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Abstract: Combining density functional theory calculations for molecular electronic structure with a Green
function method for electron transport, we calculate from first principles the molecular conductance of
benzene connected to two Au leads through different anchoring atoms—S, Se, and Te. The relaxed atomic
structure of the contact, different lead orientations, and different adsorption sites are fully considered. We
find that the molecule—lead coupling, electron transfer, and conductance all depend strongly on the
adsorption site, lead orientation, and local contact atomic configuration. For flat contacts the conductance
decreases as the atomic number of the anchoring atom increases, regardless of the adsorption site, lead
orientation, or bias. For small bias this chemical trend is, however, dependent on the contact atomic
configuration: an additional Au atom at the contact with the (111) lead changes the best anchoring atom
from S to Se, although for large bias the original chemical trend is recovered.

1. Introduction its good binding with Au and good stability. However, a recent
A critical issue in molecular electronied is to find anchoring ;e>l<pe|r|metnttfk?ra,(;])-l:*lga%etyltlgottﬁ rtthlopshene arr:dq)-blsettce- .
groups and construct contact structures that provide both sta-Y'SEIENOLErtnIopnens snowe at a se anchoring atom 1S
better than S for zero bias conductance. Currently, it is an open

bility and high contact transparency. In many recent experi- .
ments®—9 Au electrodes were used as leads for electronic currentprOblem whether ther e are other better choices and what the
system dependence is.

because of their high conductivity, stability, and well-defined y . . . -
In terms of theoretical studies, there are mainly two ab initio

fabrication techniqgue. A common way to construct a tead
molecule-lead (LML) system is by using a break junction approaches for electron transport through molecules. One was
" developed by Lang et al>the Kohn-Sham equation of the

formed either mechanicaflyl© or electrically®1¥13 In these : di Li Bchwi :
break-junction experiments, the atomic structure of the molecule system Is mapped into a LippmanBchwinger scattering equa-
f tlon which is solved for the scattering states self-consistently.

lead contact is unknown. Therefore, neither the influence o N th | tatiofs 15 the jelli el dopted f

detailed atomic structure on transport through the molecules north te imp ertmls;n a IIO irod € Jef'um T&Le wat\s a (_)I_F;]e t%r

a path to improved performance is clear. With regard to e two glgﬂ Ic_electrodes ot an system. The other
approach is based on a density functional theory (DFT)

anchoring groupsa S atom is commonly usée® to connect
various benzene-like organic molecules to Au leads because ofcalcula’uon for the molecular electronic structure combined with
a nonequilibrium Green function (NEGF) method for electron

t Department of Chemistry. transport. Very close to the latter approach there is also an
(5 %ep?;tn}egt 0'; Pthysichi- Johys. Toda2003 56 (5), 4349 approach based on a self-consistent tight-binding method com-
eath, J. R.; Ratner, M. A2hys. Toda , . . . 24
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Ltd., 2003.
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Within the DFT+NEGF method itself, there are generally regardless of the contact atomic structure and bias. However,
two approaches describing the boundary between the leads andior contacts with a fluctuation of one Au atom, Se becomes
the molecule of a LML system. In one categoryclster slightly better than S for small bias, although for large bias the
geometry is adopted, either for all the subsystems of a LML chemical trend goes back and S becomes better. This shows
system or for only the extended molecule, while the leads are the critical role of the real contact atomic structure in electron
handled by an extended system method (for example, refstransport through molecules.

17—-19, 25-27). The other type of DFFNEGF approact-22
usesperiodic boundary condition$PBC) with large parts of
the leads included in the extended molecule, so that the The systems studied contain a benzene molecule connected to two
interaction between the molecule and its images will be screenedAu leads through S, Se, or Te anchoring atoms. While our main focus
off by the metallic lead in between. In this case all the is on the chemical trends among these anchoring atoms, the structure

subsystems can be treated on the same footing. of_the c_ontact is an important issue as well. Two_different Au lead
. . . . orientations, (001) and (111), are considered. The in-plane size of the
Concerning the important issue of the best anchoring group, 5, jead is set to be22x2+/2 for the (001) lead and-22 for (111).

surprisingly few studies have been done. First, there is a theo-gor checking the dependence on the in-plane lead size, we also use
retical calculatiof®!6 for the benzene molecule using jellium |arger (001) leads, #2x3v/2, and 4/2x4+/2. Furthermore, we also
leads which demonstrated that the best anchoring atom foruse a (001)-(¢/2x4+/2) periodic surface to model the (001) lead.
contact transparency is not an S atom but rather a Te atom: itBecause of the large separation between the molecule and its images
increases the equilibrium conductance by about 25 times. A (larger than 12 A), this model will be a good approximation to the
potential problem with this calculation, however, is the neglect lead of an infinitely large surface. For the (111) lead, we consider
of the detailed electronic structure of Au as well as the contact different adsorption sites for the anchoring atom: hollow site (h), bridge
atomic structure. Although in the DFINEGF method both site (b), and top site (t). From now on we use, for instgnce, the structural
molecule-lead interaction and contact structure can be taken label S_{001)_hto denote the system with S anchoring atom adsorbed

. . inciole. | . his h b d ~ at the hollow site of the (001) lead surface.
into account in principle, in practice this has not been done: The purpose here is to simulate possible experimental situations in

contact atomic structures were predetermined in all previous preak-junction experiments, in which different atomic structures may
calculations. Thus, to the best of our knowledge, the effect of occur and, indeed, global structural equilibrium may not be reached.

relaxing atomic positions in the contacts has not been investi- In our calculation, the contact atomic relaxation is fully included by
gated theoretically. Very recently, the effect of three different relaxing the molecule and the first two atomic layers of the lead

2. Computational Methods

molecular end groups has been evaluated with BNEGF 28 surfaces, as well as the molectlead separation, while leaving the
though not the ones considered here nor with contact structurein-plane position of the anchoring atom fixed at the h, b, or t site. The
relaxation. optimized atomic structures of the systems with an S anchoring atom

In this paper we investigate svstematically the effects of are shown in Figure 1; those for the other anchoring atoms are similar
pap 9 Y Y and therefore not shown. These fully optimized structures are called

.dlfferent regllstlc contact atomic strucFures and re-examine the “relaxed” structures hereafter (default if not specified), in contrast to
important issue of the best anchoring group. We use OUr «nrelaxed” structures in which atoms in the leads are fixed at their
previously developed self-consistent implementation of the pylk positions. In the unrelaxed case, the molecule is fixed at its optimal
DFT+NEGF method? In our method, as in the other two isolated structure, the dangling bond on the S atom is saturated by an
implementationd?21 PBC are adopted and large parts of the Au atom, and the distance between the S atom and the Au surface is
two metallic leads are included in the device region (about 40 optimized.

Au atoms per lead), so that the molectlead interactions Because we use the bulk Au structure for the leads, the atomic
(including electron transfer and atomic relaxation) are fully relaxation consists of two parts: one is the relaxation of the bare

included. and the electronic structure of the molecule and IeadsAu lead with respect to its bulk structure, and the other is the relax-
are treat’ed on exactly the same footing ation of both the leads and the molecule induced by the molecule

lead interaction. The latter is our primary interest; in fact, our
We calculate the molecular conductance of benzene connectediaiculations show that the former is very small, which is consistent

to two Au leads with real atomic structure in order to simulate with the very small surface relaxation of unreconstructed infinite Au
physical leads in break-junction experiments. The connection surfaces.

is made through three different anchoring atoms: S, Se, and For the electronic structure calculation, we use Siesta, an efficient
Te. We consider fully the atomic relaxation of these LML full DFT package? A high-level doubleZ plus polarization basis set
systems and consider different lead orientations and different (OZP) is adopted for all atomic species. The PBE version of the
adsorption sites of the anchoring groups. The fully optimized 9eneralized gradient approximation (GGAJs used for the electron
atomic structures and high-level basis set for all the atomic eXChar_'gela”d correlation, and optimized Troutibtartins pseudo-
species make our calculations well converged. It is found that potential$® are used for the atomic cores. The atomic structures of the

h | le-lead I the elect ¢ p d theref molecule, lead surfaces, and molectliead separation are fully
€ molecule-lead coupling, the electron transter, an erelore optimized, with residual forces less than 0.02 eV/A.

the conductance depend strongly on the adsorption site, lead " r; the transport calculatidhwe divide an infinite LML system
orientation, and local contact atomic configuration. It turns out nto three parts: left lead.}, right lead R), and device regionQ),

that for ideally flat contacts the equilibrium conductance de- which contains the molecule and large parts of the left and right leads,
creases with increasing atomic number of the anchoring group, as shown in Figure 1, so that the molectlead interactions can be
fully accommodated. For a steady state situation in which the region

(25) Xue, Y.; Datta, S.; Ratner, M. A. Chem. Phys2001, 115 4292-4299.

(26) Xue, Y.; Ratner, M. APhys. Re. B 2003 68, 115407-1+115407-11. (29) Soler, J. M.; Artacho, E.; Gale, J. D.; Garcia, A.; Junquera, J.; Qrdejo
Xue, Y.; Ratner, M. APhys. Re. B 2003 68, 115406-1-115406-18. P.; Samchez-Portal, DJ. Phys. C2002 14, 2745-2779.

(27) For example: Heurich, J.; Cuevas, J. C.; Wenzel, W.; SchoRh. Re. (30) Perdew, J. P.; Burke, K.; Ernzerhof, Bhys. Re. Lett. 1996 77, 3865~
Lett. 2002 88, 256803-1-256803-4. 3868.

(28) Xue, Y.; Ratner, M. APhys. Re. B 2004 69, 085403. (31) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993-2006.
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Table 1.

Binding Energies between the Lead and the Molecule (in

eV), in Terms of the Total Energies (Eiwt's) of the Whole and the
Subunits of a System?

OO OO ST
. o Ja ! "! --:‘i':...
:‘/5 S X = R;‘H):¢r lead adsorption S-anchored Se-anchored Te-anchored
) N VAR ?F;H\_:.,__ orientation site relaxed unrelaxed relaxed unrelaxed relaxed unrelaxed
o T T2 T
) At 'O' AN Y G‘ (001) h 3.40 3.41 3.28 3.32 3.07 3.07
‘ i (a) b 263 250 251 242 245 2.38
) : t 1.60 1.60 1.49 1.55 1.66 1.65
>0, (111) h 4.23 4.27 4.10 4.11 3.89 3.88
pay. S » b 4.44 3.86 4.33 3.72 4.14 3.55
AL AT L t 355 260 352 255 338 267
=y "‘ g 1_'-_‘-1- |
5 et LY aFor a relaxed or unrelaxed system it is determineé&kfleadtmolecule)
An Sy B — Ewof(lead) — Ei(molecule).
(b) The relative stability of the different adsorption sites is related

. _ to the binding energy between the molecule and the lead, given
_' 40 DS, v 1 by the difference in total energy between the whole system and

oQ ] ) :
s vl b 2 L A% % 4 the two subsystems using the same supercell and k-sampling.
1 | LF RS Table 1 summarizes the results for both (001) and (111) leads

connected by the three anchoring atoms, both relaxed and unre-
laxed. We wish to point out three features. First, the binding
energy on (111) is larger than that for (001). This is a straight-
forward result of the different directional binding character of
H W AP . A o the two surfaces with the group VI anchoring atoms: the coor-
i | PO dination on the (111) surface is smaller than on (001) and so is
A S L AT more favorable to the group VI anchoring atom. Second, for
A Al d the Au(001) lead, the most stable adsorption site, regardless of
' (d) contact relaxation, is the h site (shown in Figure 1a) followed
by b and then t. The energy gains for b and t are quite large:
for the relaxed S-anchored system, for instance, the energy in-
crease for b and t sites are 0.77 and 1.80 eV/contact, respec-
tively. Third, for the Au(111) lead the situation is not so simple.
If the contact is not relaxed, the most stable adsorption site is
h followed by b and t; however, after relaxation, the most stable
(e) (f) site becomes b followed by h and t. The energy differences are
Figure 1. Optimized atomic structures for systems with two S anchoring smaller here compared to the (001) case: for the unrelaxed

atoms. Optimized structures with two Se or Te anchoring atoms are similar _gnchored system, the energy difference between h and b

and therefore not shown. (a) Au leads are in the (001) direction, and the . . . o
anchoring atom is located at the hollow site of the Au(001) surface [as is 0.41 eV/contact, while after relaxation it is onty0.21

shown in (e)]. (b-d) Au leads are in the (111) direction, and the anchoring €V/contact.
atom is located at the hollow, bridge, and top sites, respectively [as shown  Qur results are largely in agreement with previous results
in (f)]. The dashed_llne denotes the interface between the device region concerning chemisorption on Au(111). Short alkane thiols on
(C) and the left or right leadl(or R). A
unrelaxed Au(111) prefer the h sitéIn a study of the chemi-
sorption of 1,4-benzenedithiol perpendicularly on the surface
of an unrelaxed Agk cluster3? the most stable adsorption site
was h followed by b then t, as in our results. Finally, a systematic
ab initio calculation of S-gHs chemisorbed on a Aycluster3*
in which the whole structure was fully relaxed in different
geometrical configurations, it was found that several b sites have
3. Results and Discussion the lowest energy, consistent with our result for the relaxed
) . . . S-anchored system. Despite this agreement with previous results,
3.1. Structure.We find that if the anchoring atom is adsorbed  \ye caution that the structural optimization and energetics of
at thg hollow site, the effect of contqct atqmlc relaxat[on IS MINOT e different structures in this paper may include a significant
and independent of the lead orientation (see Figure 1a,b).qntribution from the small width of the Au leads; as a result,
However, if the anchoring atom is adsorbed at the b or t site o hresent results may differ quantitatively from those for
[for a Au(111) lead], the relaxation effect becomes significant cpemisorption on either an infinite surface or a small Au cluster.
(Figure 1c,d). This behavior is understandable because the h qnsidering that in break-junction experiments different
site is the bulk atomic position, so that the adsorption of an .,ntact atomic structures will occur and an adsorbed molecule

apchonng atom at it will not noticeably change t.he Q|rect|onal may not be at its global equilibrium position, we investigate
binding character of the surface. For the b or t site, in contrast,

the directional binding character can be significantly modified (32) Franzen, SChem. Phys. LetR003 381, 315-321.
; i Aifi i~ (33) Ricca, A.; Bauschlicher, C. W., Zhem. Phys. Let2003 372 873-877.
by an adsorbed atom, leading to the significant contact atomic (34) Weber, . B.: Reichert, J.: Weigend, F-.; Ochs, R.: Beckmann. D. Mayor,

relaxation shown. M.; Ahlrichs, R.; Lthneysen, H. vChem. Phys2002 281, 113-125.

(c)

Q

(]
Q@
5

£

AN
AVA

C is under a biasvy (zero or finite), its density matrix[{c) and
Hamiltonian Hc) can be determined self-consistently by the BINEGF
techniqued’~22 The Kohn-Sham wave functions are used to construct
a single-particle Green function from which the transmission coefficient
at any energyT(E, W), is calculated. The conductan€g,then follows
from a Landauer-type relation.

J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004 15899
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0.8 v Table 2. Equilibrium Conductance (G, in units of 2e?/h) and
a): (001)_h Molecule—Lead Electron Transfer (AQ, in units of electron charge)
0.6 S-anchored anchoring at lead orientati dsorption si
- ---- Se-anchored g atom lead orientation adsorption site AQ G
m § - Te-anchored S (001) h —0.048 0.053
= 041 ) (111) h +0.053  0.008
b +0.117 0.002
0.2 t +0.237 0.013
A h-Au +0.228 0.490
RN jellium +0.10 0.03¢
(111) h —0.010 0.005
(b): (111)_h b +0.036 0.002
0.64 —— S-anchored t +0.170  0.009
: Se-anchored h-Au +0.235 0.550
— Te-anchored jellium 0.12
E, 0.4+ Te (001) h —0.294  0.014
(111) h —-0.044  0.002
0.2 . b —0.002 0.001
‘\ ¥ ! t +0.167 0.004
I SN RN A o h-Au +0.240 0.430
(1)'21 0-08-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 jellium —05 0.88
(©):(111)_b aA positive AQ means that electrons are transferred from lead to
0.8+ S-anchored molecule. “h-Au” inidcates that the molecule is connected to the leads via
P Se-anchored an additional Au atom adsorbed at the hollow site. The sensitivity to both
m 0.64¢ - Te-anchored | atomic structure and type of anchoring atom shows that treating the contact
= i realistically is critical for reliable calculations in molecular electronics.
0.4+; b Result from ref 15.
0.0 e 7 i 2.V 14
| 61 .0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 12]
Tl (d): (111)_t 10]
0.8 —— S-anchored . ]
i e Se-anchored "":"» 87
- 0.6 1 A 1L 6 -
) : 4|
F 041 P
2_
0.24 0 T T T T T T T T T 1
0.0 AU A j\ -1.0-0.8-0.6 -0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
"1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 E-Ef (eV)
E-Er (eV) Figure 3. Transmission functions of infinitely long wires: Au(001)-2

Figure 2. Comparison among the transmission functions of the S-, Se-, v/2x2+/2 (solid line) and Au(111)-22 (thin line). Note the much larger

and Te-anchored systems: (a) (001) with adsorption at the hollow site, (b) &V€rage transmission for (001) and the large fluctuation for (111).
(111) hollow site, (c) (111) bridge, and (d) (111) top site. The conductance ) ) ] ) )
is largest in the (001) case and decreases as the atomic number of thfunctions are essentially different (Figure 2a,c). In particular,

anchoring group increases. there is a small peak around the Fermi energy for (001) which
) ) is absent for (111), indicating that the difference in equilibrium
the three adsorption sites on Au(111) leads. For Au(001) leads, ;onductance is mainly due to the different moleetiEad
however, we investigate only the most stable adsorption site coplings. An interesting aspect here is the difference between
(h) because it has a substantially lower energy than the nextine binding (Table 1) and the transport with the Au(001) and

most stable one. Au(111) leads: contacts with good (poor) binding have, how-
3.2. Effects of Structure on Transmissionln Figure 2we  ever, relatively poor (good) transparency. This is an illustration

show for the systems studied the transmission functi(i) that for completely different contact structures binding and

under zero bias. The values of the equilibrium conductance aretransport character are not necessarily related.

summarized in Table 2, together with the moleeuEad Another difference between the two lead orientations is that

electron transfer determined by a Mulliken population analysis. the overall structure of(E) is totally different (Figure 2): the

In Table 2, first note that the Au(001) lead gives a much T(E)'s for Au(001) are quite smooth while those for Au(111)
larger conductance (by about 6 times) than the (111) lead for have many sharp features. Possible reasons for the latter include
all three anchoring atoms: S, Se, and Te. This can be understoodh Au(111) lead that is too thin or its much lower symmetry.
by analyzing the moleculelead coupling and electron transfer Note that other calculatioRsalso find sharp structure when
for the two lead orientations: In the (001) case, the anchoring using a Au(111) lead. To dramatize the difference in transport
atom has four nearest neighor Au atoms, while there are only between the two lead orientations, we calculgte) for infinite
three for (111). This difference in the contact atomic configu- pure (001) and (111) wires (Figure 3). Because of the infinite
ration certainly affects the molecutéead coupling, which may  periodic structures of the two wires, bofR(E)'s are step
also lead to a difference in the molectlead electron transfer.  functions. As can be seen, the average transmission of the (001)
However, for the S-anchored systems, both surfaces result inwire is larger than that of the (111) wire, and the (111)
very small electron transfer (Table 2), but their transmission transmission coefficient fluctuates strongly. These strong fluc-

15900 J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004
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Table 3. Current (in uA) for Several Systems under 1 and 3 V the surface, and features between the anchoring atom and the
Bias (notation is as in Table 2) ring. Looking carefully at Figure 4 (avs d, b vs e, and d vs f),
current we see that the voltage drop between the left surface and the
anchoring atom lead orient. adsorp. site v 3V anchoring atom is slightly sharper in the (111) systems than in
S (001) h 6.71 44.82 the (001) cases, indicating that the surfaaechoring-atom
(111) rt])A 212597 270.3767 coupling is slightly weaker at the (111) contact than at the (001)
-AU . .
Se (001) h 474 3257 contact. _ _
(111) b 1.29 14.81 3.3. Chemical Trends.The chemical trends of different
h-Au 2.37 6.40 anchoring groups is a particularly interesting and important as-
Te (001) h 2.37 17.43 - 108 -
(111) b 0.94 913 pect of molecular electronid€® They demonstrate, for instance,
h-Au 2.00 513 the critical role of realistic contact atomic structure in electron

transport through molecules. In Figure 2 and more clearly in
. . .. Table 2, a chemical trend is evident in both the moleeldad
tuations are related to the sharp features in the ransmissioNg|q tron transfer and the equilibrium conductance for the three
through the molecule. anchoring atoms we studyegardlessof the lead orientation

¢ Ta;]bledifshowsg clea_r tren_d |r.1 the>equ;:|b2um t():o][]ducﬁance or adsorption site: As the atomic number of the anchoring atom
or the different adsorption sites5(t) > G(h) > G(b) for a increases, S~ Se— Te, both the electron transfer from the

the S-, Se-, and Te-anchored (111) systems. Comparing t0 th§g s 14 the molecule and the conductance decrease.
binding energies for the different sites (Table 1), we see again

that there is no direct relation between transport and binding di
properties when comparing different structures. Note that the
maximum difference irG for the three sites can be up to about
6 times.

In contrast, the trend in molecutdead electron transfer is

Our result of decreasin@ with increasing atomic number is
rectly opposite the conclusion reached by a previous calcula-
tion'® using the jellium model for the Au leads (Table 2).
Besides the qualitative difference in the chemical trend of
conductance, the present calculation shows that the maximum

) difference in equilibrium conductance is less than 5 times, in
AQ() > AQ(b) > AQ(h). Here we can also find cases where contrast with 25 times found previously. The chemical trend in

the electron transfer for different adsorption sites is very close, the electron transfer is consistent with the electronegativities

but the conductance is quite different (in Table 2 compare : . .
Se (111) hto Se_(111)_b, or Te (111)_hto Te (111)_b). TheseOf the three species [2.58, 2.55, and 2.1, respectively (Pauling

o . = - . ““scale)]; it is also consistent with the trend in binding energy
indicate that the trend in the equilibrium conductance is mainly L o

e . - (Table 1), indicating that for similar contact structures the
due to differing molecutelead coupling for the three adsorption

. . e transport and binding propertiese related.
sites rather than simply differing charge transfer. ) .
This conclusion can also be reached from Figure 2. In Figure To check whether the clear chemical renddrnis affected

2b,c, because of the similar electron transfer (TableTeg) by the Width. of the Iea_ds, we carry out calculations for (001)_h
values for the h- and b-adsorbed systems are similar aroundSystéms using two wider leads:v2x3v'2 and 4/2x4v/2.

the Fermi energy. In addition, the relative positions of the Fermi Fr\;thern:/ore, we also carry out test calculations using a (001)-
energy in the gap are similar. However, there is a small shoulder (4v 2> 4v 2) periodic surface for the leads, which will be a good

at the Fermi energy for the h-adsorbed cases which is absent inapproximation to an infinitely large Surff’i‘“f because of the large
the case of b-adsorption; this is the signature of the difference separation between the molecule and its images (larger than 12
in the molecule-lead coupling A). To avoid prohibitive computational effort, we adopted a

Results for finite bias provide further support for these SINGIE< plus polarization (SZP) basis set here. Table 4 shows
conclusions. In Table 3 we list the current under 1 and 3 V that the chemical trend remains with the wider Au leads.

biases for the (001)_h and (111) b systems with each of the Results for finite bir_:\s provide further support fo_r our concl_u-
anchoring atoms. The first thing we should notice is that the Sions. Under 103 V bias, the current decreases with increasing
amplitude of the current for the S-anchored system is consistent2lomic number of the anchoring atom for both (001) and (111)
with both a previous self-consistent DFNEGF calculation ~ |€ads (Table 3)T(E), shown in Figure 5 for the (001)_h cases,
using a cluster geomef§25and a self-consistent jellium model ~ decreases at most energies as atomic number increases. From
calculationt® All of these theoretical results are much larger the voltage drop profiles in Figure 4, for both (001) and (111)
than experimental resuls(as well as the result from a non- the drops around the anchoring atoms become slightly sharper
self-consistent DFFNEGF calculatio?f). The reason for this @S the atomic number of the anchoring atom increases. This is
discrepancy between theory and experiment is still an opendiréct evidence that the surface to anchoring-atom coupling
problem:; it may be related to the structural difference between under finite bias becomes weaker as atomic number increases.
the theoretical model and the real experimental conditions. In break-junction experiments, the break surfaces are certainly
Under finite bias the current for (001) is much larger than not as flat as assumed above but rather very likely have atomic
that for (111), although the relative difference tends to decreasefluctuation (atomic scale roughness). To see whether the clear
with increasing bias. To show directly differences between the chemical trend of the different anchoring atoms is affected by
two lead orientations under a finite bias, the voltage drops for the change in contact atomic configuration, we consider an addi-
1V bias between the two lead surfaces are shown in Figure 4tional Au atom adsorbed at the h site of the two Au(111) lead
for the (001)_h and (111)_b cases. Despite the difference insurfaces. There has been previous work on this system using
conductance between the two lead orientations, the voltage drops
are strikingly similar. Note features in the middle corresponding (3% Reed, M. A, Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. §tience

) ) 1997 278 252-254.
to the benzene ring, features between the anchoring atom and36) Derosa, P. A.; Seminario, J. NI. Phys. Chem2001, 105, 471-481.
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Vottage drop (V)
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Figure 4. Voltage drops fo 1 V bias (between the two lead surfaces as shown in Figure 1). The contour surfaces are plotted in the plane crossing the
benzene ring. The first column is for (001)_h cases: (a) S_(001)_h, (b) Se_(001)_h, and (c) Te_(001) h. The second column is for (111)_b cases: (d)
S (111) b, (e) Se_(111) b, and (f) Te_(111) b. Note the similar voltage drop behavior for the different anchoring atoms and lead orientations.

Table 4. Equilibrium Conductance (in units of 2e?/h) for the

Jable 4. Foul o A (00L) Loads: 2ubayb bias depends strongly on the adsorption site on the Au3éad;
nrelaxe ystems wi arger Au eads: X s :
4v2x4v/2, and 4v/2x4+/2 Periodic Surface? when _the_gonnect|on was made by an apex Au ato_m, the cur_rent
o was significantly reduced. Second, in a systematic calculation
. ead size for the unrelaxed S_(111)_h system adopting a cluster method
anchoring atom 3V23v2 4242 4V2x4/2 surface in which only six Au atoms are included to form the device
S 0.110 0.089 0.108 region2>26 the equilibrium conductance was significantly
Se 0.076 0.064 0.087 ; -
To 0.044 0.037 0.053 increased by the addition of the Au atoms at each contact, but

the current under large bias was decreased. The result for
2 Note the same chemical trend for the three anchoring atoms as in the €quilibrium conductance was opposite that obtained with jellium

case of the smaller2x2v/2 leads (Table 2). leads!® showing that one must use caution when considering
the latter.
DFT+NEGF calculation®26:37 and an unrelaxed S_(111)_h

) - . . . In view of these previous results, our goal here is twofold:
configuration, as well as a calculation modeling the leads with . . .

Co T 16 . . . On one hand, we wish to study this system with the more
jellium.*® First, using an approximate non-self-consistent ap-

proach in which a constant imaginary self-energy is adopted

(37) Bauschlicher, C. W., Jr.; Ricca, A.; Mingo, N.; LawsonChem. Phys.
for the Au lead, one study found that the current under 4 V Lett. 2003 372 723-727.
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Figure 5. Comparison among the transmission functions for S, Se, and Te 0.5
anchoring in the case of (001) adsorption at the hollow sit¢:1 (& bias,

(b) 3 V bias. Note that the transmission coefficient decreases as the atomic
number of the anchoring group increases, the same trend as for zero bias 03

(see Figure 2). s 02
a 0.1
recently developed presumably more accurate methods; in § oo
particular, we will include 36 Au atoms per (111) lead and 50 S 01
per (001) lead in contrast to the 6 used previously. Summarizing § 0.2
the results below, we find that the more accurate methods give 03
qualitatively the same results as those used previously. -0.4 4
On the other hand, and more importantly, we wish to 05 6 0o ¥
investigate the chemical trend in the effect of the additional 3 -26;
Au atom. Our results for electron transfer and equilibrium %"’9(4) 6 “ {C)

CondUCtE}‘nce ?re listed ,m Table 2, WIFh the adS(,)rpj“,On site Figure 6. Voltage drops fol V bias with an additional Au atom at each
denoted “h-Au”. The additional Au atom increases significantly contact in the h site on (111): (a) S, (b) S, and (c) Te. The additional Au
the electron transfer from the leads to the molecule, while the atom is included as a part of the molecule, not as a part of the surface. The
difference among the three anchoring atoms is strongly reduced contour surfaces are plotted in the plane crossing the benzene ring. Note
B f the | | f he LUMO ‘that the voltage drop behavior is very similar for the three different anchoring
ecause of the large e ectr_on transter, the res‘:’r‘ar.1_ceatoms but very different from that in the systems without the additional Au
becomes close to the Fermi energy; consequently, the equilib-atoms (see Figure 4).
rium conductance also increases significantly. Note that intro-
duction of the additional Au atoms at the contacts changes the(1 V in Table 3), Se remains the best anchoring atom for contact
chemical trend: Se becomes the best anchoring atom in termsransparency; however, if the bias is large (3 V), then the
of contact transparency. chemical trend reverts to S being best. Although the introduction
Under a finite bias, the relatively large amount of charge Of the additional Au atoms increases significantly the molecular
transferred to the molecule causes a large density of states agonductance for zero or small bias, it decreases the current under
energies between the left and right Fermi energies. This in turn large bias (Table 3).
causes very different voltage drop behavior in the presence of
additional Au atoms: fluctuations in the voltage drop profile
become large because of a large bias-induced polarization By using a state-of-the-art ab initio method for electronic
(compare Figure 6 with Figure 4). If the bias is relatively small structure and electron transport, we have carried out a systematic

4. Summary
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calculation for the molecular conductance of benzene sand-the adsorption site, lead orientation, or bias. (4) This chem-
wiched between two Au electrodes. Our calculation is the first ical trend is, however, affected by the local contact atomic
to fully include the effects of relaxing the contact atomic configuration: An additional Au atom at the contact with the
structure. The main results are as follows: (1) Detailed contact Au(111) lead changes the best anchoring atom for small bias
structure strongly affects molecutéead coupling, electron  (from S to Se) although not for large bias. These results
transfer, and molecular conductance. (2) There is no generaldemonstrate the critical role of realistic contact atomic structure
relation between the binding strength of an anchoring atom andin electron transport through molecules.

the transparency of the contact; however, in the special case of

comparing contacts with very similar atomic structure, stronger ~ Acknowledgment. This work was supported in part by the
binding does imply increased transparency. (3) For ideally flat NSF (DMR-0103003).

break surfaces, the equilibrium conductance decreases with

increasing atomic number of the anchoring group regardless of JA047367E
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