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Microscopic study of electrical transport through individual molecules with metallic contacts.
ll. Effect of the interface structure
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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 moleculgPDT) 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 ofbi@MO) 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.
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[. INTRODUCTION atomic-scale structure of the metal-molecule interface differs

in numerous ways, it is not useful to discuss exhaustively

Transport measurement of molecular junctions typicallysuch differences and their effect on the transport characteris-
involves binding of molecules onto metallic electrodestics without reference to specific transport measurements. In-
through an appropriate end group. Often the contact with ongtead this work aims at identifying the key conceptual issues
of the electrodes is established by self-assembling the moinvolved and demonstrates the use of such concepts through
ecules on a single-crystal substrate. The other contact can K§€tailed microscopic study of selected aspects of the metal-
formed by vacuum deposition of a top-metal layer, by usingm_o_lecule mterfacg. Such concepts should thgn be useful in

a scanning tunneling microscog8TM) tip or a conducting 9/Ving & qlear indication of whether given device character-
atomic force microscope ti:® Contacts to the electrodes istics originate from features of the metal-molecule interface

can also be made by using atomic-scale break junctiofts. structurg. In_ the first paper (.)f thi_s_ seriégreferred to as
The metal-molecule interface can therefore differ in metal-P2P€" | in this work we have identified two key factors for

molecule distance. adsorotion geometry. and atomic structurunderstanding the transport characteristics of a molecular
’ b g Y, itinction: the equilibrium energy-level lineup and the non-

of the metallic electrodes, or chemically in the types of theJequilibrium charge/potential response to the applied bias.

end groups and metals usgd. In mo;t experiments, the St ectronic processes at the metal-molecule interface play dif-
ture of the metal-molecule interface is not known and cannofarent roles in determining these two factaf®, At equilib-
be contr_olled easily._This has hindered identifyi_ng the cor_recpium, the symmetry and the magnitude of the metal-molecule
conduction mechanism through the molecular junction, sinC@pjtal overlap determine the capabilities of the molecular
it is not clear whether the measured transport characteristicgates to function as effective conduction channels, while the
are intrinsic to the molecules or are due to features of th%oup”ng-induced Charge and potentia| perturbation deter-
metal-molecule interface that might be nonreproducible frommine the shift of the molecular level relative to the metal
sample to sampl¥. The purpose of this second paper onFermi level.(2) Out of equilibrium, the asymmetry of the
microscopic study of single-molecule electronics is to eluci-coupling at the source-molecule and drain-molecule inter-
date the effect on molecular transport due to the differenfaces determines the net charge flow into the molecule, but
structural aspects of the metal-molecule interface. In the nexhe spatial distributions of the charge response and the volt-
paper, we discuss the effect on molecular transport due to thege drop are determined by the potential landscape across the
chemical aspects of the metal-molecule interface. entire molecular junction. At not too high bias voltage, this
Since for a given molecule-metal combination, theaffects mainly the shift of the molecular levels with bias
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voltage(see paper)l Our discussion will therefore focus on
analyzing how the different aspects of the interface structure -2
affect the above two types of electronic processes. g
A closely related problem is the energetics of molecular _sji:
adsorption. To obtain a clear understanding of this problem
will require a carefully calibrated surface and computational
model regarding the size of the “extended molecule,” the &
choice of basis set and DFT parametrization, the details ofz
the surface atomic structure and how the molecule ap—g‘f’
proaches the metal surface, etc. This is beyond the scope o
the present paper. Although it is possible within our method -6
to calculate the difference in the total energy of the molecu-
lar junction for the different molecular adsorption geometry
and adsorption site for a given surface model, this will only
be justified when put within the context of a properly char- ;
acterized theoretical framework. We have chosen not to do ~% 0.5 1 0 05 1 15 2
so here and leave the problem of the energetics of moleculai Transmission Coefficient Projected DOS

eIecFronlc.; to %Jture ;N?]rk' | lecule i ¢ FIG. 1. The equilibrium(zero bia transmission versus energy
Since the effect of the metal-molecule interface structureF-_E) and projected density of statéBDOS in units of (1/eV)

— Symmetric
vvvvvv AL=05
== AlL=10

7 '

on the device characteristics is seen most clearly for symme orresponding to the HOMO and LUMO as a function of the top

ric molecules, we will use as an example the prototypicalsetal-molecule distancL atAL=0.5,1.0 A. For comparison, we
molecular device formed by attaching the phenyl dithiolpaye also shown the-E and PDOS characteristics for the reference
molecule (PDT) onto two gold electrodes through the end device structure where the molecule forms symmetric contact with
sulfur atoms. Since in many experiments on molecular transthe two electrodessolid ling). The horizontal line in tha-E plot
port, the molecules are self-assembled on a single-crystahows the Fermi-level position. The horizontal lines in the PDOS
substrate and the structure of the molecule-substrate contagibt show the energies of the HOMO and LUMO levels in the
can be considered well defined, we start from the referencisolated molecule.

interfacial configuration where the molecules form symmet-

ric contact with two semi-infinite gold111) electrodegsee  tact. Increasing the top-metal—molecule distance reduces the
paper ) and investigate the change in its transport charactergyrength of orbital coupling across the interface without
istics due to structural differences in terms of the meta"changing its symmetry, which also affects the equilibrium
molecule distance, atomic structures of the metallic surfacegnergy_|eve| lineup since it changes the magnitude of the
and the adsorption geometry. Since in practice it is not cleagharge and potential perturbation across the molecular junc-
whether the end hydrogen atoms are desorbed upon electroggn, The conductance of the metal-molecule-metal junction
contact;>** we will also investigate the effect on current il depend on the competition between these two factors.
transport due to an additional end hydrogen atom at the toprhjs js demonstrated by examining both the equilibrium
metal-molecule interface. The theoretical approach we usgansmission versus energy-E) characteristics and the pro-

in elucidating the effect of the metal-molecule interfacejected molecular density of statéBDOS. The calculated
structure were discussed in detail in paper | and alsqr-g characteristics and the PDOS for the equilibrium mo-
elsevv_heré._* We use the same modeling methodology asjecylar junction and the current/conductance-voltage charac-
described in paper I. In particular, we have used the BPW9gistics of the molecular junction for symmetric contact case
parametrization of the spin-density-functional thédry®  ang for cases where the top-metal-molecule distance in-
and theab initio pseudopotenti&! with the corresponding creased byAL=0.5,1.0,1.5,2.0 A are shown in Figs. 1-3. In
energy-optimized Gaussian basis _§é@The calculationis  this paper, the transmission characteristics at zero bias
performed using a modified version Gf’j\USS'ANgazs We  T(E,v=0) is used to illustrate the “band” lineup for the
will focus on the results of the computation and the concepgquilibrium molecular junction. The nonlinear transport char-
tual understanding derived from thefwe use atomic units  4cteristics is obtained from the voltage-dependent transmis-

throughout the paper unless otherwise npted sion coefficientT(E,V) calculated self-consistently at each
bias voltageV. To check that the calculation is not sensitive
Il. THE EFEECT OF THE METAL-MOLECULE DISTANCE to small changes in the metal-molecule distance, we have

also calculated the transport characteristics of the molecular

In the reference device structure, the molecule forms symjunction for AL=0.1,0.2 A, which show smooth deviation
metric contact with two semi-infinite gol{iL11) electrodes, from the reference symmetric contact case.
and the molecule sits on top of the center of the triangular Increasing the top-metal—molecule distance up to ih-A
gold pad(see paper)l The end sulfur atom-metal surface creaseshe conductance of the molecular junction. Although
distance at both interfaces is 1.9 A. We first consider thehis result is counterintuitive, it is readily understood by ex-
effect on current transport from increasing the metal-amining the energy-level lineup at the metal-molecule-metal
molecule distance for the right contactenoted top contact junction. The calculated highest occupied molecular orbital
from here on; the left contact is denoted the substrate corHOMO) level of the isolated PDT molecule in the spin-

115407-2



MICROSCOPIC STUDY @& ... Il. ... PHYSICAL REVIEW B 68, 115407 (2003

paper ). Increasing the top metal-molecule distance will

-2 -2 il therefore move the HOMO up to closer alignment with the
{ : metal Fermi level, which overcompensates the decreased
-3} -3 - i‘yL";T‘;‘r'C coupling strength in determining the transmission coefficient
E ------ AL=2.0 at the Fermi level and correspondingly the low-bias conduc-
_-af 4 tance. This trend continues as we increaAsefrom 0 to 1.0
3t 3 A. Note that although the transmission coefficient at the
5 55 & sl Fermi level increases, the transmission through the middle of
I E, & H—smcemsnemee the HOMO-lowest unoccupied molecular orbitdlUMO)
\\\\\ \‘.\\-‘.nm"""‘“"'"‘“""""' gap decreases monotonically with increase of the top-metal—
-6 -8 molecule distance as expected. We can also see that the ef-
: fect on the alignment of the LUMO level is much weaker
7F -7 than that of the HOMO as we increas& from 0.5t0 1.0 A,
] since the electron distribution of the LUMO is localized in
8 " the interior of the moleculésee paper)l As we further in-
0 05 1 0 05 1 15 2 crease the top-metal-molecule distanceAto=1.5 A, the
Transmission Coefficient Projected DOS

coupling across the top-metal-molecule interface becomes
FIG. 2. The equilibrium(zero bias transmission versus energy SO Weak such that its effect on the energy level lineup satu-
(T-E) and projected density of stat¢BDOS in units of (1/eV) rates, i.e., the energy level lineup approaches that of the mol-
corresponding to the HOMO and LUMO as a function of the top€ecule chemisorbed on the substrate. Further increasing the
metal-molecule distanaL atAL=1.5,2.0 A. For comparison, we top-metal-molecule distance will then reduce the transmis-
have also shown thE-E and PDOS characteristics for the reference sion coefficient and the low-bias conductance of the molecu-
device structure where the molecule forms symmetric contact withar junction. Going fromAL=1.5 to AL=2.0 A, the peak
the two electrodessolid line). The horizontal line in thé-E plot positions in bothT-E and PDOS plots corresponding to the
shows the Fermi-level position. The horizontal lines in the PDOSHOMO and LUMO level do not change much, but the trans-
plot show the energies of the HOMO and LUMO levels in the mission coefficient is reduced across the entire energy spec-

isolated molecule. trum (Fig. 2).
As the top-metal-molecule distance increases, the equi-
singlet state(with the end hydrogen atoms remoyed librium transmission characteristics also change substan-

—5.33 eV, very close to the metal Fermi level5.31 eV. tially. In particular, the double-peak structure corresponding
For the symmetric contact case, the charge transfer and ttie resonant transmission through the LUMO and LUMD
associated electrostatic potential change across the interfatse reduced to a single peak for transmission through the
push it down to about 1 eV below the Fermi leydeduced LUMO +1 state. The transmission probability away from the
from the corresponding peak positions in the PDOS plot, seawo peaks at HOMO and LUM®1 is reduced rapidly with
the increasing top-metal—molecule distance. Examinations of
| - V Characteristics | - V Characteristics the Corresponding LDOS show that the LUMO is mainly
4 r—symmetric O r—symmerric localized on the peripheral hydrogen atoms, which leads to
...... AL=0.5 negligible orbital overlap with the top-metal states and rapid
== AL=1.0 reduction of the transmission probability with increasing top-
metal—molecule distance. The HOMO and LUMQ levels
instead have large weights on both end sulfur atoms, so their
o transmission probability decreases much slower with the in-
-40—— s ; > 40— s ; 5 creasing top-metal-molecule distance. Since transport is
dominated by tunneling through HOMO in the bias voltages
30 studied here, the changes in the transmission through the
unoccupied molecular states do not affect the device charac-
teristics.
As AL increases, the asymmetry of th& andG-V char-
acteristics with respect to bias polarity also increadeg.
7 A 3), since the bias-induced modification of molecular states
0 ~o i (the Stark effegtdiffers at different bias polarities due to the
1 2 2 2 asymmetry(the bias polarity is chosen such that positive bias
voltage corresponds to electron injection from the top con-
FIG. 3. Current-voltagel¢V) and conductance-voltages¢v)  tach. This is clear from the bias dependence of the molecular
characteristics of the gold-PDT-gold junction as a function of thel€Vels in Fig. 4. At large top-metal-molecule distances, the
top metal-molecule distance. For comparison, we have also showmolecule couples strongly to the substrate metal but very
the 1-V and G-V characteristics for the reference device structureweakly to the top metal. The calculatéeV and G-V char-
where the molecule forms symmetric contact with the two elec-acteristics(Fig. 3) correspond to that obtained for tunneling
trodes(solid line). through a chemisorbed molecule, e.g., measured using a
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o o FIG. 5. (Color onling Spatial distribution of charge transfer and
_ FIG. 4. Bias-induced mod!flcatlon of molecular levels as afunc'potential drop at bias voltages ef2.0 and 2.0 V at the gold-PDT-
tion of top-metal-molecule distance. We have also shown the posiyo|q contact forA=1.5 A. The upper figure shows the difference
tion of the equilibrium Fermi levek and the electrochemical po- peqyeen the electron density at finite bias voltage and the electron
tential of the two electrodeg, g, in the plot. density for device at equilibrium, the lower figure shows the differ-
ence between the electrostatic potential at that voltage and the elec-

. . . . . trostatic potential for device at equilibrium.
STM tip with a large vacuum gafd. At first sight, this sug-

gests that the shift of the molecular levels with applied bias
voltage should follow that of the electrochemical potential ofthe substrate side of the junction can move freely to screen
the substrate contact. However, this is only true at positiveeffectively the applied field, most of the voltage drops across
bias voltages. At negative bias voltage, they may deviatéhe top-metal-molecule interface. Mt=—2.0 V, electrons
from each other as a function of the metal-molecule distanceare injected from the substrate contact across a smaller bar-
This can only be explained from an atomic-level analysis ofrier. The electrons cannot move freely to screen the applied
the charge and potential response of the molecule to the afield compared to the positive bias case. Correspondingly, the
plied bias voltage. charge perturbation on the substrate side of the molecular
The spatial distribution of the charge perturbation and thgunction is significant and significant voltage drop occurs
voltage drop across the molecular junctionddr=1.5 A at  before reaching the top-metal-molecule interface. As a re-
voltages ofV=2.0 and—2.0 V are shown in Fig. 5. The sult, at large top-metal-molecule distance, the molecular
spatial distribution of the charge perturbation is obtained bytevel shift follows that of the substrate electrode at positive
integrating the difference in electron density at finite andbias voltage, but shows more complicated pattern for nega-
zero biases along the axis and plotted as a function of tive bias voltage with larger effect on the occupied molecular
position in thexy plane (defined by the benzene ringThe  states. The total number of electrons within the molecule
voltage drop is obtained by evaluating the difference bedecreases with increasing positive bias voltage since it is
tween the electrostatic potential at finite and zero biasesasier to extract electrons from the molecule through the sub-
which obeys the boundary condition of approachingstrate contact than to inject electron into the molecule
—V/2 (VI2) at the substratéop) electrode. Due to the in- through the top contact. But the total number of electrons is
creased metal-molecule distance at the top contact, a largepproximately constant at negative bias polarity. This gives
potential barrier is created at the top-metal-molecule interrise to the large asymmetry inV and G-V characteristics
face than that at the substrate-molecule interface for the equivith respect to the bias polarity.
librium junction, and it is easier for the electrons to move We can also examine more directly the asymmetry in the
from the top contact side to the substrate side than the othelevice characteristics from the voltage dependence of the
way around(not shown here This leads to distinct behav- transmission T-E) characteristics ahL=1.5 A (Fig. 6).
iors in the molecular response to the applied bias at differenthe conductance reaches its peak when one of the metal
bias polarities. Fermi levels moves into alignment with the peak positions in
At V=2.0V, electrons are injected into the moleculethe T-E characteristics. We find that at large top-metal—
from the top contact, which forms the bottleneck for trans-molecule distance, the conductance reaches its peak near
port. The direction of the applied field favors the electronzeros bias in the negative bias direction as the right metal
flow within the molecules. Most of the charge perturbationFermi level moves down passing the HOMO level. At
therefore occurs at the top-metal-molecule interface, with @ositive bias voltage, th&-V characteristics probes the
large decrease in the electron density on the molecule side states in the HOMO-LUMO gap resulting in a much reduced
the top-metal—molecule interfa¢Eig. 5). Since electrons on conductance.
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FIG. 6. Three-dimensional plot of the bias dependence of the Transmission Coefficient Projected DOS
transmission versus energy characteristicser1.5 A. The two FIG. 7. The equilibrium(zero biag transmission versus energy
lines in theX-Y plane show the electrochemical potential of the two (T-E) and projected density of stat¢BDOS in units of (1/eV)
electroden gy as a function of applied bias voltage. corresponding to the HOMO-1, HOMO, LUMO, and LUM¢L for
device models 1 and 2. The horizontal line in i€ plot shows
IIl. THE EFFECT OF THE ATOMIC STRUCTURE the Fermi-level position. The horizontal lines in the PDOS plot
OF THE METALLIC SURFACE show the energies of the HOMO-1, HOMO, LUMO, and LUMQ

. _levels in the isolated molecule.
If the transport through the molecule is measured using a

scanning tunneling microscod&TM) tip, it would not be  an isolated gold-sulfur bond, but is much weaker than that of
appropriate to model the top contact as a semi-infinite crystahe reference interfacial configuration. Although this has
since atomic-scale structures may exist at the tip apex. If theeen pointed out befofe;?® further insight into the problem
current is measured using atomic-size break junctions, botban only be obtained through an atomic-level analysis of
contacts may include atomic-scale structures on their surfacinction charge and potential response because the simple
In this section, we investigate the effect on current transporbonding analysis cannot explain the similarities in the non-
due to the presence of atomic structures on the metallic sufinear transport characteristics.

face. We consider two simple device models. For model 1, The potential perturbation upon formation of the molecu-
we consider the top electrode as composed of one apex atofar junction (at equilibrium for model 1 is shown in Fig. 9,
sitting on top of the triangular gold pad of the semi-infinite while the charge and potential response for bias voltages of
(113) crystal. For model 2, we consider both electrodes as-2.0 and 2.0 V are shown in Figl0), where we have also
composed of one apex atom sitting on top of the triangulashown the position of the molecule and the gold apex atom.

gold pad of the semi-infinit¢111) crystal. Compared to the molecule-substrate contact, the electron
The equilibrium energy-level line ufas reflected in the

T-E and PDOS plotsfor both models are shown in Fig. 7. | - V Characteristics

The calculated-V andG-V characteristics are shown in Fig. ‘[ — Syt

8. We find remarkable similarity between adding a apex atom._. pof | Modelr | .

onto the top electrodémodel 1 and increasing the top- 2 == Model2 Rt "

metal-molecule distance in determining the equilibrium g o

“band” lineup as well as the nonlinear transport characteris- 3 _pf == >><= = zew='== =~

tics. Both cases result in the HOMO level being closer to [~ .. ‘
alignment with the metal Fermi level. Both cases also show a -40;~
similar lineup scheme for the LUMO level. Note that the
device characteristics for model 1 show similar feature with g,
that of AL=1.0 A in Sec. Il, although the distance between s
the end sulfur atom and the semi-infinite crystal surface here Z4of
would correspond taAL=2.3 A. A simple explanation of
the electronic origin of this similarity is as follows: the va-
lence orbital of an isolated gold apex atom issafpe which
has minimal overlap with the sulfu orbitals on the mol- op ; ;
ecule. The hybridization between the apex gold atomic orbit- -2 -5 -1 -05
als and the gold surface states introduces siype symme-

try, so the coupling between the apex gold atom and the FIG. 8. Current-voltagel¢V) and conductance-voltages¢V)
sulfur end atom is stronger than that would be obtained fotharacteristics of the gold-PDT-gold for device models 1 and 2.
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G - V Characteristics
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Potential Change drop across the molecular junction occurs mostly at the right-
: : 5 5 metal—molecule contact, but at negative bias voltage, a sig-
nificant amount of the voltage drop also occurs within the
: molecule(Fig. 10. Compared to the case of increasing top-
------- e (i contact—molecule distance, the amount of the voltage drop
‘ : within the molecule core is slightly larger here due to the less
favorable potential landscape for electron flow within the
molecule core.
: The similar charge and potential response also leads to
N ,',',' " : similar molecular level shift at different bias polaritiésot
\ : shown herg Note that voltage also drops from the apex
atom to the bulk of the electrodghe voltage should ap-
proach +(—)1.0 V as we approach the bulk of the elec-
trode]. This is because a single gold atom at the apex cannot
. y - effectively screen the applied field, which behaves more like
B — ~ "\5 ' o f[he pthgr atoms in the molecule. This may have i_mpor_tant
X@u) N Y ) implications in transport measurement using STM tips, since
sharp atomic-scale structures and correspondingly localized
FIG. 9. (Color onling Electrostatic potential change upon the electron states can develop at the apex of the metallic tip
formation of the molecular junction for model 1 as a function of especially for transition metafé.If a significant amount of
position in thexy plane. Also shown is the projection of the mol- the voltage drops from the apex to the metal bulk, negative

Electrostatic Potential Difference (eV)
b
Z

I |

A T

(%)) n (S}
] Z Z Z

|
[$)]

ecule and the apex atom onto thgplane. differential resistance can be observed for single
. S . _ molecules:?3#
density of the equilibrium junction decreases in fheorbital For junction model 2, the above analysis of charge and

region of the top apex atom, since the gold apgxorbital  potential response at the top-metal—-molecule contact applies
cannot form a bond with the end sulfur atom but is inVOlveda|So to the substrate-molecule contact. Compared to the ref-
in the bonding between the apex atom and the top surfacgrence symmetric contact configuration, the contact to the
atoms(not shown herg This difference in the charge pertur- electrodes leads only to potential barrier at the apex atom-—
bation at the two interfaces leads to asymmetry in the poterend sulfur interface for the equilibrium junction. The poten-
tial for the equilibrium junction. Although the potential tja| landscape within the molecule core is rather flat, while
change within the molecule favors electron flow from thefor the reference contact configuration there is an additional
substrate side to the top contact side, the barrier at the apeyotential barrier across the sulfur-benzene bonding region
atom—molecule interface is still larger than that at the(see paper)l As a result, once electrons are injected into the
substrate-molecule interface. This leads to similar Charge al”ﬁ]mecme’ it would be easier for them to be extracted through
potential response to the applied bias voltages as those dgre other contact. This leads to different charge and potential
scribed in the previous section where the top-metalresponse at finite applied bias: most of the charge perturba-
molecule distance is increased. At positive bias, the V0|taggon and Vo|tage drop occurs at the electron injecting side of
the molecular junction(not shown herg As a result, the
V= -2(V) Model 1 V=2(V) direction of the molecular level shift with applied bias fol-
e B s S R lows that of the Fermi level of the electron extracting contact
at both bias polarities.

The similarity between junction model 1 and increasing
top-metal-molecule distance byL=1.0 A is reflected
equally in the equilibrium transmission characteristics and
: the corresponding LDOS plot, where both the magnitude and
5% o 5 50 the energy dependence of the transmission coefficient as well
as the charge distribution of the contact-perturbed molecular
states show similar behavior. By contrast, in the equilibrium
transmission characteristics of the junction model 2, the
overall energy dependence of the transmission coefficient
corresponds closely to the reference contact configuration
being shifted up to move into closer resonance with the
metal Fermi level due to the weaker bonding across both

i : metal-molecule interfaces. But similar to junction model 1,
X(@u)® -5 3(a ufg 10 the double-peak structure corresponding to transmission

o through the LUMO and LUMG-1 has been reduced to a

FIG. 10. (Color online Spatial distribution of charge transfer Single peak. Compared to junction model 1, there is a sharp
and potential drop at bias voltages 6f2.0 and 2.0 V for device peak in theT-E characteristics through the metal-induced-
model 1. gap states aE=—3.1 eV in the HOMO-LUMO gap. The

o
o
=

Charge redis!ribution (/(a.u.)2)
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T—

T-E through the occupied molecular states are also muck
larger than that of junction model 1, and sharper than the [

reference configuration. All these follow from the symmetry — .
and magnitude of the charge distribution of the correspond- -3 -3 _ a*;ngg}%t”c
ing molecular stategdetermined from the LDOS The - = Model 4

charge distributiorithe LDOS of the LUMO and LUMO+1 ~
levels remain qualitatively the same for the reference con<
figuration, increasing top-metal—-molecule distance, junctionz
models 1 and 2. Insertion of an apex atom as well as increasg -5t
ing the metal-molecule distance results in much reducec
overlap between the LUMO state and the metal surface state -sf
leading to negligible transmission. The LUMQL state also
shows similar charge distribution in all cases, with large
weight on both end sulfur atoms. This leads to laig&
which are not affected as strongly by inserting an apex atonr :
or increasing metal-molecule distance as other states. Th 8, 0.5 1 0 o5 1 15 2
largerT-E through the HOMO-LUMO gap and the occupied Transmission Coefficient Projected DOS
molecular states for junction model 2 is instead due to the —_ . o
symmetry of the junction configuration. For junction model FIG. 11. Th.e equ'“b”u”.(zero bias transmission Versus energy
. . (T-E) and projected density of stat¢éBDOS in units of (1/eV)
2’. th? corresponding LDOS ShOW.S equally Iargg Charge dISéorresponding to the HOMO and LUMO for the atop adsorption
t_rlbutlon at both metal-molecule interfaces, while for junc- geometry with symmetric contatmodel 3 and with increased top
tion model 1, they show much reduced charge at theatal-molecule distancenodel 4,AL =1.0 A).
substrate-molecule contact. The peaks for models 1 and 2 are

sharper than the reference configuration because the stat@sch as HOMO, the PDOS is narrowed due to the reduced
are more localized. So the transmission through the occupieghixing with the metal surface states. For carbon based states
states is reduced by inserting an apex atom at one contact bgich as LUMO, the PDOS is broadened since the mixing
remains large when apex atoms are inserted at both contacith the metal surface states is stronger due to the proximity
To summarize, the results shown here highlight the importangf more gold surface atoms. The same consideration leads to
effect that atomic-scale electrode structures may have on mene more broadened PDOS towards the HOMO-LUMO gap

4

Energy (eV)

-7F

lecular transport characteristics. for HOMO and LUMO. Also notable is that the once pro-
nounced transmission peak for tunneling through the metal-
IV. THE EEEECT OF THE MOLECULAR ADSORPTION induced-gap states is suppressed since the mixing through
GEOMETRY the end sulfur atom is suppressed. The trend continues as the

top-metal-molecule distance is increagetbdel 4 in Fig.

In computational study of molecular junctions, the ad-11). Again increasing the top-metal-molecule distance leads
sorption geometry is often chosen with the sulfur atom in &o the favorable alignment of the HOMO and increases the
threefold site above the electrode surface. In this section, weero-bias conductand&ig. 12.
consider a different adsorption geometry with the sulfur end

atom on top of one surface gold atdfhHere we use the 5 | - V Characteristics

same sulfur-metal surface distance as the threefold adsorp —Symmeric] e

tion case(1.9 A). Each surface gold atom has six nearest = oF e moge:z e et
== Mode -

neighbors, therefore we include seven gold atoms on eaclk= 20r
0.

—20F

metallic surface into the “extended moleculgtenoted
model 3. We also consider the effect on current transport 3
when the top-metal-molecule distance is increased by 1.0 A B P
(denoted model ¥for comparison with the results in Sec. Il. -89 ——='>————; o 05 1 s >
For device model 3, the coupling between the molecule
and the electrodes is reduced due to the less favorable orbite  4op
overlap between the end sulfur atom and the gold surface
atom directly underneath it. But the reduction is smaller than =*°
that in sec. Il due to the molecular orbital overlap with the
other six gold atoms on the surface. Compared to the case o
threefold adsorption, the magnitude of the charge transfer
and the potential perturbation are smalleot shown herg 0 : : : : ; : ; ,
As a result, the HOMO level is moved slightly closer to the = -5 -1 05 Voltage W 05 1 1.5 2
metal Fermi level for a device at equilibriutkig. 11), simi-
lar to the effect of slightly increasing the metal-molecule  FIG. 12. Current-voltagel ¢V) and conductance-voltag&¢V)
distance. This geometry effects the molecular states differeharacteristics of the gold-PDT-gold junction as a function of mo-
ently depending on their composition. For sulfur based statelecular adsorption geometry.

Curren

G - V Characteristics

20F

nductance (!

10F

Q
&)
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FIG. 13. Orbital shape of the HOMO-1, HOMO, and LUMO FIG. 14. The equilibriunizero biag transmission versus energy

states of PDT molecule with an additional hydrogen end atom foT-E) and projected density of stat¢BDOS in units of (1/eV)
both spin-up and spin-down electrons. corresponding to the HOMO-1, HOMO, LUMO, and LUMEL for

the molecule with the end hydrogen atom. The horizontal line in the

Due to the broadened density of states in the HOMO-T-E plot shows the Fermi-level position. The horizontal lines in the
LUMO gap and more favorable equilibrium energy level PDQS plot show the engrgies of the HOMO and LUMO levels for
lineup, the low-bias conductance is higher and its increas&Pin-up electrons in the isolated molecule.
with bias voltage is less steep in the atop adsorption geom- N
etry (Fig. 12. The peak positions in th&-V characteristics atoms removed. The H addition breaks the symmetry of the

are reached at slightly smaller bias voltage due to the smallépolecular orbitals. Both the HOMO for spin-up electron and

difference between the HOMO level and the equilibriumtheé HOMO-1 for spin-down electron have large weight only
Fermi level. on the left (substratg sulfur and therefore can couple

strongly only to the left(substratg contact. On the other
hand, both the HOMO-1 for spin-up electron and the HOMO
for spin-down electron show electrons delocalized through-
out the molecule, with larger weight on the left sulfur for the

For the thiol molecules self-assembled on a gold subspin-down electron. The LUMO for both spin-up and spin-
strate, it is commonly believed that the end hydrogen atom islown electrons shows large weight only on the interior car-
desorbed during the final stage of the self-assemblyon atoms, not affected by the H addition.
process23But it is not clear whether the hydrogen atom at  The H addition at the top&ight-) metal-molecule inter-
the top contact is desorbed after the formation of a stabléace saturates the sulfar bond and significantly reduces the
contact since different experimental techniques have beeamount of charge transfer into the top sulfur atom upon ad-
used. In this section we investigate whether the presence abrption onto the electrodes due to the saturated bonding.
an additional end hydrogen atom at the top contact affect$he decreased molecule-metal bonding leads to a larger po-
significantly the transport characteristics. The structure of théential barrier at the top interface. Indeed, the magnitude of
molecular radical is obtained first by optimizing the geom-the charge transfer at the top contact is smaller than that
etry of the molecule with both end H atoms at theobtained in Sec. Il for the case &fL=2 A, which corre-
BPW91/6- 31G* level and then removing the H atom at the sponds to a sulfur-surface distance of 3.9 A. This leads to a
substrate side, forming a molecular spin douldgitimizing  quite different energy-level lineup scheme for the molecular
the geometry of the molecular radical directly gives similarjunction at equilibrium, as shown in Fig. 14, where we plot
result. The hydrogen atom should inhibit the coupling be- T-E and the PDOS in the molecule. The peak positions cor-
tween the sulfur atom and the top metal surface. For comresponding to transmission through the HOMO and LUMO
parison with the results in Sec. I, we assume the same threéevels are lowered relative to the reference structure, giving a
fold sulfur-gold adsorption geometry but with an increasedmore symmetric location of the metal Fermi level, although
sulfur-surface distance of 2.2 &he hydrogen-surface dis- the HOMO level is still closer to the Fermi level than the
tance is 2.0 A LUMO.

The H-atom addition increases the number of electrons of Note that although both the energy and the electron dis-
the molecule by 1. For this doublet system, the three molecuribution associated with the molecular states depend on the
lar orbitals energetically closest to metal Fermi le@rre-  spin direction for the isolated molecule, the transmission co-
sponding to the HOMO-1, HOMO, and LUMCor elec- efficient and the PDOS in the molecular junction are identi-
trons with different spin differ, as shown in Fig. 13, which cal for both spin directions once the self-consistent calcula-
are also different from those of the molecule with both end Htion is converged. The reason is as follows: For the strong

V. THE EFFECT
OF A RETAINED END HYDROGEN ATOM
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FIG. 16. Three-dimensional plot of the bias dependence of the
transmission versus energy characteristics for the molecule with the
FIG. 15. Current-voltagel ¢V) and conductance-voltag&¢V) end hydrogen atom. The two lines in theY plane show the elec-
characteristics for the molecule with the end hydrogen atom. trochemical potential of the two electrodg ) as a function of

applied bias voltage.

5 0 0.5
Voltage (V)

molecule-metal coupling regime we consider here, the ope
shell PDT molecular radicalwith one H endl within the
molecular junction is only part of a large quantum system

rTarger voltage drop at the top metal-molecule contact at posi-
tive bias(not shown herg This can be seen clearly from the

. - ; . bias dependence of the transmission characteristics in Fig.
Since the filling of the electron states is determined by th 6 AppII)ying a negative bias decreases the difference bg-
Fermi d'St”.bUt'on of _the Sem"'r!f'”'te glt_actrodes Wh'.Ch a€yveen the HOMO level position of the molecular radical
no_nmagnenc, there is no physical origin for breakln_g th.e(one H endl and the molecular biradical, leading to the same
spin symmetry of the system. The PDT mqlecular radical Nhias voltage ofV=—1.6 V, where conductance reaches its
contact with two gcl)qld”eletctrode.tsh_behavles "?j mﬁclrl‘ thel sarP eak (the peak position in the transmission characteristics
way as an opeén-shell atom within a closed-shell MOIeCUle i ~qaq \yith the Fermi level of the top contacthe shift

_since_ the eIectr_on states are delocaliz_ed across the r.“o'eC“ lth applied bias of the LUMO level is much larger than that
junction. The situation V.V'" be dramatically d|ffere_nt in the of the HOMO, but since the conductance is again determined
Coulomb blockade regime when the fT‘O'eC“.'e IS Weaklymainly by the HOMO states, this does not affect the calcu-
coupled to both electrodes or when a high spm—degenera%ted transport characteristics
atom is inserted into the molecul&32in which cases a spin- '
dependent interaction term needs to be included in the
Hamiltonian describing the molecular junction and spin-
dependent electron scattering can dominant especially at low We have investigated the effect on molecular transport
temperature. due to different structural aspects of the metal-molecule in-
Interestingly, although the additiori @ H atom moves the terface. For a given metal-molecule combination, the differ-
frontier orbitals closer to the metal Fermi level and to eachences in the interface structure not only lead to different
other (Fig. 13, the transmission characteristics of the equi-metal-molecule coupling, but also to different energy-level
librium junction remain qualitatively the same as for the sin-lineup and to different electrostatic potential profile across
glet molecular biradical in addition to the shift in the peakthe equilibrium molecular junction. The difference in the re-
positions(Fig. 14). The corresponding LDOS shows that the sulting nonlinear transport characteristics reflects the differ-
charge distributions associated with both the HOMO andence in the energy-level lineup scheme as well as the differ-
LUMO levels remain similar in shape with the addition of ence in the nonequilibrium potential response of the
the end H atom. The transmission coefficient at the Fermimolecular junction.
level is slightly reduced, but the overall transmission charac- These considerations are illustrated through detailed mi-
teristics in the HOMO-LUMO gap are similar in both cases.croscopic calculation of the prototypical molecular device
The main effect of introducing the end H atom has been irformed by sandwiching the PDT molecule between two gold
creating a nonsymmetric device structure. electrodes. The metal-molecule interface structures investi-
The calculated-V and G-V characteristics are shown in gated differ in metal-molecule distance, atomic structures at
Fig. 15. Both the current and the conductance are reduced hijte metal surface, adsorption geometry and the presence of
the presence of the hydrogen within the bias range studiecn additional end hydrogen atom. The chosen system is rep-
Substantial asymmetry with respect to the bias polarity igesentative of the current experimental work on molecule
introduced due to the different contact configuration. Similarelectronics, but is also unique in that the HOMO level of the
to the results discussed in previous sections, peak in the coisolated PDT molecule is very close to the gold Fermi level.
ductance is reached only at negative bias polarity due to th€his leads to a counterintuitive increase of conductance with

VI. CONCLUSIONS
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increasing top-metal-molecule distance because the reducedcroscopic calculation can all be understood from the equi-
coupling leads to closer alignment of the HOMO level with librium energy-level lineup combined with qualitative
the gold Fermi level. The conductance decreases only afté&howledge of the voltage drop due to the asymmetry in the
passing the maximum metal-molecule distance where the efwo metal-molecule contacts. Since the equilibrium energy
ergy level lineup becomes essentially identical to that of thaevel lineup is quite sensitive to the atomic-scale structures
molecule chemisorbed on the substrate. For the gold-PDTof the metal-molecule interface, a correct identification of the
gold junction we consider here this happens arowld  device structure is essential for explaining the transport char-
=1.5 A corresponding to a sulfur—top-metal distance of 3.4gcteristics of any molecular junction.

A. Adding one apex atom onto the semi-infinite surface of For different metal-molecule combinations, the lineup of
the bulk electrodes is equivalent in its effects to the increasghe molecular level with respect to the metal surface band,
of the metal-molecule distance due to the unfavorable orbitand therefore the functional dependence of transport charac-
overlap with the sulfur end atom. The similarity is reflectedteristics on interface structure will be different. In particular,
in the contact-perturbed molecular states, the charge and pgoth the energy level lineup and the metal-molecule coupling
tential response of the molecular junction to the applied biagan be modified by simply replacing the end contact atom
and the nonlinear transport characteristics. Changing to onsulfur in this paper with other chemical groups without
top molecular adsorption geometry leads to a slightly favorchanging the metal and the molecule core. This and other

able energy level lineup for the molecular junction at equi-chemical aspects of the metal-molecule interface are interest-
librium and consequently larger conductance, but the overalhg subjects which deserve further analysis.

transport characteristics remain qualitatively the same. The
presence of the additional hydrogen end atom at the top-
metal-molecule contact affects substantially the electronic
processes in the molecular junction due to the different na-
ture of the molecular orbitals and the asymmetric device We thank A. Nitzan, S. Datta, V. Mujica, and H. Basch for

structure involved, reducing the conductance and currenseful discussions. This work was supported by the DARPA
compared to the case where the end hydrogen atom is deltolectronics program, the DoD-DURINT program and the

orbed during the formation of the contact. The results of theNSF Nanotechnology Initiative.

ACKNOWLEDGMENT

* Author to whom correspondence should be addressed. Email ad?Y. Xue and M. A. Ratner, preceding paper, Phys. Rev6®

dress: ayxue@chem.nwu.edu 115406(2003.

1C. Joachim, J.K. Gimzewski, and A. Aviram, Natufieondon 15y, Xue, S. Datta, and M.A. Ratner, J. Chem. Phy&5 4292
408 541 (2000, and references therein. (2001).

’R.M. Metzger, Acc. Chem. Re82, 950 (1999. 18y Xue, S. Datta, and M.A. Ratner, Chem. Phg81, 151(2002.

3J. Chen, M.A. Reed, A.M. Rawlett, and J.M. Tour, Scie@86, ~ 17A.D. Becke, Phys. Rev. 88, 3098(1988.
1550(1999. 183 P. Perdew and Y. Wang, Phys. Rev.3B 12228(1989; M.

4s. Datta, W. Tian, S. Hong, R. Reifenberger, J.I. Henderson, and Ernzerhof, J.P. Perdew, and K. Burke, Density Functional
C.P. Kubiak, Phys. Rev. Let?9, 2530(1997. Theory | edited by R.F. NalewajskiSpringer, Berlin, 1996

5Y. Xue, S. Datta, S. Hong, R. Reifenberger, J.I. Henderson, and®O. Gunnarson and B.I. Lundgvist, Phys. Revi® 4274(1976);
C.P. Kubiak, Phys. Rev. B9, 7852(1999. R.O. Jones and O. Gunnarson, Rev. Mod. PB{s689(1989.

6S. Hong, R. Reifenberger, W. Tian, S. Datta, J. Henderson, and L-R. Kahn, P. Baybutt, and D.G. Truhlar, J. Chem. P 3826
C.P. Kubiak, Superlattices Microstru@s, 289 (2000. o1 (1976. )

7N.B. Zhitenev, H. Meng, and Z. Bao, Phys. Rev. L&8, 226801 For carbon and sulphur, we use the pseudopotential and the cor-
(2002. responding polarized split valence basis sets of W.J. Stevens, H.

8X.D. Cui, A. Primak, X. Zarate, J. Tomfohr, O.F. Sankey, A.L. Basch, and M. Krauss, J. Chem. P, 6026(1984; for gold,
j ' X . ' . e we use the pseudopotential and the valence basis sets of P.J. Hay
Moore, T.A. Moore, D. Gust, G. Harris, and S.M. Lindsay, Sci- o
eon204 571 (2000 Y and W.R. Wadtjbid. 82, 270 (1985.

22 . ._. . .
9M.A. Reed, C. Zhou, C.J. Muller, T.P. Burgin, and J.M. Tour, For the gold atoms lying on top of the semi-infinite substrate

Sci 278 252 (1997 Mark A. Reed. P IEED7. 652 (e.g., describing the atomic-scale structures of the surface as
cience278 ( 7 ar' - Reed, Froc. ! discussed in Sec.)llwe use the standard double-zeta molecular
(1999, and references therein.

10 ) basis set as described by P.J. Hay and W.R. WadChem.
J. Reichert, R. Ochs, D. Beckmann, H.B. Weber, M. Mayor, and  pj,q 85 570(1985]; For the gold atoms on the surface of the
H.v. Lohneysen, Phys. Rev. Le&8, 176804(2002. semi-infinite substrate, we follow the standard convention in sur-
113.G. Kushmerick, D.B. Holt, J.C. Yang, J. Naciri, M.H. Moore,

: face and solid state electronic structure calculations using mo-
b anq R. Shashldhar, Phys. Rev. L&9, 086.802(.2003. lecular Gaussian-type orbital basis sets to construct a minimum
Y. Xia and G.M. Whitesides, Adv. MatefWeinheim, Ge).7, 471 valence basis set by removing the most diffused Gaussian primi-

(1995. tive from the double-zeta contraction. See footnotes 58 and 92
13M.T. Cygan, T.D. Dunbar, J.J. Amold, L.A. Bumm, N.F. Shed-  of paper I.

lock, T.P. Burgin, L. Jones IlI, D.L. Allara, J.M. Tour, and P.S. 2®M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A.
Weiss, J. Am. Chem. Sod20 2721(1998. Robb, J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery, Jr.,

115407-10



MICROSCOPIC STUDY @& ... Il. ... PHYSICAL REVIEW B 68, 115407 (2003

R.E. Stratmann, J.C. Burant, S. Dapprich, J.M. Millam, A.D. 25\M. Di Ventra, S.T. Pantelides, and N.D. Lang, Phys. Rew.
Daniels, K.N. Kudin, M.C. Strain, O. Farkas, J. Tomasi, V. Bar-  Lett. 84, 979 (2000.
one, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, ?W. Tian, S. Datta, S. Hong, R. Reifenberger, J.J. Henderson, and
S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala, Q. Cui, K.  C.P. Kubiak, J. Chem. Phy&09, 2874(1998.
Morokuma, D.K. Malick, A.D. Rabuck, K. Raghavachari, 2T\, Tsukada, K. Kobayashi, N. Isshiki, and H. Kageshima, Surf.
J.B. Foresman, J. Cioslowski, J.V. Ortiz, A. G. Baboul, B.B.  Sci. Rep.13, 267 (199J.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, 28N.D. Lang, Phys. Rev. B5, 9364(1997).
R. Gomperts, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, 2°I.-W. Lyo and Ph. Avouris, Scienc245, 1369(1989.
C.Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P.M3°S.N. Yaliraki and M.A. Ratner, J. Chem. Phyi€9 5036(1998.
W. Gill, B. Johnson, W. Chen, M.W. Wong, J.L. Andres, 313, Park, A.N. Pasupathy, J.I. Goldsmith, C. Chang, Y. Yalsh, J.R.
C. Gonzalez, M. Head-Gordon, E.S. Replogle and J.A. Pople, Petta, M. Rinkoski, J.P. Sethna, H.D. AbayrP.L. McEuen, and
GAUSSIAN9g Revision A.7, Gaussian, Inc., Pittsburgh, PA, 1998.  D.C. Ralph, NaturdLondon 417, 722 (2002.

24B.C. Stipe, M.A. Rezaei, and W. Ho, Scien280, 1732(1998;  *?W. Liang, M.P. Shores, M. Bockrath, J.R. Long, and H. Park,
Phys. Rev. Lett82, 1724(1999. Nature (London 417, 725 (2002.

115407-11



