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Three types of 11-electron analytic effective core potentials (ECPs) and their corresponding denble-
single< basis sets of gold are evaluated using density functional theory (DFT) calculations. We find that,
compared with basis sets derived for use with Hatfféeck-based Los Alamos (LANL1) and Ermier
Christiansen (EC) ECPs, the DFT-derived Troullidfartins (TM) ECP together with a single-basis set
(TMSZ) is more suitable to describe not only the interaction between gold atoms with a benzene-1,4-dithiolate
molecule but also the electronic structure of an infinite 1-dimensional monatomic gold chain. Hence, TMSZ
is the best singlé-basis set with an 11-electron ECP for gold available currently to be used in theoretical
calculations on electrical properties of molecular electronic devices with DFT based Green’s function method
employing a finite analytic basis of local orbitals.

1. Introduction solids are dominated by valence electrons, the effect of the core
Following the continuous miniaturization of microelectronic ~€lectrons can be represented by an effective core potential (ECP)
devices, a great deal of attention has been devoted to moleculathat significantly reduces the size of the basis set needed to
electronic devices in recent yedrA basic question that needs  treat the molecule and solid, which will decrease the compu-
to be addressed before the fabrication of actual molecular tational effort considerably. Furthermore, once derived from
electronic devices is how we can construct, measure, andrelativistic calculations, ECP will include relativistic effects even
understand the conductance of a molecule connected to twoif nonrelativistic theory is applied to valence electréhgor
metallic electrodes. At present, both experimental and theoreticalgold, the 5s and 5p atomic levels are well below the 5d level,
investigations on currentvoltage characteristics of such mo- whereas the spd hybridization effect between the 5d and 6s,
lecular junctions have been extensively perforrfied, for 6p atomic orbitals is important for electronic properties near
example, on golgdithiomolecule-gold transport junctions. It~ the Fermi level and contributes to bonding in the bulk and at
is a great challenge for theoretical calculations to replicate surfaces. Therefore, it is a reasonable choice to treat 5s and 5p
experimental results exactly since both the molecule and the states together with lower lying ones as the core, which leads
semiinfinite leads in these junctions must be properly describedto an 11-electron ECP. Even so, the calculation of Green’s
simultaneously. It is well-known that the current through the function is still very expensive with a large basis set because
molecular junction is influenced by the quantum nature of the many gold atoms should be included in the extended molecule

molecule, the coupling between the molecule to the electrodes,to determine the lineup of molecular levels relative to the Fermi
and the electronic properties of the electrodes near the Fermijeve| of gold electrodes correctly.

energy level'® Though solving the LippmannSchwinger
equation with plane waves is used to evaluate the junction
conductancé? the density functional theory (DFT) based
Green’s function method employing a finite set of local orbitals
is more prevalertt-26 In the latter approach, two approximations
are a_Iv_vays introduced: the first one is that the exact, non- method. The comparison between ECPs derived from Hatree
Hermitian, energy-dependent, many-body self-energy operator

. . . Fock (HF) atomic calculations and DFT-based ECPs has been
is approximated by the energy-independent, real DFT exchange-olone reviously. which has proved that HE-based ECPs can
correlation potential; the second one is that the Green'’s function P Y, P

is expanded in terms of a finite, incomplete basis set. Hence,g've go'od prtﬁdlg’iloglln DFl'II' calcglggoﬁ%l.tﬂowever, the;r

not only must an appropriate exchange-correlation functional comparison IS imited in smai core S with a common, large

be selected, but the choice of basis sets also plays a (:ri'[icalbaSIS set approprlate for the all-electron case,.whlch w |II.|r.lcrease

role in determining the coupling strength and electronic computing time and storage at a cost that is not justified for

structures of metal electrodes our purpose because electron transport in molecular electronic
From practical considerations, gold is the most popular one devices occurs within an energy range of several electonvolts

among all electrode materials, because stable molecular junctiongound the Fermi level. Therefore, 11-electron ECPs represent
can be constructed using the A8 bond or the Ae-N bond*6 the best compromise. In calculations of the molecular junction

Since most physical and chemical properties of molecules andconductance employing a very efficient electronic structure code
GAUSSIAN, two 11-electron HF-based ECPs with their cor-

* Address correspondence to this author. E-mail: smhou@pku.edu.cn. responding singlé-basis sets are often us&d21921 namely,

The performance of an ECP usually depends on the method
by which it is derived. Certainly, just as pointed out by
Alkauskas et aP the smaller the core, the less important is
the derivation method. In the limit of a bare nucleus, the
potential becomes-1/r, which is of course independent of the
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Ermler—Christiansen ECP and Los Alamos 11-electron ECH, TABLE 1: Comparison of Kohn —Sham Eigenenergies of a
which are respectively designated as EC and LANL1. Both these Single Au Atom in the Ground State

ECPs and their corresponding basis sets are derived from esa(€Y)  esa(€V)  ess (BV)
refer_e_nc_e calcula}tions on an isolated gold atom Within s_c_alar- SDD —6.94 —6.70 504
relativistic (SR) Dirae-Fock theory. However, their applicability LANL2DZ —7.14 —6.92 —6.07
to modeling molecular electronic devices with DFT calculations LANL2MB —5.98 —5.76 —5.68
has not been well tested. Recently, Alkauskas, Baratoff, and TMDZ —6.91 —6.64 —5.95
Bruder developed a new 11-electron ECP for gold derived from TMSZ —6.97 —6.68 —5.95
DFT-based TroullierMartins (TM) pseudopotentif,32 and tﬁmtsz __1%298 __1%82 :g'gé
they also derived two compact basis sets, (3s3p3d)/[1s1pld] | aNL1(2s2p2d)/[1s1pid] —4.17 —4.02 65.06
(TMSZ) and (6s6p5d)/[2s2p2d] (TMDZ). All-electron DFT ECMB —10.22 —9.96 -3.22
calculation on atomic Au is performed in the spin-restricted ECPB —9.32 -9.17 —4.21

formalism with the gradient-corrected Becke’s exchange func- . .

: : : . TABLE 2: Comparison of Au—S Bond Lengths, Atomic
34

tional anq the LYP correlation fgngtlonal (BLYPJ2*In this Charge on Au Atoms, and Binding Energies of the

paper, using a Atbenzene-1,4-dithiolate (BDF)Au complex Optimized Au-BDT-Au Complex

molecule and a 1-dimensional (1D) monatomic gold chain as

testing models, DFT calculations are employed to compare these

bond length (A) atomic charge BE (eV)

basis sets to see which is the best one describing both thefAD'\'?LZDZ 22553 (?-1186 226728

coupling of gold atoms V\_/lth organic molecules and electronic LANL2MB 538 016 >an
structures of gold periodic structures. TMDZ 237 0.18 2.41
. TMSZ 2.39 0.17 2.26

2. Calculation Method LANL1DZ 252 0.35 1.90

DFT calculations with the BLYP functional are performed LANL1MB 2.57 0.28 1.61
using the GAUSSIAN 03 program packa¥eThe all-electron 'é'é"\\‘ALE;L(ZSZpZd)/ [1s1pld] 22429 00438 127'28
6-31G(d) basis set is used for S, C, and H atéfrfsor gold, ECPB 5 42 0.50 5 25

we used basis functions recommended in the original papers
on the corresponding ECPs. Since using small-core ECPs cargiving rise to a very large-sd difference, which will lead to a
minimize errors in the treatment of electron correlation, we poor description of spd hybridization in polyatomic systems.
chose two types of 19-electron ECP basis sets, LanL2DZ and The performance of LanL1(2s2p2d)/[1s1p1d] is even worse, the
SDD, as the reference level of approximation. LANL?2 is a so- calculated highest occupied atomic orbital is not the 6s orbital
called shape-consistent ECP, containing no adjustable paramwhose energy is as high as 65.06 eV; the calculated highest
eters?” On the contrary, SDD is an energy-consistent ECP that occupied atomic orbital is one of the 6p orbitals with an
is constructed to reproduce some representative experimentakigenenergy of 1.12 eV, still higher than the vacuum level. These
data of a single ator## The standard ECP basis sets included errors arose from the arbitrary removal of the most diffuse s, p,
as part of the Gaussian 03 package are SDD, LANL2DZ, and d primitives from the valence basis set; the new compact
LANL2MB, LANL1DZ, and LANL1MB, respectively. Forthe  basis set cannot correctly describe a neutral gold atom in its
LANL1 basis set, Xue and co-workers made another choice in ground state.
their calculationd?21 i.e., they deleted the most diffuse s, p, 3.2. Au-BDT-Au Complex. Since it has been demonstrated
and d primitives from the associated valence basis set andtheoretically that the AuS bond at the interface is strongly
contracted the remaining primitives to a minimal basis set, which localized?? the simplest complex consisting of a BDT molecule
is termed LanL1(2s2p2d)/[1s1pld]. In the case of the EC ECP, with one gold atom on its each side is used to represent the
both the original (3s3p4d) basis set and the contracted (3s3p4d)gold electrode-BDT—gold electrode junction. As shown in
[1s1pld] basis set are us&POwhich are called “ECPB” and  Table 2, the optimized AuS bond length using the LANL2DZ
“ECMB" for short, respectively. The Au-BDT-Au complex was ~ basis set for gold atoms is 2.35 A, and bonding with gold atoms
optimized without constrains, and the charge transfer and theresults in a charge transfer 6f0.18 electron of charge from
bonding nature of the AuS bonds are illustrated using natural every gold atom to the BDT molecule, which is in good
bond orbital (NBO) analysi&4! Electronic structures of the  agreement with other theoretical res@ft& he binding energy
1D monatomic gold chain were calculated using the periodic (BE) is calculated to be 2.62 eV. Compared with calculated
boundary conditions (PBC) algorithm of Gaussiarnt®%59 k results of LANL2DZ, the Au-S bond length optimized using
points sampling in the 1D Brillouin zones were employed. Since the TMDZ basis set is only 0.02 A larger, the charge transfer
our aim in this work is not to compare the performance of is the same, and the binding energy is 0.21 eV smaller. The
different ECPs, but rather to find a small basis set with its numerical accuracy of TMDZ is comparable to that of
corresponding ECP suitable for modeling molecular electronic LANL2MB, which is the best one among all 11-electron ECP
devices, only the singl&-basis set of each ECP is well tested. basis sets. The performance of TMSZ is a little inferior to that
) ) of TMDZ, but much better than that of LANL1DZ and

3. Results and Discussion LANL1IMB. The Au—S bond length given by the LANL1DZ

3.1. Single Gold Atom.Table 1 shows KohaSham eigenen-  and LANL1MB basis sets is about 0.2 A larger than that of
ergies of an isolated Au atom calculated in the spin-unrestricted LANL2DZ, and the binding energy calculated by them is about
formalism. The energy difference between the 5d and 6s atomic1.0 eV smaller than that of LANL2DZ. Hence, TMSZ can be
orbitals calculated using the 19-electron SDD basis set is lessused when substantial computational resources are needed.
than 1 eV, whereas LANL2DZ slightly overbinds d-statés.  Though the Au-S bond length calculated using the LANL1-
Among all basis sets with an 11-electron ECP, only TMDZ and (2s2p2d)/[1s1pld] basis set is close to that of LANL2DZ, both
TMSZ work quite well, both of them giving an energy difference the charge transfer and the binding energy are too large. The
comparable to that of SDD. LANL1DZ, LANL1MB, ECPB, charge transfer of 0.88 electron of charge is unbelievable,
and ECMB all underbind the s-state and overbind d-states, because the Pauling’s electronegativity of the Au atom (2.54)
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Figure 1. Band structures of an infinite 1D monatomic chain of gold.

TABLE 3: Comparison of Orbital Character of the Au —S Bond in the Optimized Au-BDT-Au Complex

% s character % p character % d character

Au S Au S Au S
SDD 86.96 3.44 0.31 96.35 12.73 0.20
LANL2DZ 87.20 3.55 0.16 96.24 12.64 0.21
LANL2MB 84.92 3.34 0.36 96.44 14.72 0.21
TMDZ 88.29 3.12 0.15 96.72 11.56 0.16
TMSZ 89.54 2.83 0.18 97.02 10.28 0.15
LANL1DZ 97.60 1.86 0.11 98.05 2.29 0.09
LANL1IMB 98.02 1.61 0.34 98.31 1.64 0.09
LANL1(2s2p2d)/[1s1pld]
ECMB 94.08 2.32 4.81 97.55 1.11 0.12
ECPB 98.30 1.89 0.17 98.03 1.52 0.08

is almost the same as that of sulfur (2.58). The reason for this LANL2MB, TMDZ, and TMSZ basis sets, the d-orbital
large error will be clearer in the following bonding nature contribution is roughly 10%, which correctly describes the
analysis. The AuS bond length and the binding energy hybridization of the 6s and 5d orbitals of Au due to the effect
calculated using the ECPB basis set is comparable to those ofof relativistic corrections; however, the d-orbital contribution
TMSZ, better than the performance of LANL1DZ; however, calculated using the LANL1DZ, LANL1MB, ECPB, and ECMB
the ECMB basis set is not better than the LANL1DZ and basis sets is only1—2%, which is an inevitable result because
LANL1MB basis sets. It should be noted that the number of the 5d orbital energy of an Au atom given by them is much
basis functions of the ECPB basis set is 32, much more thanlower than the 6s orbital energy. Though the description of the
that of the TMSZ basis set that includes only 9 basis functions, Au—S bond given by the LANL1DZ, LANL1MB, ECPB, and
which indicates that basis sets with the TM ECP can obtain ECMB basis sets is still qualitatively correct, reflecting the
good results at a small price of computational effort. partially ionic character of the covalent A% bond, the NBO
The NBO analysis of the AdS bond further corroborates  analysis of the AuS bond given by the LANL1(2s2p2d)/
that basis sets with the TM ECP are much superior to those [1s1pld] basis set is totally wrong, in which one electron
with the LANL1 and EC ECPs dealing with the interaction belonging to an Au atom transfers to its neighboring S atom,
between small gold clusters and organic molecules, as illustratedforming a lonely electron pair with another unpaired electron
in Table 3. For the Au-S bond calculated using the LANL2DZ, of that S atom. This occurrence is completely due to the
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TABLE 4: Comparison of Interatomic Distance of an
Infinite 1D Gold Chain Optimized Using Different ECP
Basis Sets

ECP basis  dw (A) ECP basis dun (A)
LANL2DZ 2.70 TMDZ 2.72
LANL2MB 2.72 TMSZ 2.73
LANL1DZ 2.83 ECMB 2.84
LANLIMB 2.87 LANL1(2s2p2d)/[1s1pld] 2.51

incorrectly high 6s and 6p orbital energies of an Au atom given
by the LANL1(2s2p2d)/[1slpld] basis set, which is also
responsible for the unbelievably large charge transfer.

3.3. 1D Monatomic Gold Chain.The 1D monatomic gold

J. Phys. Chem. A, Vol. 109, No. 37, 2008359

Hoffman2® When gold atoms form a 1D chain, discrete atomic
levels will be broadened into continuous energy bands. Due to
the small energy difference of 5d and 6s atomic orbitals, the
s-band and d-band will be hybridized, which is described
correctly by the LANL2DZ, LANL2MB, TMDZ, and TMSZ
basis sets. The band structure and DOS calculated using the
LANL2 ECP basis sets are consistent with the calculation results
of the SR FPLAPW methotf which are almost the same as
those obtained with the TM ECP basis sets, except for the
position of the Fermi level.

In the band structures calculated using the LANL1DZ,
LANL1MB, and ECMB basis sets, the 5d band and the 6s band

chain is the simplest periodic structure of gold that has been are completely decoupled from each other, resulting in-eth s

studied extensivel§**8 The interatomic distance is optimized
using the BLYP functional with all ECP basis sets for gold;
data are listed in Table 4. The nearest-neighboring distahge (
calculated using the LANL2DZ basis set is 2.70 A, only 0.09
A larger than that of the SR calculation carried out using the
all-electron full-potential linearized augmented plane wave
(FPLAPW) method® The performance of the TMDZ and
TMSZ basis sets is as good as that of the LANL2MB basis
set. However, thedyy values calculated using LANL1DZ,
LANL1MB, and ECMB are quite large, especially the
LANL1MB basis set gives dyy value almost 0.2 A larger than
that given by the LANL2DZ basis, indicating that correlation
effects are poorly represented by the LANL1 and EC ECPs.

band gap of 1.43.5 eV. This still originates from the large
energy difference between the 5d atomic states and the 6s atomic
state of an Au atom calculated using these basis sets, and the
broadening of energy levels during the formation of a 1D gold
chain is not large enough to make the 5d and 6s bands overlap
each other. The calculated Fermi level is completely located in
the 6s band, as shown in Figure 2. If these basis sets are used
in the calculation on the conductance of a gold chain at
equilibrium 10 there will be a certain energy range, roughly 1.5
eV below the Fermi level, in which the transmission coefficient

is zero due to the wrong separation of the 5d and 6s bands,
though the correct conclusion still can be drawn that the
transmission coefficient at the Fermi level is unity.

Figures 1 and 2 show the band structure, density of states Seen from the DOS and pDOS calculated using the LANL1-

(DOS), and partial density of states (pDOS) of the 1D gold
chain. The decomposition method of DOS is according to

0

(2s2p2d)/[1s1pld] basis, the DOS below the Fermi level is
continuous, no apparent gap emerging. However, there is no
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Figure 2. DOS and pDOS of an infinite 1D monatomic chain of gold.
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s-state near the Fermi level, the 6s-band is located about 60 eV  Supporting Information Available: Detailed results of a
above the 5d-bands, which also results from the calculated neutral Au atom in ground state, the Au-BDT-Au complex, and
energy of the 6s state being higher than that of the 5d states ofthe 1D monatomic gold chain calculated using BPW91,
an isolated gold atom. It is the 6p states that couple with the 5d PBEPBE, B3LYP, and B3PW91 functionals. This material is
states near the Fermi level. available free of charge via the Internet at http://pubs.acs.org.

Hence, TM is the only one with small basis sets among these
three 11-electron ECPs that can give a good description about @ Nit A Rat M. ASCience2003 300, 1384

- - itzan, A.; Ratner, M. cienc .
the elgctronlc structure ofalD g(_)ld chain. The number of bands (2) Heath, J. R.; Ratner, M. /Phys. Today2003 56 (5), 43.
crossing the Fermi level determines the number of conduction  (3) Reed, M. A.; Zhou, C.; Miller, C. J.; Burgin, T. P.; Tour, J. M.
channels so that we examine in detail the band structure of 1D Scie(n§e1997, 278, 252.
; ; ; 4) Xu, B.; Tao, N. JScience2003 301, 1221.

Au calculated using the TMSZ basis. Nine energy bands are o8 % g 500 ' 1 "N 33 Am. Chem. 508003 125 16164,
labeled in an ascending sequence according to their values at  (g) xiao, X.; Xu, B.: Tao, N. JNano Lett.2004 4, 267.
the T point. Three bands among them are 2-fold degenerate, (7) DiVentra, M.; Pantelides, S. T.; Lang, N. Bhys. Re. Lett.200Q
which are labeled as 2, 4, and 5. Band 5 is composed pf 6p 84 (5% 9J:r-a 1. Geng, W. T.: Kino. H.: Kobayashi. N.: OhnoJTChem
and 6p sta_tes. Band_ 2 i_s composed akhb.y? and_ 5dly states, Phy(s.)2004 1'21"(13)’ %’485 N R yashi, N.; : :
the bandwidth of which is the smallest. Band 4 is composed of " (9) Palacios, J. J.; Pez-Jini@ez, A. J.; Louis, E.; San FaiaE.;
5d,; and 54, states, and it approaches the Fermi level aflthe Vezgg, i A_-PTIIEyS-VRe; BJZOEZ g6|(3)_. 033332;@[ Sin N

H H ouls, E.; vergs, J. A.; Palaclos, J. J.; -Jimeez, A. J.; San
point, _only Q.32 eV below. Due to their symmetry, they cannot Fabia, E. Phys. Re. B 2003 67 (15), 155321,
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6s, and 6patomic states is the samen(= 0), so that these (12) zhuang, M.; Rocheleau, P.; Ernzerhof, 831.Chem. Phys2005
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other. Band 1 has mainly d character, nearlthgoint it has a (3)(1135)1361"’ L. B Reimers, J. R.; Hush, N. $. Chem. Phys200Q 12
mixture of 6s and 54 states {-1:4), leading to some s states (14) Derosa, P. A.; Seminario, J. M. Phys. Chem. B001, 105, 471.
much below the Fermi level in the pDOS diagram; from the 83 >>§ue, $ Eainer. m QEEYS- Ee- 522%%33%%((111%), 111155‘2%6;

H H H ; ue, Y., rRatner, WM. yS. Re. b, , .
point to theK point, }he 5¢ state domlrjatg:s this bar}d. Band 3 (17) Damle, P. S.: Gosh, A. W.: Datta, Bys. Re. B 2001, 64 (20),
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; ; Comput. Mater. Sci2003 27, 151.
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