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In transport calculations for molecular junctions basediensity functional theory the choice of exchange
and correlation functional may dramatically affect theutess In particular local and semi-local functionals
tend to over-delocalize the molecular levels thus artificiacreasing their broadening. In addition the same
molecular levels are usually misplaced with respect to therni-level of the electrodes. These shortfalls are
reminiscent of the inability of local functionals to des®&iMott-Hubbard insulators, but they can be corrected
with a simple and computationally undemanding self-intéom correction scheme. We apply such a scheme,
as implemented in our transport cafteeagol, to a variety of phenyl-based molecular junctions atta¢begpbld
electrodes. In general the corrections reduce the cusemte the resonant Kohn-Sham states of the molecule
are shifted away from the contact Fermi level. In contrasiemvthe junction is already described as insulating
by local exchange and correlation potentials, the cowastare minimal and the-V is only weakly modified.

PACS numbers:

I. INTRODUCTION atically overestimate the current flowing across a devieene
if one bears in mind the uncertainty over the detailed geome-

Devices in which organic molecules form the active ele-Iry Of the junction. In the prototypical case of benzenedith
ment are taking an increasingly important place in solitesta (BDT) sandwiched between two gold electrodes, the conduc-
physics. These are the building blocks of the field of molectance for the most probable contact geometry calculatefd wit
ular electronics, whose potential applications underpingt  NEGF and DFT is higher than that afly of the experiments

number of technological areas. Novel components for highPY at least one order of magnituidé®:19:22 o
performance computérshighly sensitive chemical sensdys In this work we demonstrate that most of the errors origi-
and disposable and wearable devices are among the many pf§te from using local or semi-local exchange and corretatio
posed applications. In addition the same set-up can be ased fPotentials in DFT. This shortfall however can be corrected
medical purposes, for instance in the detection of vifiees PY applying an atomic self-interaction correction (ASE)

in the construction of a rapid and reliable protocol for DNA Scheme to the local functionals, leading to a dramatic im-
sequencing provement of the agreement between the calculated results

Most of the progress originates from the recently achieve&lnd those ob'_[alned f;o_m ?]xpegTentsf. The reasog_ fOI’hthIS
ability to construct single molecule junctions and to measu Improvement is rooted in the ability of ASIC to predict the

their transport properties. The experimental strategieab- correct ionization potential of molecules, and hence te cor
ricating such devices include mechanically controllalvkal rgctly describe the band alignment between Fhe molectHar or
junction$8.7, scanning tunneling spectroscdgylithograph- bitals and the Fermi levelEr, of t_he metalllg electrodes.
ically fabricated nanoelectrod&and colloid solution¥. Un- Here we extend the results p_rewously published for BDT
fortunately most of these techniques are actually “blina” i attache? to Ithe go:]d hokl)low site d9f thr? (11#.) Isur?e?cto d
the sense that the geometrical configuration of the device 48" molecules such as benzenedimethanethiol (BDMT) an
the atomic scale is not known. For this reason it shoul _|ph_enyld|th|0I (BPD). We also carry out a tho_rough inves-
not be surprising that different experiments for the sam igation of the effects of changing the anchoring geometry

molecule yield conductances differing by of up to three or- etween the molecule and the electrodes, demonstratitig tha
ders of magnitud®8:19 In view of all these uncertaintiez for the case of BDT attached to gold, the ASIC calculated

initio quantum transport schemes for calculating the electrica)’ curves are rather sta_ble with respect to geometry changes.
response of a molecular device become crucial. This explains the relatively narrow distribution of conduc

The most common computational scheme for evaIuatinéance histograms found in experimehts
the electronic transport of a molecular device combinet sca
tering theory in the form of the non-equilibrium Green'’s
function (NEGF) formalisi, with an electronic structure
method, the most widely used being density-functional the-
ory (DFT)213.14 Alternatives are time-dependent D¥Tor A. Non-Equilibrium Green’s Function Formalism
many-body method§, which at present however are more
computationally involved and are at an earlier stage of de- The problem we wish to solve is that of calculating the two-
velopment as routinely used schemes. Unfortunately for seyorobe I-V curve of a molecule sandwiched in between two
eral molecules NEGF combined with DFT appears to disagremetallic electrodes. The NEGF scheme partitions such sys-
with the experimental results. In particular it seems taesys  tem into three regions, respectively the two current/\gsta
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electrodes (leads) and a middle region called the scagtegin  This is effectively the integral between; and po (the

gion (SR) (see figurg 1). bias window) of the transmission coefficienfs(E) =
Tr[G(E)T1GT(E)Ts]. In brief the NEGF scheme calculates
Scattering Region the non-equilibrium scattering potential of the device.u$h

> g the transmission coefficierf(F) is simply a superposition
§ of resonances located at the molecular single-particleggne
ot levels, including a possible shift and broadening due tarthe
; teraction with the leads. It follows that the molecular leve
M, T close to the electrode Fermi level, i.e. the highest highest
Left Lead G(E) Right Lead cupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), provide the dominant contritarti
to the current. It is therefore crucial to employ an eledton
FIG. 1: Schematic diagram of a metal-molecule-metal jumctiA ~ Structure theory capable of describing the position of¢hes
scattering region is sandwiched between two current/geltarobes  two levels accurately.
kept at the chemical potentigls andu.. The electrodes are mod-
eled as being periodic in the direction of transport. A numbfe @ @
layers of the electrodes are included in the scatteringre@he part

of the system enclosed by the dashed box) to allow the charustg
to converge to the bulk value.

The SR includes the molecule and a portion of the leads, E Wﬁ:ggw
which is extended enough for the charge density calculated
at the most external atomic layer to resemble that of the bulk
electrodes. The leads, assumed to be a periodic crystatin th
direction of the transport, are kept at different chemicaép-

tials 11 » = Er + eV/2 whereV is the applied potential bias
ande is the electron charge. The SR is described by a Hamil-
tonian Hg, which is used to construct the non-equilibrium

Green’s functionG(E)

Filled States T( E)

|| Empty States

FIG. 2: Energy level diagram of the metal-molecule-metakfion
shown in figuré1l. (a) Energy level line up and (b) transmissio-
efficients as a function of energy. The resonances in therasion
coefficients correspond to energy levels in the molecule.

G(B) = lm[(E +in) = Hy =% = %] 71, (1)

whereX, ,, are the self-energies for the leadS(E) enters
in a self-consistent procedure to calculate the density ma-
trix, p, of the SR, and hence the two probe-current of the
devicé131422 The non-equilibriuny is calculated follow-

ing the NEGF prescription as B. DFT and thesdf-interaction problem
L[~ he NEGF scheme is general and not related to a particular
= — | G(E)T1f(E, 1)+ Tof (B, 12)|GH(E)E TheN IS g : particu
P~ o oo (BT (E, 1) 2/ (B, p2)|G(E) electronic structure theory. However, since the transonss

; . o . (2)  occurs through single-particle states, the associatetretec
wherel'; » = i[% /2 — X ,]. In practice, this integral is per- - structure theory should meet several requirenfénfirst of

formed by splitting it into two parfé:131422 an equilibrium  all, the single-particle levels must closely resemble thysp
part which can be integrated along a contour in the complejcal removal energies of the system, i.e. the energy levels
plane, and a non-equilibrium part which has to be integrate@f the molecule should line up correctly with tig. of the
along the real energy axis but which only contributes aroundnetals forming the electrodes. Secondly, the theory should
FEr. The non-equilibrium charge densityis then used to work at both integer and fractional occupation, ensurirgy th
calculate a new Hamiltonian for the scattering regidyip] correct response of the molecular orbitals to changes in-occ
(where it is assumed that the Hamiltonian has some fungPation due to the applied potential bias. Finally, the matri
tional dependence op). This procedure is repeated self- elements describing the interaction between the leadshend t
consistently until the density matrix converges. Finalhe = molecule should be calculated accurately avoiding the fise o
converged Green’s function can be used to calculate the cuphenomenological parameters or fitting procedures.
rent] through the device: The Kohn-Sham (KS) forg® of DFT is certainly the most
widely usedab initio electronic structure theory associated
with the NEGF method. In the KS scheme the DFT prob-
Tr{GEGHEITLN(S (B, )= f(E, p2))dE. lem of finding the ground state charge density is mapped
(3)  ontothat of solving a system of non-interacting singletipke
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Schroddinger equations calculated from the sum of the self-Hartree and self-XC-ener
gies
1 2 o 0,0
[—§V +o(r) + ulp) + vxclp, 1)|Yn (r) = e n(r), (4) §51C = ELDA[7 0] + U[p?]. (6)

whereu(p) is the Hartree (classical Coulomb) potential andNote that, although here we consider the case of SIC-LDA
vxc is the exchange-correlation (XC) potential. The exactonly, the same procedure can be readily applied to any ap-
form of vxc is unknown, so it is typically approximated by proximated functionals. The SIC-LDA XC energy;is is
local functionals such as the local density approxima&fion thus obtained by subtraction
(LDA) or the generalized gradient approximat®®(GGA). o

Therefore the KS scheme is only a convenient prescription SIC _ LDA \ STC
for minimizing the energy functional, and as such the irdtivi EZS ", 0] = ExeM ot 01 = Y 6, (7)
ual KS eigenvalues do not necessarily correspond to pHysica "
energy levels of the system. The DFT observables such agmd the SIC-LDA XC potentiab>'7, to be subtracted from
the total energy and the charge den5|ty are in fact only _mteigng,a’ is simply given by
gral quantities respectively of the KS eigenvalues andreige
vectors. However, in solid state theory it is common to asso- w317 = u([palit) + o522 ([ 0] 1) 8)
ciate the KS energies with the system band structure. This,
although it is not justified at the fundamental level, is sup-with
ported by the practical evidence that KS bands represent a ,
good first approximation of the true energies of a system, u([pl;r) = /d3r’ p(r') 7 (9)
particularly for metals. However, there is a remarkable ex- Ir —r'|
ception to the non-physical nature of the KS eigenvalues. In LDA o oy LDA
fact, the KS energy of the HOMO levelifs ;) can be rig- ve (o7 pir) = 57 (0) Exe™pt, p' (10)
orously associated with the negative of the ionization pote
tial 12728 Similarly the HOMO KS energy for the negatively ~ The problem of finding the energy minimum is complicated
charged system can be associated with the chemical affinity by the fact thaIE%ICC is not invariant under unitary rotations of
This suggests that, at least for moderate bias where the-trarthe occupied KS orbitals, which instead leavavariant. This
port is through the HOMO, KS theory can be used effectivelycreates problem to the standard KS scheme since the theory
for transport calculatio®8. Unfortunately, standard local and becomes size-inconsistent. In order to avoid such a coaplic
semi-local functionals completely misplaggd, o, whichis  tion modern SIC theory introduces a second set of orbitals
often nowhere near-I. This is particularly problematic for related to the canonical KS orbitals; by a unitary transfor-
organic molecules, for which the LD&S3), ,, is typically off ~ mationA/
from the experimental value dfby approximately 4 e%2. " o o

Most of the failures of LDA and GGA can be traced back to U = Z Mm@ - (1)
the self-interaction (SI) problem, i.e. the spurious iation m

of an electron with the Hartree and exchange-correlati@)(X The functional can then be minimized by varying both the KS

potentials generated by its&lf In the case of Hartree-Fock orbitals and the unitary transformatidd, leading to the sys-
theory the self-Hartree energy|p,| cancels exactly the self- tem of KS-like equations:

XC energyExc|pg, 0]

Hyyf = [H + Aoty (v) = 7517 (r) - (12)
EXC [pg, O] + U[pZ] =0 ) (5) . . X .
where HJ is the LDA Hamiltonian, and the SIC potential,
where we introduce the orbital densitf = [7|2. How-  Av3'C, is given by:
ever, this cancellation is incomplete for both LDA and GGA. "
The resulting KS potential therefore appears too reputsink ASIC — Z M USIC¢_n = Z WSICPe - (13)
the eigenstates of a molecule are pushed to higher energies. " - A 4 - e
When this is transferred to the transport problem, the posi-
tion of the peaks in the transmission coefficient resultsrare whereP? is the projectot¢?, ) (¢, |.
the wrong place. In particular it is likely that peaks wilt@r The numerical implementation of the full Perdew-Zunger
neously move close to the Fermi level of the electrodes, gerSIC scheme in typical solid state codes is cumbersome since
erating a large conductivity at zero bias. Since the pasitio  the theory is orbital dependent and the energy minimization
the peaks is ultimately determined by the interplay betweerannot follow the standard KS schethe When this is ap-
the hopping probabilities from the electrodes to the mdkecu plied to transport there is the additional complicatiort the
with the charging energy of the molecule itself, this fadlis ~ KS orbitals are never individually available and moreobaitt
somewhat reminiscent of the inability of local and semialoc one has to deal with an intrinsically non-local potential. A
functionals to describe Mott-Hubbard insulators. drastic simplification of the problem can be obtained by us-
Perdew and Zunger suggesi2dhat the self-interaction ing a recently implemented atomic approximation to the SIC
correction (SIC)S'C for an occupied KS orbitaj)? can be  scheme, which we call the AS¥  This is based on the



pseudo-SIC approximation, originally proposed by Vogel an D. Calculation Details
coworkerg?, and later extended to non-integer occupation by

Filippetti and Spaldi??. The main idea is that of replac- We have numerically implemented the ASIC metHoi

ing the¢,, orbitals with atomic like functions, which are not e |ocalized atomic orbital code SIES¥awhich is the DFT
calculated self-consistently. Thus the Sl correction bee® platform for our transport cod@neagol3, and carried out cal-

atomic-like and no information is needed other than thegdar ¢jations for the prototypical Au/Benzene/Au molecular de
density and the ASIC projecté?s vices. The ASIC corrections are not applied to the gold atoms

ASIC has been demonstrated to produce single-particl@S S! errors for metals are sn?é]l Unlesggotherwise speci-
energy levels which match the experimental molecular refied, we use a double zeta polarized basig*det carbon and
moval energies quite wél. In particular, for several differ- Sulfurs andp orbitals, double zeta for thesTorbitals of hy-
ent molecules investigatedsS,,, ~ —I, and theeks drogen and &-only double zeta for gold. The mesh cut-off
for negatively charged molecules is close to the moleculal® 200 Ry and we consider 500 real and 80 complex energy
affinity?l. As an example, ASIC place?,,, for 1,2-BDT  Points for integrating the Green’s function. Calculatiovese
at -8.47 eV to compare with the LDA value of -4.89 eV and alSo performed using double zeta#&hd single zetadand &

the experimental ionization potential8.5 e\B3, ASIC is the ~ Orbitals for the gold to investigate the effect of an enlarge-
scheme that we adopt in this work. sis on the transport. Results for calculations using bogisba

sets are shown, with thes@®nly basis used unless otherwise
indicated. For geometry optimizations and total energy cal
culations, the extendedibs6p basis set is employed, as the
6s-only does not yield enough accuracy. In calculatingfhe

V' curves, the potential bias was incremented in steps of 0.1

C. ASIC and the energy derivative discontinuity \olts.

Local and semi-local functionals are affected by another I1l. RESULTS
fundamental problem, i.e. the lack of the derivative discon
tinuity (DD) in the DFT energy. This is the discontinuity at
integer occupation in the derivative of the total energy ®fs
tem E(N) with respect to its occupatioN2®, From Janak’s
theorem it follows that there should be also a discontininity
X8 Mo (IV) when going fromN to (IV + &) with § — 0.

We compare the electronic transport properties for
three different molecules calculated either by using LDA
or ASIC. These are 1,4-benzenedithiol (1,4-BDT), ben-
zenedimethanethiol (BDMT), and biphenyldithiol (BPD).
The electronic transport through these molecules have al-

In a previous work, we have investigated the conse- ready been investigated at length both experimentally and
quences of the absence of the DD in local XC functionalscomputationall®./:8910.16.17.18,19.20 Thys these offer us a
on the electronic transport of organic molecules. We haveinique benchmark for our calculations. In all cases, the
demonstrated that the DD can strongly affect fa¥ char- molecule is attached via the sulfur atoms to fcc (111) gold
acteristics of metal-molecule-metal junctions when the-co electrodes on each side. In the case of BDT, we look at sev-
pling between the molecule and the metal is relatively weakeral different anchoring geometries. It is worth pointing o
This would be the case, for instance, where molecules bind tthat although the exact anchoring geometry encountered in
adatoms on the metal surface. However, we have also showareaking junction experiments is unknown, the resulting-co
that in the case of strong coupling the DD had little effect onductance histograms are relatively narrow suggesting an in
the transport. trinsic stability in the measuremeftdhis may be an indica-

. . . . . tion that similar anchoring configuration are highly proleab
The self-interaction error is largely responsible for the d in the breaking process, or alternatively that several anch

appearance of the DD in local and semi-local functionals. _”ing geometries yield the saniel/ characteristic. One of our
follows that SIC methods restore the DD at least in part. Th'%;oals is to distinguish between these two possibilities

last aspect is deeply rooted in the orbital minimizationdesk
to extract the SIC potential, which unfortunately is not-cap
tured by our ASIC approximation. Therefore the main feature

of our ASIC methodology is simply the correction of the ion- A.  Benzenedithiol
ization potentials of the moleculsthus yielding a quantita-
tively realistic energy level alignment. Hence, the catioins The first device which we consider is 1,4-benzenedithiol

described in this paper investigate a second importancaspe(1,4-BDT) attached to two fcc (111) gold surfaces. The an-
of the SIC beside that of the DD. This is the quantitative de-choring geometries for the sulfur atoms investigated age th
scription of the band alignment between the metal Fermi enhollow site, the top site, the bridge site, (see figdre 3), elé w
ergy and the molecular levels. In particular, for most of theas asymmetric configurations where the S ions are attached
paper we investigate molecules attached to the gold fcc)(111o an adatom on one side and to the hollow site on the other.
hollow sites, for which the coupling is expected to be strongiWe also examine the effect of altering the angle which the
and the effects due to the DD small. molecule makes with the metal surface, and of varying the
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distance between the sulfur atom and the surface (i.e. vary%z, so that it is equivalent to the transmission coefficients
ing the strength of the coupling between the molecule and th&'. LDA results are shown in the left panels, while the ASIC
metal). Finally, we investigate the effect of hydrogengtile  ones are on the right. From the DOS it is clear that the effect
thiol groups. of ASIC is that of shifting the occupied orbitals downwards
in energy relatively to thésr of gold. The ASIC HOMO-
a) @ LUMO gap is considerably larger than that calculated with
O -

»0 0 0.0
0O0®0O0

LDA and most importantly in the case of ASIC there is lit-
tle DOS originating from the molecule &g. This has pro-
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FIG. 3: (Color on line). The different anchoring geometiiagesti- AN TN T JAVASEEEEEE AN
gated. Panel (a) defines the “sulfur-surface separatidyy’, as the N£ 1W‘ ww IJ; : ; \;\‘JJ ;ﬂy}\ﬁvj
distance between the S anchoring ion and the Au fcc (111)eplan & Wm M I:/‘\‘/\‘N‘_L| J‘\\M ;I
In (b) we show the different possible anchoring sitésis the hol- ~ T AT T
low site, B is the top site, ane is the bridge site. Color code: Au © NS D ‘ MmH M‘ LJM J
atoms=yellow (or light gray), S atoms=brown (or dark gray). NP D T ANAUI Y
. . _ 0543310012 345643210 123045
As explained previously the actual experimental contact ge E-E. (eV) E-E.(eV) [— DA
ometry is unknown. Electronic structure calculations ate 2 ‘ ‘ = 75 -~ ASIC
that the lowest energy configuration for the molecule on theé _;@Q————— “"_"iDA fézl.sjm ___L_Efpu'
(111) surface occurs when the S atom attaches to the ho— 0 lo--Asic] — 05 6_11_0_5—_05_'5205
low site, although other calculations suggest that thegerid V (Volts) v (\/olfs) o

site configuration has a lower enefgyRecent X-ray stand-
ing wave measurements suggest that molecules in monolayers
prefer to attach to adatoms on the metal sudéc# is also  FIG. 5: Transport properties of a BDT molecule attached éogibid
worth noticing that in breaking junctions the actual geamet fcc (111) hollow site. The left plots correspond to LDA and tight
might be different from any equilibrium geometries, singe t  ones to ASIC. The upper panels are the DOS of the S andoG
systemis likely to be under strain. Hence, a thorough aiglys Pitals (&) and (b)), the middle are the transmission cdefits as a
of this system should comprise many different configuration function of energy for various bias ((c) and (d)) and the loare the
We start by attaching BDT at the Au (111) hollow site I-V curves. Figure His a;oom of (e_) and_ compares our resutts wi
(see figure§l3 and 4). The distance of the sulfur atom front\e.r:( g Ezgg(\e/vr}fdg\?vm referenceThe vertical lines in (c) and (d) mark
the plane of the gold surface (the “sulfur-surface sepamati '
dss, shown in figuré3a) is optimized (using thé@s6p ba-
sis set for gold) to a value of 1A. This corresponds to a
distance of 2.5 between the sulfur atoms and the neares
gold atoms on the surface in good agreement with previo
calculationg®:3537

found effects on the electron transmission. The LDA peaks of
T'(F) arising from occupied orbitals are shifted downwards
in energy and away fronr. At variance from LDA (figure
U[gc), wherel'(Er) is dominated by a resonancesabnio, the
ASIC transmission (figurg] 5d) is through the BDT gap and
therefore it is tunneling-like. This results in a drastidue-
tion of the low-bias current when going from LDA to ASIC
(figure[Be). The ASIC-calculated conductance at zero bias is
now about 0.06', (Go = 2¢2/h), compared to 0.23 for

_Gge © -, -

Sge G _U:"&b:"
‘b‘ﬁg&# ey - &t-;-.‘ ey

LT g TN : g&s.,_"" LDA. A conductance of 0.06, is much closer to the value of
w: hev.:y' "’yﬁ e 0.011G, obtained by Xiao et. &.and is actually lower than
v v L4 by ) values 0.09-0.14, obtained by Tsutsui et. &l.

Without altering the anchoring geometry, the basis set on
the gold atoms is then changed to include theafid & or-
bitals. The relative orbital resolved DOS, transmissioefito
cients and/-V curves are presented in figlide 6 for both LDA
and ASIC. Clearly the enriched basis set does not have a large
effect on the electronic transport, particularly at lowshids
can be seen from figuid 6e, tiel” curves calculated with

The-V characteristic, the orbital resolved density of stateshe 6-only basis set for gold are approximately the same as
(DOS) and the conductance as a function of enefgyare  that calculated with thed®s6p basis set up to about 1 \Volt for
presented in figurel 5. The conductance is plotted in units oboth the LDA and ASIC. Differences appear only at high bias

FIG. 4: (Color on line). BDT molecule attached to the hollate s
of the Au (111) surface. The sulfur-surface distans,, is 1.9A.
Color code: Au=yellow (or light gray), C=black, S=dark yeil (or
gray), H=blue (or dark gray).



(V > 1 \Volt) and are due to the presence of Aielectrons 60— — 18A—1=—=—7 30 o
in an energy range comprising the bias window. However the 50@7 - ;-iﬁ R 25»@___ 1:22\ 5
zero-bias conductances, from the transmission plots ielpan — 4q S N S A [P | mem 21AL ]
(c) and (d) of figuréds, are very similar to those for the 6 I 7 s 7] r oo 25A) 7
. - =30 : 15 Kz
only basis set with a value of 0.2} for LDAand avalueof < | 1 % .~ 1 i - 1
0.06G for ASIC. This demonstrates that the-6nly basis set  — 20 /oL 1 19 T eEE
should give reasonably reliable results for electroniogpmrt 1007222 1 S i
at low bias. 0= . ‘ ‘ : : :
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FIG. 7: I-V curves for BDT attached to Au contacts for different
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L L Ll i
2-101234554-3-2-1012 345 dgg: (a)LDAand (b) ASIC results. In (c) and (d) we present LDA
E'E,: (eV) E'E,: (eV) 08 and ASIC calculated-V curves wherelss = 1.9 A but the angle
40— ‘ N < AF ‘ — DA spdl - hetween the molecule and the direction of the transportds 30
Lole) ] S e
L / o —lee3— LDA i =
— 0 = ——T L L — - AS'C | — O e e S P Y P
0 0.5 1 1.5 |-.- LDAspd 0 0.2 0.4 0.6
V (Volts) [z Astend V (Volts) ous result®:2% and it is due to the realignment of the HOMO

of the molecule t&&r of gold. Such a feature is investigated in
more detail in figur€l8 where we report the zero-li4&) for
differentdss. Whendsg is increased, the transmission peaks
corresponding to molecular orbitals become narrower, as ex
results. The upper panels are the DOS of the S andogbitals ((a) pected, due to the weakened molecule-lead coupling. HOW.'
and (b)), the middle are the transmission coefficients asetifon of ever, charge transfer between the molecule and the mgtal 1S
energy for various bias ((c) and (d)) and the lower ((e) aj)cate the  @lso affected, so that the charge on the actual moleculetlslig
I-V curves, including a comparison with the results shown inrigu INCreases agss gets larger. This extra charge produces an
[ for the &-only basis. Figure (f) is a zoom of (€) and compares ourelectrostatic shift of the HOMO level towards the Au Fermi
results with experiments from refereficeThe vertical lines in (c) energy. As a consequence the narrowing of the resonance
and (d) mark the bias window. peak at the HOMO level is compensated by the upwards shift
of the same peak, resulting in an enhancement of the zeso-bia
Next, the transport properties of the system are calculateBonductance. When ASIC is used this feature is strongly sup-
for the hollow site at differentiss, as well as for the equi- Pressed. In fact, the ASIC calculated transmission peaks ar
librium distancedss = 1.9 A but different angles of the harrower and further away frorhy that their LDA counter-
molecule with respect to the direction of transport. The reParts. Thus, although also for ASIC the molecular HOMO re-
sults are reported in figufé 7. In general ASIC seems to b@ligns with respect to the Au Fermi level, this is is not ertoug
much less sensitive to changes in the anchoring geometry thd0 Produce high transmission at reasonahje. Note that a-
LDA, particularly for the case of bond stretching. For in- Similar realignment is expected for weaker binding anaigri
stance, the zero bias conductance values calculated with LD9eometries which we will investigate in the remainder o$thi
are 0.16Gy, 0.23Gy, 0.32G, and 0.77G for dss values of ~ Section (see figurés 9b.111]12 dnd 14)
1.8A,1.9A, 2.1A and 2.5A respectively. For the sam#yg The second contact geometry investigated is that where the
ASIC returns 0.0%7, 0.06Gg, 0.07Gy, and 0.14G. S atom is connected to the bridge site on the fcc (111) Au sur-
The stability of the ASIT-V curve with respect the details face at both of the electrodes (figlide 3b). Total energy DFT
of the anchoring geometry of the hollow site is an interegtin calculations suggest that this configuratidgs( = 2.09 A),
feature, since it is suggesting that in breaking junctiopeex  has a lower energy than that of the hollow &itaNe calculate
iments several different anchoring configurations maydyiel a LDA zero bias conductance for the bridge site of Gid,
similar I-V curves. This is consistent with the relatively nar- which is lower than the value of 0.23, obtained for the hol-
row peaks measured in the typical conductance histogramslow site. This can be seen from tliel’ curves presented in
LDA does not seem to have this property and in fact the zerofigure[9a. Interestingly this lower conductance found far th
bias conductance increases quite drastically wignis in-  bridge site with respect to the hollow site is a low-bias Gieat
creased. While counterintuitive, this is consistent witevp  and the twa/ -V curves matches closely fof > 1.5 Volt. The

FIG. 6: Transport properties of a BDT molecule attached &Ah
fcc (111) hollow site calculated with an enrichedbs6p basis set for
gold. The left plots correspond to LDA and the right ones td@S
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1 1 FIG. 9: I-V curves for BDT attached to the Au (111) surfaces via
i e s S A e S a) bridge site and b) top site. For comparison in both cases-ih
E- EF (eV) E- EF (eV) curves for the hollow site geometry are also reported.

and so the thiol groups are less likely to attach to a regular
differentdss. The left plots correspond to LDA and the right ones to surface site. For instance in figurel 10 we pres_ent the case
ASIC results. Note how the transmission peaks narrow andthew Where one electorode connects to t_he molecule via the _hOHOW
HOMO peak moves closer to the gald- asdss is increased. This  Site dss = 1.9 A) and the other via a gold adatom, with a
realignment of the HOMO of the molecule has the effect of cemp ~ distance of 2.3RA between the sulfur and the adatom. Re-
sating for the weakening of the coupling, thus producingcthenter-  cent X-ray standing wave experime#ftdemonstrate that gold
intuitive result of the low bias conductance increasing blasgging  adatoms may be the most favorable sites for the thiol graupsi
dss. self-assembled molecular monolayer. This therefore may be
likely configuration for the bottom electrode in a STM-break
junction.

effect of ASIC on the transmission of the bridge site configu-
ration is rather similar to that on the hollow site. Also irsth “@wY _ " ® -
case the molecular HOMO-LUMO gap opens and the current & b - '

i . WY S e , e
gets suppressed. The zero bias conductance for the bridge si L t’ _ v S e %
is calculated to be 0.06y, the same value found for the hol- w‘:“ “*U e o
low site. Hence, whether the molecule is anchored to the hol- % e UU L ‘Jiv w‘l’e
low site or to the bridge site makes relatively little diffece i g &
to the low-bias transport properties as obtained with ASIC.

This further confirms that our ASIC calculations are celtain
more compatible than their LDA counterparts with the rgkati _ _
FIG. 10: (Color on line) BDT molecule attached asymmethctd

stability of the experimental conductance histograms. X et e :
two Au (111) surfaces. On one side the bonding is at a hollos¥po

The top site of the Au fcc (111) surface (figiite 3b) is thetion (435 = 1.9 A), while on the other is to a gold adatom (sulfur-
next anchoring site to be investigated. The equilibrium dis adatom separation=2.38). Color code: Au=yellow (light gray),
tancedgs is 2.39A and the calculated-V curves are pre- C=black, S=dark yellow (gray), H=blue (dark gray).
sented in figurgl9b. This time both LDA and ASIC presént
V characteristics with much higher conductance than that as- The orbital resolved DOS, transmission coefficients &nd
sociated with the hollow site. This is particularly drarsdtir 1/ curves for this system are presented in figure 11. This con-
LDA for which the zero-bias conductance goes from @3 figuration shows the largest difference between the conduc-
for the hollow to 0.65G, for the top site. For ASIC the in-  ance calculated with LDA and that calculated with ASIC. The
crease is only twofold with the zero bias conductance going_DA conductance is 0.3%, whereas when ASIC is applied
from 0.06G to 0.12Gy. Also for this case the general in- thjs drops by a order of magnitude to 0.G3. Because of the
crease in current can be correlated with the larger Au-S bondyeaker interaction between theorbitals of the molecule and
length of the top site compared to the hollow site. This has thhe gold surface, the molecular orbitals in the DOS (figuie 11
same effect found when analyzing the hollow site underrstrai ang figuré ZiLb) and hence the peaks in the transmission coef-
and it is due to the realignment of the HOMO of BDTEe  ficjents (figurd Tilc and figufell1d) are considerably narrower
of gold. It is important to point out that the top site is lessthan for the case of the hollow site. These narrow levels are
energetically favorable than both the bridge and the hollowygwever closer tdy, resulting in the relatively high conduc-
sites. Although it can still play a role in breaking junctin  ance at low bias. This originates from the same mechanism
we believe that this may be only of secondary importance anﬁroducing a change in conductance whegis increased (see
therefore would not have a considerable influence on the typigure[8). At variance with the case of stretched hollow bond-
ical conduction histograms. ing geometry, this time the ASIC does not shift the conduc-

In actual breaking junctions, the electrodes are undenstra tance peaks enough to bring them close to the Fermi level of

FIG. 8: Transmission coefficients for BDT attached to Au aotg at
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gold, and the conductance remains rather small.
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FIG. 12: Transport properties of a BDT molecule attachednmsgt-
rically to two Au (111) surfaces according to the anchoriegmetry

of figure[10. Results are presented for calculations usirentarged
5d6s6p basis for Au. The left plots correspond to LDA and the right
ones to ASIC. The upper panels are the DOS of the S ando@
bitals ((a) and (b)), the middle are the transmission caeffis as a
function of energy for various bias ((c) and (d)) and the Ioarme the
I-V curves. Figure (f) is a zoom of (e) and compares our resutts wi
experiments from referenteThe vertical lines in (c) and (d) mark
the bias window.

FIG. 11: Transport properties of a BDT molecule attachedrasgt-
rically to two Au (111) surfaces according to the anchoriegmetry
of figure[10. The left plots correspond to LDA and the right ®te
ASIC. The upper panels are the DOS of the S and @&bitals ((a)
and (b)), the middle are the transmission coefficients asetifon
of energy for various bias ((c) and (d)) and the lower are fHé
curves. Figure (f) is a zoom of (e) and compares our resultis wi
experiments from referenteThe vertical lines in (c) and (d) mark
the bias window.

As the peaks in the transmission are rather narrow w ay move the peak in the conductance away figim Since

checked our results against the choice of basis set. In flgurcrzjlfr'esn?%t tc:]elssigzteedmbg tg: ':rsr:)CrieS(():S;m; rwee believe that the
[I2 we present the orbital resolved DOS, transmission coeffi- y ylarg
cients and -V curves for the enlargedibs6p basis, to be put

in perspective with those calculated with @nly in figure[11.

-
. . . w -
The most notable difference is the appearance of trangmissi .,“hu. 4 " e
away fromEr, in particular at low energies. This is connected - wm - e
ey
e
w

¥t
{(e

to the goldd electrons, which are neglected in the small ba- “'iv "".t"
sis. Importantly however the low-energy features arofiad i u.‘*
are only slightly affected with the zero-bias conductarge a
suming values of 0.4¢%, and 0.05G, for LDA and ASIC
respectively. This confirms the feasibility of using a rieséd
basis set for thé-V curve at low bias. FIG. 13: (Color on line) BDT molecule attached to adatomsadh b
Finally, we investigate two more configurations. The firstof the Au (111) surfaces. Color code: Au=yellow (or light gra
considers adatoms as the bonding site at both sides of tife=Plack, S=dark yellow (or gray), H=blue (or dark gray).
junction (figuré_1IB), while the second investigates holldess
where the two hydrogens of the thiol groups are not dissoci- The results for the case where BDT is attached to the hol-
ated in forming thiolate as in all the other cases studied@ig low sites but hydrogen atoms remain attached to thiol anchor
[I5). In the first case we expect a rather weak bond, which itng groups are presented in figlrel 16. The total energy for
confirmed by the sharp peaks in transmission shown in figthis situation is 1.47 eV higher than that obtained when the
ure[I4. The LDA low-bias conductance, calculated with theend groups are thiolate and the remaining two H atoms form a
5d6s6p basis for gold, is 0.437,, which drops to 0.19%, H> molecule. As can be seen from the DOS in panels (a) and
when ASIC is applied. In this case the molecular HOMO is(b) and the transmission coefficients in panels (c) and i), t
pinned atFr and the transmission remains large. Interestinglytransport is now through the LUMO of the system, the energy
this is a situation similar to the one we discussed in our preef which is lowered only slightly by ASIC. Hence, the ASIC
vious work in the context of tight-binding Hamiltoniéhn In  zero-bias conductance of 0.0, is higher than the value of
this case the suppression of the conductance may furttger ori0.06G calculated with LDA. However it is important to note
inate from the derivative discontinuity of the potentiahish  that the small, but significant, downshift of the LUMO state

‘I
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FIG. 14: Transmission coefficients for a BDT molecule ateatio
adatoms on both the gold (111) surfaces, calculated witbd6e6p
basis for gold. Note that the HOMO is now pinned at the goid

FIG. 16: Transport properties of a BDT molecule attachedno t
hollow sites at both sides of the junctions. In this case ttetdins

of the thiol groups are left bounded to S and do not dissodrate
forming a thiolate end group. The left plots correspond taA\Ldhd
the right ones to ASIC. The upper panels are the DOS of the £and
= orbitals ((a) and (b)), the middle are the transmissionfimehts

as a function of energy for various bias ((c) and (d)) and tiveest
are thel-V curves for the system both with and without the hydrogen
atoms attached to the sulfur. Figure (f) is a zoom of (e) amdpzoes
our results with experiments from refereficghe vertical lines in (c)
and (d) mark the bias window.

FIG. 15: (Color on line) BDT moleculeowith H atoms attachedte
S atoms in the thiol groupsgi¢s = 1.9 A). Color code: Au=yellow a)l. _ byl
g ou. H,

(or light gray), C=black, S=dark yellow (or gray), H=bluer @ark -

gray). _‘:i
' S & d 5

caused by ASIC is only an artifact of our atomic approxima- ":,"--., u: . "% u&@

tion to SIC. As an empty state, the SIC for the LUMO is not
defined and no corrections should be applied.
FIG. 17: BDMT isomers attached to the hollow site of the Aul(L1
surface. The sulfur-surface distance isAL.@olor code: Au= yellow
B. Benzenedimethanethiol (or light gray), C=black, S=dark yellow (or gray), H=bluer @ark
gray).
The second device studied consists of a ben-
zenedimethanethiol (BDMT) molecule attached to two
gold fcc (111) surfaces. Two different isomers of are invesLUMO lie well outside the bias region investigated.
tigated; in the first the sulfur atoms of the thiol groups tiei  Therefore, ASIC increases the HOMO-LUMO gap but the
the same plane of the benzene ring (fidurke 17a), while in thactual transmission coefficient arouds does not change
second they are aligned out of plane (figliré 17b). In botimuch from its LDA value. The ASIC conductance at zero bias
cases they anchor the molecule to the hollow site of the golés calculated to be 0.0@4%, compared to 0.008, obtained
fcc (111) surface. with LDA only. Both these values are one order of magnitude
The orbital resolved DOS, transmission coefficients &nd larger than the experimental value of 0.000Q6obtained by
V curves for the firstisomer are presented in figufe 18 for botfXiao et. al®. It also follows that the/-V' curves (figure18e
LDA and ASIC. In this case, as one can see from the orbitafnd18f) obtained with LDA and ASIC respectively are quite
resolved density of states (figufed 18a 18b), the HOMQsimilar.
LUMO gap is much larger than that of BDT. The ASIC again  Thel-V curve calculated for the second isomer is presented
has the effect of shifting the occupied orbitals downwards i in figure[19. Also in this case the effects of ASIC are minimal
energy, but this has little effect on the transport sinceréise  due to the large HOMO-LUMO gap. The conductance at zero
onances in the transmission coefficients due the HOMO anHias is calculated to be 0.0&3 with LDA, compared to the



FIG. 18: Transport properties of a BDMT molecule attacheth&o
gold (111) hollow site for the isomer of figurel17. The lefttsloor-
respond to LDA results and the right ones to ASIC. The uppeeisa
are the DOS of the S and£orbitals ((a) and (b)), the middle are the
transmission coefficients as a function of energy for varioias ((c)
and (d)) and the lower are theV curves. Figure (f) is a zoom of
(e) and compares our results with experiments from refeferithe
vertical lines in (c) and (d) mark the bias window.

value of 0.018/, for ASIC. Interestingly this is about a factor
3 larger than that calculated for the first isomer.
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FIG. 19: I-V curves for both BDMT isomers attached to gold con-
tacts. In both cases ASIC has only marginal effects on theents,
which differ by a factor of about three for the two differesbimers.

In general, in contrast to the case of BDT, for BDMT ASIC

10
C. Biphenyldithiol

The third and final system investigated is that of
biphenyldithiol (BPD) attached to two gold surfaces as sthow
in figure[20. Once again we consider only the gold fcc (111)
hollow site as the anchoring site. The planes of the two ben-
zene rings are usually tilted with respect to each other by an
angle known as the torsion angle, that in this case is catmlila
to be 37.

U.yt_"‘ ) vu‘i'wtbu
i T i
.b‘ ".. ‘Th 'y wb ew !b w

FIG. 20: BPD molecule attached to the hollow site of the Aul{11
surface. The sulfur-surface distance isAL.@olor code: Au=yellow
(or light gray), C=black, S=dark yellow (or gray), H=bluer @ark
gray).

The orbital resolved DOS, transmission coefficients &nd
V curves for this system are presented in figurk 21 for both
LDA and ASIC. Once again, ASIC has the effect of lowering
the energy of the occupied molecular orbitals, as can be seen
fromthe DOS (panels (a) and (b)). Thisin turn resultsin epen
ing up the conductance gap in the transmission as shown in
panels (c) and (d) of figufe 1. For this molecule, the HOMO
is nearEr as in the case of BDT, giving a LDA conductance
of 0.07G, at zero bias. When ASIC is applied, the HOMO
is shifted downwards in energy and outside the bias window
for voltages up to 2 Volt. In this case the ASIC conductance
drops to 0.018 at Er and the whole low biag-V curve
shows rather smaller current with respect to its LDA counter
part.

The optimum torsion angle i87°38, However, this may
fluctuate due to temperature or when the molecule is under
strain in a breaking junction. Panel (e) of figlrd 21 shows
the I-V curves calculated for the equilibrium torsion angle of
37°, whereas panel (f) shows the result for the case when the
benzene rings are in the same plane (i.e. when the torsion
angle is0°). Reducing the torsion angle causes an increase
in the transmission since the overlap betweensthabitals
is increased. The conductance at zero bias for a torsiorang|
of 0° is 0.097, with LDA only, and 0.024/, when ASIC is
applied.

does not appear to improve the agreement between theory andThese results show that ASIC has an effect on BPD similar
experiments. The fact that the Fermi level of Au is pinned into the one it has on BDT, i.e. it shifts the HOMO downwards

the middle of the large HOMO-LUMO gap of BDMT, which

is already well described by LDA, makes the ASIC correc-

tions rather marginal to transport at moderate voltagegIGi

in energy and reduces the zero-bias conductance. In thés cas
however even our ASIC results differ from the experimental
data of Dadosh et. &f. by several orders of magnitude. Since

the fact that the geometry of the anchoring is not known andve are essentially in a tunneling situation, the magnitude o
that we have only investigated one case, we may conclude th#te current is severely dependent on the tunneling mateix el
the disagreement between theory and experiments may simpigents, which in turn are rather sensitive to the details ef th

lie in the details of the anchoring geometry.

anchoring geometry. Although the hollow site is believed to
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IE M="sn| [ " E| i i[=sn|| systematic reduction of the low bias current when ASIC is ap-
\ F ."“ ’—C" LA Flon h= Cm| plied. Most importantly, we have demonstrated that a number
m WA\ '/;‘J\'\‘ ,'/‘“ ABL i ,\I/\L' W of anchoring geometries all yield similar low bias conduieti

|
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[
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[

|

: ties, which in most cases are rather insensitive to bontthtre
M P‘@VL | M ing or bond angle changes. This suggests that several anchor

T
[,
— U [ ing geometries might contribute to the peaks in the typigal e
< A JM1M ||M gg tal dgt hist tlﬁ idi P bt
=1 : : : perimental conductance histograms, thus providing a abtur
& FWWI A MI LI\ | explanaton for their stabily.
e ] ‘ TR Nevertheless, even with ASIC, some problems still remain
(D 1 1 p .
L ; il ‘ M = ; el M In general, if the first molecular orbital to enter the biagwi
dow as the bias increases is the LUMO, then our method po-
0_5 432-1012231455-4-3-2-10 1 2 3 45 tentially fails. In fact, ASIC only partially restores theFD
E E (eV%— LDA E-E. (eV)|— LDA | derivative discontinuity, and erroneous, ;o (N + d) ~
—~20 —- ASIC|— 30¢ : -—- ASIC S Aty
< @ < 205@ = ef5mo(N). Since the size of the derivative discontinuity is
2 104 ) ; 2ok 1 unknown, it is difficult at this time to evaluate the impact of
— 06‘!—6?1_?—1.—5—‘—‘2 — 06‘«/0?1—*—1"5—7'*2 such an error. A second problem is connected to the accuracy
V (Volts)' vV (Volts)' of the calculation of the wave-functions. When no molecu-

lar levels appear at the Fermi level, the transport is egdignt
tunneling like, and therefore becomes crucially dependent

FIG. 21: Transport properties of a BPD molecule attachecheo t the accuracy of the calculated hopping integrals between th
gold (111) hollow site. The left plots correspond to LDA ame:t Molecule and the electrodes. ASIC does not drastically im-
right ones to ASIC. The upper panels are the DOS of the S and C prove the quality of the LDA wave-function and thus one
orbitals ((a) and (b)), the middle are the transmissionfimefits as  might expect some errors in the tunneling transmissionficoef
a function of energy for various bias ((c) and (d)) and thedpare  cients. Additionally, we do not correct the surface atontsef
the -V curves. Figure (e) is the-V' curve for atorsion angle &f7°  electrodes for S, so it is expected that our ASIC result®im-g
and (f) is for a torsion angle af*. The vertical lines in (c) and (d) grg) produce overextended orbitals and hence a systethatica
mark the bias window. overestimated current. Finally, it is worth noting that &SI
still overestimates the polarizability of molecui2€°, with a
guantitatively incorrect prediction of the response exgjea
nd correlation field. The use of XC potentials constructed
om exact charge densitf&swvhich correct both the molecule

and the metallic surfaces may offer a solution to these prob-

lems. However, for some of the molecules investigated the
IV. CONCLUSION disagreement betwe.en theory_ ar_ld e_xperiments is ;till of sev
eral orders of magnitude. This is difficult to associate with
any systematic error in the theory, and might be connected to
the specific contact geometry.

In conclusion, NEGF combined with the ASIC electronic
structure method offers a description of transport through
molecules which is considerably improved with respect to
standard NEGF LDA/GGA. Since this is also a computation-
aIIy undemanding scheme, it can be employed for large sys-
tems, and therefore can become an important tool for system-
atlcaIIy predicting the performance of molecular juncton

be the preferential site, such a large discrepancy betvwesen t
ory and experiments could be attributed to the contact geonﬁ
etry.

In view of the many contradictory results for the transport
properties of molecular junctions, first principles conmgput
tional tools are becoming increasingly important. Thesey-h
ever, also suffer from some uncertainty in the results aoot
the approximations used for computing the junction elettro
structure. In this work, we have addressed the problem of the
self-interaction error in DFT and we demonstrate how a sim-
ple self-interaction correction scheme can be used to ivgro
the agreement between theory and experiments. In particu
lar, we have considered the problem of correctly reprodycin
the molecular ionization potential as the negative of thglsi
particle Kohn-Sham HOMO energy. Acknowledgments
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