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Electronic properties of metal-molecule—metal systems at zero bias:
A periodic density functional study
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We have studied the electronic properties of conjugated and saturated dithiol molecules sandwiched
between two A(l1l) electrodes using first principles density functional calculations with a slab
geometry. Relaxation of the molecule/surface adsorption geometry as well as the extended character
of the metal electrode states are fully taken into account by our approach. Investigated quantities
include the alignment of molecular energy levels with the Fermi enekgy) ©f the metal, the

charge transfer and electrostatic potential profile, and the local density of electroniqlSEXES)

at Er. The behavior of the LDOS for benzene—, dibenzene—, and xylyl-dithiol molecules is
analyzed and compared with that of alkane—dithiols of various length20@3 American Institute

of Physics. [DOI: 10.1063/1.1602057

I. INTRODUCTION cal models are needed. One important theoretical challenge
is to accurately describe the electronic coupling between the
Molecular electronics is a fairly recent research areamolecule(a discrete systejrand the leads it is attached (@
which proposes to use a few or even a single molecule as thgemi-infinite system A suitable tool to achieve this goal is
basic units of electronic devices. Compared with the tradidensity functional theoryDFT), which has been widely em-
tional semiconductor technology this new approach woultployed in the theoretical study of adsorption on metallic
change both the operating principles and the materials useslirfaces. While much effort has been put in developing the-
to fabricate the devices. The reason for such a radical changgetical models for the electronic conductance, the modeling
is that molecules are subnanometer scale units which can la# the surface atomic and electronic structure has been typi-
made identically, cheaply and easily in industrial quantitiescally quite approximate. For instance the surface has been
Some prototypes have already been fabricated. For examplgeated with a jellium mod&® or with a small cluster of
the -V characteristics at room temperature of a benzenemetal atoms attached to the molecUl&he purpose of this
1,4-dithiolate(BDT) molecule sandwiched between two gold paper is to investigate the electronic properties of organosul-
(111) surfaces has been measutatdplecular electronic de- fur monolayers sandwiched between two(AlLfl) electrodes,
vices with a negative differential resistance have beemsing a periodic DFT approach which allows us to realisti-
fabricated and memory devices based on organic monolay<ally describe both the atomic structure and the electronic
ers have been proven to be able to store data for long times atates of the gold surfaces as well as the properties of
room temperaturg. strongly adsorbed monolayers. We will focus on the proper-
The molecules studied to date can be divided in twoties of metal-molecule—metal junctions which are relevant
categories. The first category is based wmlkanethiols to transport under low bias conditions. In particular, we will
[CH3(CH,),—1SH] (Ref. 4 which have large gap® eV or  calculate the local density of states from which properties
greatey between the highest occupied molecular orbitallike the alignment of molecular states with the Fermi energy
(HOMO) and the lowest unoccupied molecular orbital of the metal electrodes can be quantitatively derived.
(LUMO) and thus behave as insulators. These molecules
have flexible chains that pack well into dense, ordered monoq. TECHNICAL DETAILS
layer films and are useful for forming insulating layers. The ) . )
second category is based on conjugated molecules which Ca|CU|at'0f13 have been 9amed out using 'ghe plane-que
have a smallef2—4 eV) HOMO—LUMO gap and possess pseudopoteptlal apprqach within Qen§|ty functlonql theory in
delocalizedm-electrons which can contribute to conduction. the generalized gradient approximatfnTo describe the
All these molecules are thiol-terminated, because the sulfuf!ectron-core interaction we used ultrasoft pseudopotetitials

atom binds strongly to the noble metal surfaces used a€f Au, C, and H, whereas for S we employed a norm con-
electrodes. serving Troullier—Martin¥ pseudopotential. Valence states

As experiments have begun to address conductandgclude 5 and 6 for Au, 2s and 2p for C, 3s, 3p, and 3
through such molecular wires successfully, reliable theoretifor S. All the pseudopotentials have been generated with the
Perdew—Wang '91PW91) exchange and correlation func-

. _ ~ tional and the one for Au includes scalar relativistic effects.
dAlso at: The Abdus Salam International Center for Theoretical PhyS'CSThe wave functions are expanded in plane waves with a ki-
(ICTP), Strada Costiera 11, Trieste, Italy. .
bAlso at: International School for Advanced Studi&sSSA, Via Beirut4,  Netic energy cutoff of _25 _Ry, whereas the cutoff for the aug-
Trieste, Italy. mented electron density is 200 Ry.
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To model the A@ll1l) surface we use a repeated slab c)
. . a) b)
geometry, with slabs of four atomic layers separated by a
vacuum at leas8 A wide. For the self-assembled monolay- \
ers of interest the periodicity of the full coverage monolayer Ui

Q

is (13X y/3)R30 with respect to thélx 1) periodicity of the :
unreconstructed Adl1l) surface. We thus use a supercell ¢ v
which has a (/3% /3)R30 unit cell parallel to the surface, p 4 ]
corresponding to three Au atoms per layer in the gold slab. — p. S ()
The corresponding Brillouin zone has been sampled with 48 ;

k-points, using a B6x1 Monkhorst—Pack grid6 is for di-

rections parallel to the gold surfaces and 1 for the orthogona

direction. This grid ofk-points provides converged values of
both the(clean surface energy and the adsorption energy o
a single sulfur atonfsee below. In our geometry optimiza-
tions, we used the calculated bulk equilibrium lattice con-
stant for gold, which isy=7.82 a.u., to be compared to the
experimental value,= 7.67 a.u. Optimizations were consid- l0ses the hydrogens at both thiol terminations and thus be-
ered to be converged when each component of the force d#Pmes, strictly speaking, a diradical. To determine the atomic
each atom was smaller than 0.03 eV*A For the Ay111) geometry for such a BDT diradical sandwiched between two
surface energy we obtaip=758 erg/cmi, whereas the ex- Au(11l) electrodes, we first optimized the geometry of BDT
perimental values are in the range between 1045 and 141@sorbed on a single Ald1) surface by relaxing the nuclear
erg/cnt.’® This underestimate of the surface energy is knowrcoordinates of both the molecule and the surface atoms. As
to be a frequent shortcoming of DFT-GGA approactse  in previous calculatiorfsof metal-molecule—metal systems,
e.g., Refs. 14 and 350ur calculated adsorption energy of a We have assumed an fcc adsorption site with the molecule
single sulfur atom in a fcc site iE,4=3.97 €V, in agree- Pperpendicular to the surface, and verified that such a configu-
ment with previous theoretical studis. ration does indeed correspond to a local minimum in the
potential energy surfacé.
Our calculated distance between the sulfur headgroup

1FIG. 1. (a) BDT on Au(11l), (b) DBDT on Au(11l), (c) XYLYL on
Au(111). The atoms in a single supercell are shown.

IIl. RESULTS and the three closest gold atoms is 2.677 A, while the verti-
A. Lineup of energy levels, charge transfer and cal distance of the sulfur atom from the surface is 2.065 A.
potential profile: The Au  (111)-BDT-Au (111) system Starting from this adsorption structure, the atomic geometry

of BDT sandwiched between the two gold surfaces was ob-

(HS—GH,— SH) (BDT), have attracted much interest in theetal_ned by reflectlng _the atomic positions of the part of the
unit cell not containing the vacuum through the plane con-

area of molecular electronics because, having delocatized ,_. . . .
: o taining the center of the benzene ring and perpendicular to
electrons, they should behave in a way similar to conven; ) . :
. . . 4 ) the molecule’s axis(See Fig. 2.
tional semiconductors. Various electronic devices based on ; :
. : i . In Fig. 3, the density of statg®OS) for the Au11D)—

what is believed to be a S48,—S diradical sandwiched .

. . BDT—Au(11l) system is compared to that for the clean
between two metallic electrodes have been fabrichtedr : o
this radical, the experimental measurements show a nonlinA-‘u(lll) surface and for the isolated BDT diradiical. The en-
ear behavior of the conductance, with a gap of about 0.7 e\?,rgy levels of the bare surface and the isolated molecule have
which has been attributed either to a Coulomb blockade ef-
fect or to a mismatch between the Fermi lelgl of the
metallic electrodes and the closest molecular orbifedr the
interpretation of these experimental results the knowledge of
the relative position oEg with respect to the BDT molecular
orbitals is essential and this can be readily obtained with our
periodic DFT approach. It is also important to understand
how the molecular orbitals change upon adsorption and
which orbitals are important for the conduction process. Al-
though these and similar questions have been already ad-
dressed by previous theoretical studisse, e.g., Ref.)6in
most cases very simplified models of the metallic surface
have been used.

It is widely assumed that, when a thiol molecule R—SH
(where R denotes the organic resigliadsorbed on a gold
surface, the H atom of the thiol terminal group desorbs while
the sulfur atom of the resulting radicé—S—,binds strongly
to the gold surface (See' Fig. 1 Similarly, a dithiol mol- g 2. The unit cell of AGL11)~BDT—-Au(111) is shown repeated:22x1
ecule, e.g., BDT, sandwiched between two(BlLl) surfaces times.

Conjugated molecules, like benzene-1,4—dithiolat
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10 ‘ Given the fact that thgoriginally empty molecular
T AuRDTA LUMO moves below the Fermi level, it is important to study
8| —-—- BDT ] the charge transfer upon adsorption of BDT or(&ii). This
has been done by calculating the difference between the
6 E (LUMO)=-0.72 eV 1 charge density of A111)-BDT—Au(111) and the sum of the

charge densities of the isolated BDT diradical and the bare
surface. The results are shown in Fig.(tbp pane)l. The
main effect of the interaction of gold with the molecule is a
redistribution of the charge around the sulfur atom, due to
the formation of the chemical bond between sulfur and gold.
Some charge moves also inside the carbon ring, giving rise
10 to a repulsive potential in that region, as shown by the po-
tential energy difference in Fig. Gottom panel
FIG. 3. Density of states for the isolated BDT molecutbradica), the Let us next examine at the projected density of states
clean Ay111) surface and the Ad11)-BDT—-Au(111) system. The arrow ; ; ; ;
indicateLs( the) LUMO of the isola/:(ed ]é)DT diradig(al. ']I')heyreference energy haﬁ(:Fe[r)n?iSIel\?ellzl(?ergi.nThfls shows a strong Peak 'rlgh’[ below the
been taken such tha.=0. g from the sulfyp orbitals, in agreement
with the fact that the LUMO has a relevant contribution from
p states on the sulfur atoms. However, a population analysis
been aligned by taking the vacuum level as the referencBased on the projection of the Kohn-Sham orbitals on
energy. The energy levels of the @11)—BDT—Au(111) atomic orb|.tals.sh0\_/vs that while the total electronlq charge in
system and the bare surface have been aligned assuming ¢ BDT diradical increases by 0@@pon adsorption, the
same Fermi energy. We notice that the LUMO of the isolatedn@rge on the sulfur atoms is increased by only &,061-
diradical(Fig. 4) lies 0.72 eV below the Fermi energy for the PIYing @ net charge transfer from the gold surface to the
gold surface. When the molecule is adsorbed on the surfac&a"Pon ring of the molecule, with only a very small contri-
however, the molecular states are modified by the interad?ution to the sulfurs. This is consistent with the potential
tions with the metal and with the other molecules in the€nergy difference in Fig. 5, which shows no build up of a
monolayer, so that somewhat broad bands are forhi. potential barrier on the sulfur atoms, in contrast to what has
keep track of the molecular LUMO for the metal-molecule—P€&en found in previous worksin the sulfur atoms, however,
metal system, we analyze the states of the system searchiH%)ere is an important charge redistribution which involves
for states with charge distributions similar to those of the@/SO thed orbitals of sulfur. In particular, the total charge in
isolated LUMO. Within the resulting band of states we selecth® sulfurd orbitals increases from 0.85n the isolated BDT
the state with energy close to the average energy of the bangliradical to 1.12 in the surface-molecule—surface system.
The state found in this way is what we call the “LUMO” of We found this pehav!or also in 'Fhe case qf glkanethlols ad-
the diradical surface system. For BDT, this LUMGFig. 4 ~ Sorbed on a bridge site suggesting that this is a general fea-
is 0.16 eV belowEg, i.e., it has been pushed up in energyture of thlol-te_rmmat_ed molecules due to the hybrldlzatlon_ of
with respect to the LUMO in the isolated molecule, eventhe sulfur orbitals with the gold atoms of the surface during

though it is still below the Fermi level. Such a destabilizationth€ formation of the chemical bond.

may be attributed to the electron—electron repulsion in the _
filled levels. B. Local density of states

DOS [Arb. Units]
IS

Al aa
AT A R

Energy [eV]

Some insight into the electronic transport properties of
molecular devices can be obtained by studying the local den-
sity of states(LDOS) of the electrode—molecule—electrode
system at zero bias. The expression of the LDOS is

p(r,E>=2 |i(r)|28(E;—E),

where ¢; denote the eigenstates of the system &ndhe
corresponding eigenvalues.

Although the LDOS does not fully determine the zero-
bias conductivity, regions where the LDOS is depressed are
expected to be barriers for electronic flow. Moreover, the
spatial decay of the LDOS as a function of molecular length
is connected to the decay of the conductance for large gap
molecules;’ as we will see in Sec. IlIB 2.

1. Conjugated molecules

FIG. 4. (a) LUMO of the isolated BDT diradical(b) molecular LUMO in The LDOS in the in the middle of the carbon rng for

the Au111)-BDT—Au(111) system. The latter is delocalized all over the Au(:_l-ll)_BDT_Au(lll) as ?funCtion of the energy is shown
molecule, with a strong contribution coming from the sulfurs. in Fig. 7. We can see that in the energy range clogectthe
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FIG. 5. (Color) Top panel, difference
between the charge density of
Au(111)-BDT-Au(111) and the sum
of the charge densities of the isolated
1 3 % i o LIE- ' : : molecule and the clean surface. In
blue an isosurface for positive value of
the charge density difference, in red an
isosurface for a negative value. Notice
the similarity between the positive iso-
surface and the LUMO for the isolated
BDT. Bottom panel, electrostatic po-
tential  difference  between the
Au(111)-BDT-Au(111) system and
the sum of the electrostatic potential of
the isolated molecule and the clean
surface. All quantities are averaged in
the planes perpendicular to the axis of
the system.

Electrostatic Potential Energy Difference [eV]

Au Au 5 cc Cc¢c s Au Au

LDOS is different from zero. Similarly the LDOS & fur atoms on each side of the molecukég. 1). The results
=E along the molecular axiesee Fig. 8 shows states de- for both molecules are shown in Figs. 7 and 8, in comparison
localized throughout the molecule. with the BDT data. We can see that at energies clogegto

To understand the nature of the states at the Fermi erthe LDOS for DBDT is not significantly different with re-
ergy we studied how the LDOS changes for different typesspect to the BDT case. For the XYLYL molecule, instead,
of molecules, by considering the dibenzene-1,8-dithiolthere is a dramatic change in the LDOS, which is strongly
(DBDT) molecule, which has two benzene ringsg. 1), as  reduced near the Fermi energy with respect to the BDT case.
well as thea, o' xylyl dithiol molecule (XYLYL ), where a  Thus we expect that the conductance of the XYLYL mol-
CH, group is present between the benzene ring and the suécule should be much lower than the BDT dfle.

e
n — Tot
04 —— 8=s y

| =s
e
2
=
>
a8 FIG. 6. (Color) Projected density of
= states for A@111)-BDT-Au(111).
E. Thep orbitals in the sulfur atoms give
oy 02 . rise to a peak right below the Fermi
8 level.

-20 -10 0 10
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FIG. 8. LDOS atE along the axis of the molecule, averaged over planes
perpendicular to the axis. Top panel, BDT vs DBDT. For both molecules,
here are states at the Fermi energy delocalized over the benzef®.ring
Bottom panel, BDT vs XYLYL. For XYLYL, the LDOS drops to zero in the
region of the ring.

FIG. 7. LDOS in the middle of the benzene ring as a function of the energy.
Top panel, BDT vs DBDT. For both molecules, there are states in the middl
of the ring in a broad energy region around the Fermi enefgy=0).
Bottom panel, BDT vs XYLYL. For XYLYL, the presence of the GH
groups induces a gap of about 3.5 eV.

tom panel of Fig. § From this analysis we conclude that the

A rationalization of these results can be obtained in thdnteraction of sulfur with the gold surface gives rise to an
framework of the Newns—Anderson model of adsorpfion. antibonding state largely localized on the sulfur which lies
This model predicts that the atomic state of an adsorbat€!0Se in energy to states belonging to the benzene ring. The
interacting with a metal surface undergoes a splitting corref€sulting states are delocalized all over the molecule, as
sponding to a bonding and an antibonding combination wittshown by Fig. 4. For the XYLYL molecule, instead, the me-
the narrowd-bands, and a broadening due to the interactiorinylene group has a high HOMO—-LUMO gap which sup-
with the broads-band of the metal surface. If we consider asPresses the interaction between the sulfur and g, CThe
a first step the adsorption of a sulfur atdthe thiol head- delocalization over the molecule is thus lost, and no molecu-
group on the Au111) surface, the sulfup states are split lar states are present B . _
and broadened by the interaction with th@nds bands of A similar effect has been found by Lang and Avoliris
gold. These states should then interact with the delocatized cOmparing a benzene-1,4-diradicalBDR) with  1,4-
electrons of the benzenelike ringig,), so as to give rise to  dicyanobenzen€DCB): in this case the LDOS at the Fermi
a nonzero LDOS & in the middle of the ring. A necessary '@vel in the carbon ring of DCB is suppressed by the pres-
condition for such an interaction is that one of the states ofnce of the CN groups at the two ends of the molecule.
the adsorbed sulfur atom and the delocalized states in tHfe@lculations on the conductance of these two molecules
C¢H., molecule have similar energies. To check this, we calShow that indeed the suppression of the LDOS leads to a
culated the DOS for these two systeffig. 9). The adsorp- Much lower conductance in DCB than in BOR.
tion of sulfur (at the fcc sit¢ on Au(111) gives rise to a sharp
peak atE = —0.78 eV belowE,, corresponding to antibond- 2- Saturated molecules
ing Au—S states. This peak is mainly due to the sufur Electronic transport through alkanethiol monolayers on
orbitals, as shown by Fig. 6. On the other hand, the HOMQAu(111) has been extensively studied. Experiments show
and HOMO-1 of the gH, ring are right below the Fermi that the electronic current flowing across such monolayers
level, thus lying close in energy to the sulfur stésee bot- decreases exponentially with increasing distance between the
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FIG. 9. Left, top panel, DOS for Adll) and S/A§11l) (Er=0). The
adsorption of sulfur on gold gives rise to a peak right below the Fermi
energy E=—0.78 eV). Left, bottom panel, DOS for S/Al1) and GH, .
Remark how the peak given by the sulfur lines up with some |\ #GMO

and HOMO-1 of the GH, molecule. Right, shape of the state at
E=-0.78eV.

log(LDOS) at EF

electrodes, suggesting a tunneling mechanism for the elec
tronic conduction. The decay constant, that in vacuum is -16
~2.3 A1 has a different value that depends on the nature of

the molecule filling the gap. For alkanethiols the decay of theFIG. 10. LDOS atE¢ along the axis of the molecule, averaged on planes

Au Au SC CC CC CC CH

current can be described by perpendicular to the axis, and averaged over two, @Hits. Top panel,
log(LDOS) for C4, C8, and C12 with linear fit. Bottom panel, [@@OS)
=1 Oe_ﬁNN, for C8S2 C12S2, and C&Ex=0. Having one or two chemical bonds per

) . . chain does not effect the value gf The H and F atomic positions refer to
whereN is the number of methylene groups in the chain. the terminal H and F atoms.

Within the simplest model of tunneling through a one-
dimensional potential step barri@f heightV, and widthL),
the transmission probability for an incident electron of en-is 23.5°, in fair agreement with the experimental value of
ergy E=(%2k?/2m)<V, is proportional toe -, with 8 ~31°. The geometries for the other systef@8, C123 have
=2k=22m(V,—E)/%2. In the case of tunneling across been obtained from the one of C4, by adding successive CH
vacuum, the barrier height is given by the work function ofgroups, but without further relaxing the atomic positions.
the clean surface, while for a molecule sandwiched between From the exponential decay of the LDOS at the Fermi
two metal electrodes it can be approximated by the energgnergy (Fig. 10 we determine the decay ratgy=0.95
difference betweelt and the closest molecular orbital. In +0.01, where the error has been inferred from the difference
this way the barrier heightg,, becomes@y=|E umo between the3 values obtained from the C8 and the C12 data.
—Eg| for tunneling through the LUMO, or¢y=|Eg This result agrees well with the experimental data=1.2
—Enowmol for tunneling through the HOMO, while the mass As a comparison, the computed decay rate of the LDOS in
m of the electron is replaced by an effective electronthe vacuum for the clean Alill) surface is 2.2Z0.05 AL
massm*. which gives a value of the energy barrign this case coin-

A more accurate estimate ¢@fy can be obtained using cident with the work function ¢o=4.94+0.11eV. The ex-
DFT, by monitoring the decay of the LDOS calculated at theperimental value for the work function of gold is 5.31 2V,
Fermi energy along the alkane chafe performed calcu- while the value that we determine from the difference be-
lations of the LDOS for alkanethiol chains of different tween the electrostatic potential in the vacuum and the Fermi
length, C4, C8, and C12, adsorbed on thgJ4d) surface. energy is 5.27 eV.

As a first step, we have considered a full monolayer of C4 on  An experimental observation, which has to date no clear
Au(111) and optimized the geometry. Previous theoreticalexplanation, is the fact that for dithiol chains with two S—Au
studies’’?2 have indicated that alkanethiols on gold may contacts, one at each end of the chaiy, is significantly
preferentially adsorb at the bridge site. For C4 we find arsmaller than in the case with a single contdcthe experi-
adsorption energy of about 2.0 eV, while the tilt angle of themental data areBy=1 for the single conta&t and By
axis of the molecule with respect to the normal to the surface=0.57+0.03 in the double contact ca&EThis indicates that
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