi-infinite electrode is similar to that from increasing the metal-molecule distance.
The similarity is reflected in both the charge and potential response of the molecular junction and consequently
also in the nonlinear transport characteristics. Changing the molecular adsorption geometry from a threefold to
a top configuration leads to slightly favorable energy level lineup for the molecular junction at equilibrium and
consequently larger conductance, but the overall transport characteristics remain qualitatively the same. The
presence of an additional hydrogen end atom at the top-metal–molecule contact substantially affects the
electronic processes in the molecular junction due to the different nature of the molecular orbitals involved and
the asymmetric device structure, which leads to reduced conductance and current. The results of the detailed
microscopic calculation can all be understood qualitatively from the equilibrium energy level lineup and the
knowledge of the voltage drop across the molecular junction at finite bias voltages.

DOI: 10.1103/PhysRevB.68.115407 PACS number~s!: 85.65.1h, 73.63.2b, 73.40.2c
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I. INTRODUCTION

Transport measurement of molecular junctions typica
involves binding of molecules onto metallic electrod
through an appropriate end group. Often the contact with
of the electrodes is established by self-assembling the m
ecules on a single-crystal substrate. The other contact ca
formed by vacuum deposition of a top-metal layer, by us
a scanning tunneling microscope~STM! tip or a conducting
atomic force microscope tip.1–8 Contacts to the electrode
can also be made by using atomic-scale break junctions9–11

The metal-molecule interface can therefore differ in me
molecule distance, adsorption geometry, and atomic struc
of the metallic electrodes, or chemically in the types of t
end groups and metals used. In most experiments, the s
ture of the metal-molecule interface is not known and can
be controlled easily. This has hindered identifying the corr
conduction mechanism through the molecular junction, si
it is not clear whether the measured transport characteri
are intrinsic to the molecules or are due to features of
metal-molecule interface that might be nonreproducible fr
sample to sample.10 The purpose of this second paper
microscopic study of single-molecule electronics is to elu
date the effect on molecular transport due to the differ
structural aspects of the metal-molecule interface. In the n
paper, we discuss the effect on molecular transport due to
chemical aspects of the metal-molecule interface.

Since for a given molecule-metal combination, t
0163-1829/2003/68~11!/115407~11!/$20.00 68 1154
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atomic-scale structure of the metal-molecule interface diff
in numerous ways, it is not useful to discuss exhaustiv
such differences and their effect on the transport characte
tics without reference to specific transport measurements
stead this work aims at identifying the key conceptual iss
involved and demonstrates the use of such concepts thro
detailed microscopic study of selected aspects of the me
molecule interface. Such concepts should then be usefu
giving a clear indication of whether given device charact
istics originate from features of the metal-molecule interfa
structure. In the first paper of this series14 ~referred to as
paper I in this work! we have identified two key factors fo
understanding the transport characteristics of a molec
junction: the equilibrium energy-level lineup and the no
equilibrium charge/potential response to the applied b
Electronic processes at the metal-molecule interface play
ferent roles in determining these two factors.~1! At equilib-
rium, the symmetry and the magnitude of the metal-molec
orbital overlap determine the capabilities of the molecu
states to function as effective conduction channels, while
coupling-induced charge and potential perturbation de
mine the shift of the molecular level relative to the me
Fermi level. ~2! Out of equilibrium, the asymmetry of the
coupling at the source-molecule and drain-molecule in
faces determines the net charge flow into the molecule,
the spatial distributions of the charge response and the v
age drop are determined by the potential landscape acros
entire molecular junction. At not too high bias voltage, th
affects mainly the shift of the molecular levels with bia
©2003 The American Physical Society07-1
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YONGQIANG XUE AND MARK A. RATNER PHYSICAL REVIEW B 68, 115407 ~2003!
voltage~see paper I!. Our discussion will therefore focus o
analyzing how the different aspects of the interface struc
affect the above two types of electronic processes.

A closely related problem is the energetics of molecu
adsorption. To obtain a clear understanding of this prob
will require a carefully calibrated surface and computatio
model regarding the size of the ‘‘extended molecule,’’ t
choice of basis set and DFT parametrization, the details
the surface atomic structure and how the molecule
proaches the metal surface, etc. This is beyond the scop
the present paper. Although it is possible within our meth
to calculate the difference in the total energy of the mole
lar junction for the different molecular adsorption geome
and adsorption site for a given surface model, this will on
be justified when put within the context of a properly cha
acterized theoretical framework. We have chosen not to
so here and leave the problem of the energetics of molec
electronics to future work.

Since the effect of the metal-molecule interface struct
on the device characteristics is seen most clearly for symm
ric molecules, we will use as an example the prototypi
molecular device formed by attaching the phenyl dith
molecule ~PDT! onto two gold electrodes through the en
sulfur atoms. Since in many experiments on molecular tra
port, the molecules are self-assembled on a single-cry
substrate and the structure of the molecule-substrate co
can be considered well defined, we start from the refere
interfacial configuration where the molecules form symm
ric contact with two semi-infinite gold̂111& electrodes~see
paper I! and investigate the change in its transport charac
istics due to structural differences in terms of the me
molecule distance, atomic structures of the metallic surfa
and the adsorption geometry. Since in practice it is not c
whether the end hydrogen atoms are desorbed upon elec
contact,12,13 we will also investigate the effect on curre
transport due to an additional end hydrogen atom at the
metal–molecule interface. The theoretical approach we
in elucidating the effect of the metal-molecule interfa
structure were discussed in detail in paper I and a
elsewhere.15,16 We use the same modeling methodology
described in paper I. In particular, we have used the BPW
parametrization of the spin-density-functional theory17–19

and theab initio pseudopotential20 with the corresponding
energy-optimized Gaussian basis sets.21,22 The calculation is
performed using a modified version ofGAUSSIAN98.23 We
will focus on the results of the computation and the conc
tual understanding derived from them~we use atomic units
throughout the paper unless otherwise noted!.

II. THE EFFECT OF THE METAL-MOLECULE DISTANCE

In the reference device structure, the molecule forms s
metric contact with two semi-infinite gold̂111& electrodes,
and the molecule sits on top of the center of the triangu
gold pad~see paper I!. The end sulfur atom-metal surfac
distance at both interfaces is 1.9 Å. We first consider
effect on current transport from increasing the met
molecule distance for the right contact~denoted top contac
from here on; the left contact is denoted the substrate c
11540
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tact!. Increasing the top-metal–molecule distance reduces
strength of orbital coupling across the interface witho
changing its symmetry, which also affects the equilibriu
energy-level lineup since it changes the magnitude of
charge and potential perturbation across the molecular ju
tion. The conductance of the metal-molecule-metal junct
will depend on the competition between these two facto
This is demonstrated by examining both the equilibriu
transmission versus energy (T-E) characteristics and the pro
jected molecular density of states~PDOS!. The calculated
T-E characteristics and the PDOS for the equilibrium m
lecular junction and the current/conductance-voltage cha
teristics of the molecular junction for symmetric contact ca
and for cases where the top-metal–molecule distance
creased byDL50.5,1.0,1.5,2.0 Å are shown in Figs. 1–3.
this paper, the transmission characteristics at zero
T(E,V50) is used to illustrate the ‘‘band’’ lineup for the
equilibrium molecular junction. The nonlinear transport ch
acteristics is obtained from the voltage-dependent transm
sion coefficientT(E,V) calculated self-consistently at eac
bias voltageV. To check that the calculation is not sensitiv
to small changes in the metal-molecule distance, we h
also calculated the transport characteristics of the molec
junction for DL50.1,0.2 Å, which show smooth deviatio
from the reference symmetric contact case.

Increasing the top-metal–molecule distance up to 1 Åin-
creasesthe conductance of the molecular junction. Althou
this result is counterintuitive, it is readily understood by e
amining the energy-level lineup at the metal-molecule-me
junction. The calculated highest occupied molecular orb
~HOMO! level of the isolated PDT molecule in the spin

FIG. 1. The equilibrium~zero bias! transmission versus energ
(T-E) and projected density of states~PDOS! in units of ~1/eV!
corresponding to the HOMO and LUMO as a function of the t
metal-molecule distanceDL at DL50.5,1.0 Å. For comparison, we
have also shown theT-E and PDOS characteristics for the referen
device structure where the molecule forms symmetric contact w
the two electrodes~solid line!. The horizontal line in theT-E plot
shows the Fermi-level position. The horizontal lines in the PD
plot show the energies of the HOMO and LUMO levels in t
isolated molecule.
7-2
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MICROSCOPIC STUDY OF . . . II. . . . PHYSICAL REVIEW B 68, 115407 ~2003!
singlet state~with the end hydrogen atoms removed! is
25.33 eV, very close to the metal Fermi level25.31 eV.
For the symmetric contact case, the charge transfer and
associated electrostatic potential change across the inte
push it down to about 1 eV below the Fermi level~deduced
from the corresponding peak positions in the PDOS plot,

FIG. 2. The equilibrium~zero bias! transmission versus energ
(T-E) and projected density of states~PDOS! in units of ~1/eV!
corresponding to the HOMO and LUMO as a function of the t
metal-molecule distanceDL at DL51.5,2.0 Å. For comparison, we
have also shown theT-E and PDOS characteristics for the referen
device structure where the molecule forms symmetric contact w
the two electrodes~solid line!. The horizontal line in theT-E plot
shows the Fermi-level position. The horizontal lines in the PD
plot show the energies of the HOMO and LUMO levels in t
isolated molecule.

FIG. 3. Current-voltage (I -V) and conductance-voltage (G-V)
characteristics of the gold-PDT-gold junction as a function of
top metal-molecule distance. For comparison, we have also sh
the I -V and G-V characteristics for the reference device struct
where the molecule forms symmetric contact with the two el
trodes~solid line!.
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paper I!. Increasing the top metal-molecule distance w
therefore move the HOMO up to closer alignment with t
metal Fermi level, which overcompensates the decrea
coupling strength in determining the transmission coeffici
at the Fermi level and correspondingly the low-bias cond
tance. This trend continues as we increaseDL from 0 to 1.0
Å. Note that although the transmission coefficient at t
Fermi level increases, the transmission through the middl
the HOMO-lowest unoccupied molecular orbital~LUMO!
gap decreases monotonically with increase of the top-me
molecule distance as expected. We can also see that th
fect on the alignment of the LUMO level is much weak
than that of the HOMO as we increaseDL from 0.5 to 1.0 Å,
since the electron distribution of the LUMO is localized
the interior of the molecule~see paper I!. As we further in-
crease the top-metal–molecule distance toDL51.5 Å, the
coupling across the top-metal–molecule interface beco
so weak such that its effect on the energy level lineup sa
rates, i.e., the energy level lineup approaches that of the m
ecule chemisorbed on the substrate. Further increasing
top-metal–molecule distance will then reduce the transm
sion coefficient and the low-bias conductance of the mole
lar junction. Going fromDL51.5 to DL52.0 Å, the peak
positions in bothT-E and PDOS plots corresponding to th
HOMO and LUMO level do not change much, but the tran
mission coefficient is reduced across the entire energy s
trum ~Fig. 2!.

As the top-metal–molecule distance increases, the e
librium transmission characteristics also change subs
tially. In particular, the double-peak structure correspond
to resonant transmission through the LUMO and LUMO11
is reduced to a single peak for transmission through
LUMO11 state. The transmission probability away from t
two peaks at HOMO and LUMO11 is reduced rapidly with
the increasing top-metal–molecule distance. Examination
the corresponding LDOS show that the LUMO is main
localized on the peripheral hydrogen atoms, which leads
negligible orbital overlap with the top-metal states and ra
reduction of the transmission probability with increasing to
metal–molecule distance. The HOMO and LUMO11 levels
instead have large weights on both end sulfur atoms, so t
transmission probability decreases much slower with the
creasing top-metal–molecule distance. Since transpor
dominated by tunneling through HOMO in the bias voltag
studied here, the changes in the transmission through
unoccupied molecular states do not affect the device cha
teristics.

As DL increases, the asymmetry of theI -V andG-V char-
acteristics with respect to bias polarity also increases~Fig.
3!, since the bias-induced modification of molecular sta
~the Stark effect! differs at different bias polarities due to th
asymmetry~the bias polarity is chosen such that positive b
voltage corresponds to electron injection from the top c
tact!. This is clear from the bias dependence of the molecu
levels in Fig. 4. At large top-metal–molecule distances,
molecule couples strongly to the substrate metal but v
weakly to the top metal. The calculatedI -V andG-V char-
acteristics~Fig. 3! correspond to that obtained for tunnelin
through a chemisorbed molecule, e.g., measured usin
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YONGQIANG XUE AND MARK A. RATNER PHYSICAL REVIEW B 68, 115407 ~2003!
STM tip with a large vacuum gap.24 At first sight, this sug-
gests that the shift of the molecular levels with applied b
voltage should follow that of the electrochemical potential
the substrate contact. However, this is only true at posi
bias voltages. At negative bias voltage, they may dev
from each other as a function of the metal-molecule distan
This can only be explained from an atomic-level analysis
the charge and potential response of the molecule to the
plied bias voltage.

The spatial distribution of the charge perturbation and
voltage drop across the molecular junction forDL51.5 Å at
voltages ofV52.0 and22.0 V are shown in Fig. 5. The
spatial distribution of the charge perturbation is obtained
integrating the difference in electron density at finite a
zero biases along thez axis and plotted as a function o
position in thexy plane ~defined by the benzene ring!. The
voltage drop is obtained by evaluating the difference
tween the electrostatic potential at finite and zero bias
which obeys the boundary condition of approachi
2V/2 (V/2) at the substrate~top! electrode. Due to the in
creased metal-molecule distance at the top contact, a la
potential barrier is created at the top-metal–molecule in
face than that at the substrate-molecule interface for the e
librium junction, and it is easier for the electrons to mo
from the top contact side to the substrate side than the o
way around~not shown here!. This leads to distinct behav
iors in the molecular response to the applied bias at diffe
bias polarities.

At V52.0 V, electrons are injected into the molecu
from the top contact, which forms the bottleneck for tran
port. The direction of the applied field favors the electr
flow within the molecules. Most of the charge perturbati
therefore occurs at the top-metal–molecule interface, wit
large decrease in the electron density on the molecule sid
the top-metal–molecule interface~Fig. 5!. Since electrons on

FIG. 4. Bias-induced modification of molecular levels as a fu
tion of top-metal–molecule distance. We have also shown the p
tion of the equilibrium Fermi levelEF and the electrochemical po
tential of the two electrodesmL(R) in the plot.
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the substrate side of the junction can move freely to scr
effectively the applied field, most of the voltage drops acro
the top-metal–molecule interface. AtV522.0 V, electrons
are injected from the substrate contact across a smaller
rier. The electrons cannot move freely to screen the app
field compared to the positive bias case. Correspondingly,
charge perturbation on the substrate side of the molec
junction is significant and significant voltage drop occu
before reaching the top-metal–molecule interface. As a
sult, at large top-metal–molecule distance, the molecu
level shift follows that of the substrate electrode at posit
bias voltage, but shows more complicated pattern for ne
tive bias voltage with larger effect on the occupied molecu
states. The total number of electrons within the molec
decreases with increasing positive bias voltage since i
easier to extract electrons from the molecule through the s
strate contact than to inject electron into the molec
through the top contact. But the total number of electrons
approximately constant at negative bias polarity. This giv
rise to the large asymmetry inI -V and G-V characteristics
with respect to the bias polarity.

We can also examine more directly the asymmetry in
device characteristics from the voltage dependence of
transmission (T-E) characteristics atDL51.5 Å ~Fig. 6!.
The conductance reaches its peak when one of the m
Fermi levels moves into alignment with the peak positions
the T-E characteristics. We find that at large top-meta
molecule distance, the conductance reaches its peak
zeros bias in the negative bias direction as the right m
Fermi level moves down passing the HOMO level.
positive bias voltage, theG-V characteristics probes th
states in the HOMO-LUMO gap resulting in a much reduc
conductance.

-
i-

FIG. 5. ~Color online! Spatial distribution of charge transfer an
potential drop at bias voltages of22.0 and 2.0 V at the gold-PDT
gold contact forD51.5 Å. The upper figure shows the differenc
between the electron density at finite bias voltage and the elec
density for device at equilibrium, the lower figure shows the diff
ence between the electrostatic potential at that voltage and the
trostatic potential for device at equilibrium.
7-4



g

st
th
o

ac
o

su
l 1
at
ite
a
la

.
.
o
-
m

ris
t

w
e
it
en
e

-

bi

th
fo

t of
as

of
ple

n-

u-

s of

m.
tron

th

o
y

lot

.

MICROSCOPIC STUDY OF . . . II. . . . PHYSICAL REVIEW B 68, 115407 ~2003!
III. THE EFFECT OF THE ATOMIC STRUCTURE
OF THE METALLIC SURFACE

If the transport through the molecule is measured usin
scanning tunneling microscope~STM! tip, it would not be
appropriate to model the top contact as a semi-infinite cry
since atomic-scale structures may exist at the tip apex. If
current is measured using atomic-size break junctions, b
contacts may include atomic-scale structures on their surf
In this section, we investigate the effect on current transp
due to the presence of atomic structures on the metallic
face. We consider two simple device models. For mode
we consider the top electrode as composed of one apex
sitting on top of the triangular gold pad of the semi-infin
^111& crystal. For model 2, we consider both electrodes
composed of one apex atom sitting on top of the triangu
gold pad of the semi-infinitê111& crystal.

The equilibrium energy-level line up~as reflected in the
T-E and PDOS plots! for both models are shown in Fig. 7
The calculatedI -V andG-V characteristics are shown in Fig
8. We find remarkable similarity between adding a apex at
onto the top electrode~model 1! and increasing the top
metal–molecule distance in determining the equilibriu
‘‘band’’ lineup as well as the nonlinear transport characte
tics. Both cases result in the HOMO level being closer
alignment with the metal Fermi level. Both cases also sho
similar lineup scheme for the LUMO level. Note that th
device characteristics for model 1 show similar feature w
that of DL51.0 Å in Sec. II, although the distance betwe
the end sulfur atom and the semi-infinite crystal surface h
would correspond toDL52.3 Å. A simple explanation of
the electronic origin of this similarity is as follows: the va
lence orbital of an isolated gold apex atom is ofs type which
has minimal overlap with the sulfurp orbitals on the mol-
ecule. The hybridization between the apex gold atomic or
als and the gold surface states introduces non-s-type symme-
try, so the coupling between the apex gold atom and
sulfur end atom is stronger than that would be obtained

FIG. 6. Three-dimensional plot of the bias dependence of
transmission versus energy characteristics forD51.5 Å. The two
lines in theX-Y plane show the electrochemical potential of the tw
electrodemL(R) as a function of applied bias voltage.
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an isolated gold-sulfur bond, but is much weaker than tha
the reference interfacial configuration. Although this h
been pointed out before,25,26 further insight into the problem
can only be obtained through an atomic-level analysis
junction charge and potential response because the sim
bonding analysis cannot explain the similarities in the no
linear transport characteristics.

The potential perturbation upon formation of the molec
lar junction ~at equilibrium! for model 1 is shown in Fig. 9,
while the charge and potential response for bias voltage
22.0 and 2.0 V are shown in Fig.~10!, where we have also
shown the position of the molecule and the gold apex ato
Compared to the molecule-substrate contact, the elec

e

FIG. 7. The equilibrium~zero bias! transmission versus energ
(T-E) and projected density of states~PDOS! in units of ~1/eV!
corresponding to the HOMO-1, HOMO, LUMO, and LUMO11 for
device models 1 and 2. The horizontal line in theT-E plot shows
the Fermi-level position. The horizontal lines in the PDOS p
show the energies of the HOMO-1, HOMO, LUMO, and LUMO11
levels in the isolated molecule.

FIG. 8. Current-voltage (I -V) and conductance-voltage (G-V)
characteristics of the gold-PDT-gold for device models 1 and 2
7-5
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YONGQIANG XUE AND MARK A. RATNER PHYSICAL REVIEW B 68, 115407 ~2003!
density of the equilibrium junction decreases in thepx orbital
region of the top apex atom, since the gold apexpx orbital
cannot form a bond with the end sulfur atom but is involv
in the bonding between the apex atom and the top sur
atoms~not shown here!. This difference in the charge pertu
bation at the two interfaces leads to asymmetry in the po
tial for the equilibrium junction. Although the potentia
change within the molecule favors electron flow from t
substrate side to the top contact side, the barrier at the a
atom–molecule interface is still larger than that at t
substrate-molecule interface. This leads to similar charge
potential response to the applied bias voltages as those
scribed in the previous section where the top-met
molecule distance is increased. At positive bias, the volt

FIG. 9. ~Color online! Electrostatic potential change upon th
formation of the molecular junction for model 1 as a function
position in thexy plane. Also shown is the projection of the mo
ecule and the apex atom onto thexy plane.

FIG. 10. ~Color online! Spatial distribution of charge transfe
and potential drop at bias voltages of22.0 and 2.0 V for device
model 1.
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drop across the molecular junction occurs mostly at the rig
metal–molecule contact, but at negative bias voltage, a
nificant amount of the voltage drop also occurs within t
molecule~Fig. 10!. Compared to the case of increasing to
contact–molecule distance, the amount of the voltage d
within the molecule core is slightly larger here due to the le
favorable potential landscape for electron flow within t
molecule core.

The similar charge and potential response also lead
similar molecular level shift at different bias polarities~not
shown here!. Note that voltage also drops from the ap
atom to the bulk of the electrode@the voltage should ap
proach 1(2)1.0 V as we approach the bulk of the ele
trode#. This is because a single gold atom at the apex can
effectively screen the applied field, which behaves more l
the other atoms in the molecule. This may have import
implications in transport measurement using STM tips, sin
sharp atomic-scale structures and correspondingly local
electron states can develop at the apex of the metallic
especially for transition metals.27 If a significant amount of
the voltage drops from the apex to the metal bulk, nega
differential resistance can be observed for sin
molecules.5,28,29

For junction model 2, the above analysis of charge a
potential response at the top-metal–molecule contact app
also to the substrate-molecule contact. Compared to the
erence symmetric contact configuration, the contact to
electrodes leads only to potential barrier at the apex ato
end sulfur interface for the equilibrium junction. The pote
tial landscape within the molecule core is rather flat, wh
for the reference contact configuration there is an additio
potential barrier across the sulfur-benzene bonding reg
~see paper I!. As a result, once electrons are injected into t
molecule, it would be easier for them to be extracted throu
the other contact. This leads to different charge and poten
response at finite applied bias: most of the charge pertu
tion and voltage drop occurs at the electron injecting side
the molecular junction~not shown here!. As a result, the
direction of the molecular level shift with applied bias fo
lows that of the Fermi level of the electron extracting cont
at both bias polarities.

The similarity between junction model 1 and increasi
top-metal–molecule distance byDL51.0 Å is reflected
equally in the equilibrium transmission characteristics a
the corresponding LDOS plot, where both the magnitude
the energy dependence of the transmission coefficient as
as the charge distribution of the contact-perturbed molec
states show similar behavior. By contrast, in the equilibriu
transmission characteristics of the junction model 2,
overall energy dependence of the transmission coeffic
corresponds closely to the reference contact configura
being shifted up to move into closer resonance with
metal Fermi level due to the weaker bonding across b
metal-molecule interfaces. But similar to junction model
the double-peak structure corresponding to transmiss
through the LUMO and LUMO11 has been reduced to
single peak. Compared to junction model 1, there is a sh
peak in theT-E characteristics through the metal-induce
gap states atE523.1 eV in the HOMO-LUMO gap. The
7-6
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MICROSCOPIC STUDY OF . . . II. . . . PHYSICAL REVIEW B 68, 115407 ~2003!
T-E through the occupied molecular states are also m
larger than that of junction model 1, and sharper than
reference configuration. All these follow from the symme
and magnitude of the charge distribution of the correspo
ing molecular states~determined from the LDOS!. The
charge distribution~the LDOS! of the LUMO and LUMO11
levels remain qualitatively the same for the reference c
figuration, increasing top-metal–molecule distance, junct
models 1 and 2. Insertion of an apex atom as well as incr
ing the metal-molecule distance results in much redu
overlap between the LUMO state and the metal surface st
leading to negligible transmission. The LUMO11 state also
shows similar charge distribution in all cases, with lar
weight on both end sulfur atoms. This leads to largeT-E
which are not affected as strongly by inserting an apex a
or increasing metal-molecule distance as other states.
largerT-E through the HOMO-LUMO gap and the occupie
molecular states for junction model 2 is instead due to
symmetry of the junction configuration. For junction mod
2, the corresponding LDOS shows equally large charge
tribution at both metal-molecule interfaces, while for jun
tion model 1, they show much reduced charge at
substrate-molecule contact. The peaks for models 1 and 2
sharper than the reference configuration because the s
are more localized. So the transmission through the occu
states is reduced by inserting an apex atom at one contac
remains large when apex atoms are inserted at both cont
To summarize, the results shown here highlight the impor
effect that atomic-scale electrode structures may have on
lecular transport characteristics.

IV. THE EFFECT OF THE MOLECULAR ADSORPTION
GEOMETRY

In computational study of molecular junctions, the a
sorption geometry is often chosen with the sulfur atom i
threefold site above the electrode surface. In this section
consider a different adsorption geometry with the sulfur e
atom on top of one surface gold atom.30 Here we use the
same sulfur-metal surface distance as the threefold ads
tion case~1.9 Å!. Each surface gold atom has six near
neighbors, therefore we include seven gold atoms on e
metallic surface into the ‘‘extended molecule’’~denoted
model 3!. We also consider the effect on current transp
when the top-metal–molecule distance is increased by 1
~denoted model 4! for comparison with the results in Sec. I

For device model 3, the coupling between the molec
and the electrodes is reduced due to the less favorable or
overlap between the end sulfur atom and the gold surf
atom directly underneath it. But the reduction is smaller th
that in sec. III due to the molecular orbital overlap with t
other six gold atoms on the surface. Compared to the cas
threefold adsorption, the magnitude of the charge tran
and the potential perturbation are smaller~not shown here!.
As a result, the HOMO level is moved slightly closer to t
metal Fermi level for a device at equilibrium~Fig. 11!, simi-
lar to the effect of slightly increasing the metal-molecu
distance. This geometry effects the molecular states dif
ently depending on their composition. For sulfur based sta
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such as HOMO, the PDOS is narrowed due to the redu
mixing with the metal surface states. For carbon based st
such as LUMO, the PDOS is broadened since the mix
with the metal surface states is stronger due to the proxim
of more gold surface atoms. The same consideration lead
the more broadened PDOS towards the HOMO-LUMO g
for HOMO and LUMO. Also notable is that the once pro
nounced transmission peak for tunneling through the me
induced-gap states is suppressed since the mixing thro
the end sulfur atom is suppressed. The trend continues a
top-metal–molecule distance is increased~model 4 in Fig.
11!. Again increasing the top-metal–molecule distance le
to the favorable alignment of the HOMO and increases
zero-bias conductance~Fig. 12!.

FIG. 11. The equilibrium~zero bias! transmission versus energ
(T-E) and projected density of states~PDOS! in units of ~1/eV!
corresponding to the HOMO and LUMO for the atop adsorpti
geometry with symmetric contact~model 3! and with increased top
metal-molecule distance~model 4,DL51.0 Å).

FIG. 12. Current-voltage (I -V) and conductance-voltage (G-V)
characteristics of the gold-PDT-gold junction as a function of m
lecular adsorption geometry.
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Due to the broadened density of states in the HOM
LUMO gap and more favorable equilibrium energy lev
lineup, the low-bias conductance is higher and its incre
with bias voltage is less steep in the atop adsorption ge
etry ~Fig. 12!. The peak positions in theG-V characteristics
are reached at slightly smaller bias voltage due to the sm
difference between the HOMO level and the equilibriu
Fermi level.

V. THE EFFECT
OF A RETAINED END HYDROGEN ATOM

For the thiol molecules self-assembled on a gold s
strate, it is commonly believed that the end hydrogen atom
desorbed during the final stage of the self-assem
process.12,13But it is not clear whether the hydrogen atom
the top contact is desorbed after the formation of a sta
contact since different experimental techniques have b
used. In this section we investigate whether the presenc
an additional end hydrogen atom at the top contact affe
significantly the transport characteristics. The structure of
molecular radical is obtained first by optimizing the geo
etry of the molecule with both end H atoms at t
BPW91/6231G* level and then removing the H atom at th
substrate side, forming a molecular spin doublet~optimizing
the geometry of the molecular radical directly gives simi
results!. The hydrogen atom should inhibit the coupling b
tween the sulfur atom and the top metal surface. For co
parison with the results in Sec. II, we assume the same th
fold sulfur-gold adsorption geometry but with an increas
sulfur-surface distance of 2.2 Å~the hydrogen-surface dis
tance is 2.0 Å!.

The H-atom addition increases the number of electron
the molecule by 1. For this doublet system, the three mole
lar orbitals energetically closest to metal Fermi level~corre-
sponding to the HOMO-1, HOMO, and LUMO! for elec-
trons with different spin differ, as shown in Fig. 13, whic
are also different from those of the molecule with both end

FIG. 13. Orbital shape of the HOMO-1, HOMO, and LUM
states of PDT molecule with an additional hydrogen end atom
both spin-up and spin-down electrons.
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atoms removed. The H addition breaks the symmetry of
molecular orbitals. Both the HOMO for spin-up electron a
the HOMO-1 for spin-down electron have large weight on
on the left ~substrate! sulfur and therefore can coupl
strongly only to the left~substrate! contact. On the other
hand, both the HOMO-1 for spin-up electron and the HOM
for spin-down electron show electrons delocalized throu
out the molecule, with larger weight on the left sulfur for th
spin-down electron. The LUMO for both spin-up and spi
down electrons shows large weight only on the interior c
bon atoms, not affected by the H addition.

The H addition at the top-~right-! metal–molecule inter-
face saturates the sulfurp bond and significantly reduces th
amount of charge transfer into the top sulfur atom upon
sorption onto the electrodes due to the saturated bond
The decreased molecule-metal bonding leads to a larger
tential barrier at the top interface. Indeed, the magnitude
the charge transfer at the top contact is smaller than
obtained in Sec. II for the case ofDL52 Å, which corre-
sponds to a sulfur-surface distance of 3.9 Å. This leads
quite different energy-level lineup scheme for the molecu
junction at equilibrium, as shown in Fig. 14, where we p
T-E and the PDOS in the molecule. The peak positions c
responding to transmission through the HOMO and LUM
levels are lowered relative to the reference structure, givin
more symmetric location of the metal Fermi level, althou
the HOMO level is still closer to the Fermi level than th
LUMO.

Note that although both the energy and the electron
tribution associated with the molecular states depend on
spin direction for the isolated molecule, the transmission
efficient and the PDOS in the molecular junction are iden
cal for both spin directions once the self-consistent calcu
tion is converged. The reason is as follows: For the stro

r

FIG. 14. The equilibrium~zero bias! transmission versus energ
(T-E) and projected density of states~PDOS! in units of ~1/eV!
corresponding to the HOMO-1, HOMO, LUMO, and LUMO11 for
the molecule with the end hydrogen atom. The horizontal line in
T-E plot shows the Fermi-level position. The horizontal lines in t
PDOS plot show the energies of the HOMO and LUMO levels
spin-up electrons in the isolated molecule.
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molecule-metal coupling regime we consider here, the op
shell PDT molecular radical~with one H end! within the
molecular junction is only part of a large quantum syste
Since the filling of the electron states is determined by
Fermi distribution of the semi-infinite electrodes which a
nonmagnetic, there is no physical origin for breaking t
spin symmetry of the system. The PDT molecular radica
contact with two gold electrodes behaves in much the sa
way as an open-shell atom within a closed-shell molec
since the electron states are delocalized across the mole
junction. The situation will be dramatically different in th
Coulomb blockade regime when the molecule is wea
coupled to both electrodes or when a high spin-degene
atom is inserted into the molecule,31,32 in which cases a spin
dependent interaction term needs to be included in
Hamiltonian describing the molecular junction and sp
dependent electron scattering can dominant especially at
temperature.

Interestingly, although the addition of a H atom moves the
frontier orbitals closer to the metal Fermi level and to ea
other ~Fig. 13!, the transmission characteristics of the eq
librium junction remain qualitatively the same as for the s
glet molecular biradical in addition to the shift in the pe
positions~Fig. 14!. The corresponding LDOS shows that th
charge distributions associated with both the HOMO a
LUMO levels remain similar in shape with the addition
the end H atom. The transmission coefficient at the Fe
level is slightly reduced, but the overall transmission char
teristics in the HOMO-LUMO gap are similar in both case
The main effect of introducing the end H atom has been
creating a nonsymmetric device structure.

The calculatedI -V andG-V characteristics are shown i
Fig. 15. Both the current and the conductance are reduce
the presence of the hydrogen within the bias range stud
Substantial asymmetry with respect to the bias polarity
introduced due to the different contact configuration. Sim
to the results discussed in previous sections, peak in the
ductance is reached only at negative bias polarity due to

FIG. 15. Current-voltage (I -V) and conductance-voltage (G-V)
characteristics for the molecule with the end hydrogen atom.
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larger voltage drop at the top metal-molecule contact at p
tive bias~not shown here!. This can be seen clearly from th
bias dependence of the transmission characteristics in
16. Applying a negative bias decreases the difference
tween the HOMO level position of the molecular radic
~one H end! and the molecular biradical, leading to the sam
bias voltage ofV521.6 V, where conductance reaches
peak ~the peak position in the transmission characteris
coincides with the Fermi level of the top contact!. The shift
with applied bias of the LUMO level is much larger than th
of the HOMO, but since the conductance is again determi
mainly by the HOMO states, this does not affect the cal
lated transport characteristics.

VI. CONCLUSIONS

We have investigated the effect on molecular transp
due to different structural aspects of the metal-molecule
terface. For a given metal-molecule combination, the diff
ences in the interface structure not only lead to differ
metal-molecule coupling, but also to different energy-lev
lineup and to different electrostatic potential profile acro
the equilibrium molecular junction. The difference in the r
sulting nonlinear transport characteristics reflects the dif
ence in the energy-level lineup scheme as well as the dif
ence in the nonequilibrium potential response of t
molecular junction.

These considerations are illustrated through detailed
croscopic calculation of the prototypical molecular devi
formed by sandwiching the PDT molecule between two g
electrodes. The metal-molecule interface structures inve
gated differ in metal-molecule distance, atomic structures
the metal surface, adsorption geometry and the presenc
an additional end hydrogen atom. The chosen system is
resentative of the current experimental work on molec
electronics, but is also unique in that the HOMO level of t
isolated PDT molecule is very close to the gold Fermi lev
This leads to a counterintuitive increase of conductance w

FIG. 16. Three-dimensional plot of the bias dependence of
transmission versus energy characteristics for the molecule with
end hydrogen atom. The two lines in theX-Y plane show the elec-
trochemical potential of the two electrodemL(R) as a function of
applied bias voltage.
7-9
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YONGQIANG XUE AND MARK A. RATNER PHYSICAL REVIEW B 68, 115407 ~2003!
increasing top-metal–molecule distance because the red
coupling leads to closer alignment of the HOMO level w
the gold Fermi level. The conductance decreases only a
passing the maximum metal-molecule distance where the
ergy level lineup becomes essentially identical to that of
molecule chemisorbed on the substrate. For the gold-P
gold junction we consider here this happens aroundDL
51.5 Å corresponding to a sulfur–top-metal distance of
Å. Adding one apex atom onto the semi-infinite surface
the bulk electrodes is equivalent in its effects to the incre
of the metal-molecule distance due to the unfavorable orb
overlap with the sulfur end atom. The similarity is reflect
in the contact-perturbed molecular states, the charge and
tential response of the molecular junction to the applied b
and the nonlinear transport characteristics. Changing to
top molecular adsorption geometry leads to a slightly fav
able energy level lineup for the molecular junction at eq
librium and consequently larger conductance, but the ove
transport characteristics remain qualitatively the same.
presence of the additional hydrogen end atom at the
metal–molecule contact affects substantially the electro
processes in the molecular junction due to the different
ture of the molecular orbitals and the asymmetric dev
structure involved, reducing the conductance and cur
compared to the case where the end hydrogen atom is
orbed during the formation of the contact. The results of
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microscopic calculation can all be understood from the eq
librium energy-level lineup combined with qualitativ
knowledge of the voltage drop due to the asymmetry in
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level lineup is quite sensitive to the atomic-scale structu
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device structure is essential for explaining the transport ch
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