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Orientational dependence of current through molecular films
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We study the current through molecular films as a function of the orientation of the molecules in the film
with respect to electrodes. It may change by more than an order of magnitude, depending on the angle between
the axis of the molecules and the normal to the electrode. This is a consequence of a strong directional
character op orbitals that determine the conductance through the conjugated molecules. We demonstrate this
result on an exactly solvable model, and present the calculations for two different experimentally accessible
molecular films sandwiched between gold electrodes.
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The studies of organic molecules as possible electroniof particular molecules with very little resistance to the rota-
components and devices have grown out of the initial sugtion with respect to metallic surface. The present effect
gestion by Aviram and Ratnkinto a very active area of (change of the geometry of the metal-molecule contact
research, see, e.g., Refs. 2,3. One of the most important i§hould be distinguished from other geometrical effects
sues in this problem is the role of the molecule-surface inaused byntramolecular conformation changes. One possi-

terface. The geometry of the contatté, the type of ity discussed in Ref. 13, is to rotate a segment of a
57,8 d y yp mr-conjugated molecular wire. That would break the conju-

binding,”""and the molecule-electrode distant°were all ation and result in decreased conductance. Another would
found to affect the conductance significantly. In this papeng ;

we perform a model study of the effect of mutual orientationbe to rotate an active part of the molecule with respect to the
P y rest of it to effectively change the current path, which leads

of the molt_eculeg, and the electrodes on conductance. We f|n[ significant changes in resistance of the effective ciréuit.
that the orientational dependence of the current through mo-" | "o der to illustrate the geometric effect on current we

lecular films is much stronger than reported previously ingna|| first consider a simple model shown in Fig.(tbp
Ref. 10, and it should be taken into consideration in bOtI"bane). A molecular film is sandwiched between two three-
interpreting experimental data and designing possible Mogimensional electrodes, which are assumed to have a simple
letronic devices. _ _ _ cubic structure with one-orbital per site and the onsite en-
The simple argument in favor of a substantial orenta-grqy ¢ which we take as an energy origin. We assume
S . ’

tional dependence of the conductance is the large anisotroRyithout loss of generality, that the band in the leads is half-
of the molecule-electrode coupling. In most molecules thafieq so that the Fermi levelE- = e.=0. The hopping inte-

have been studied experimentally or theoretically so far, th%ral between the neighbors ist,. The “molecules” have

. . . : s
conduction is due tow-conjugated molecular orbitals only two p r-type atomic orbitals with the onsite energies
(MO’s). Such MO's extend over the whole molecule and,§ onning between thoseorbitals is—t.. . Those orbitals
facilitate the transport of electrons between the two elec;Jqq| 7-conjugated bands of organic conductors. The mol-
trodes. Since those MO's are made mostly of anisor@piC o a5 are allowed to rotate about the bottom “atom” and
atomic orbitals, the qverlap of the conducting MO’s with thereby change the angle between the main axis of the
electrode wave f“"_‘C“O”S strongly depends on the angle b nolecules and the surface normal. Aghanges, the orbit-
tween the main axis of the molecule and the surface normal, " .o 1 \4in oriented perpendicular to the mc;lecular “back-
In general, we expect the overlap and the full conductance tBone.” Because of that. the matrix element between a mo-
be maximal when the lobes of tiorbital of the end atom lecularp orbital and an electrodg orbital varies ags,sin 6,

at the molecule_ are orie_nted perpendicular to the surfac_e, a heret,. is a constant§p-hopping matrix element between
smaller otherwise, as dictated by the symmetry. An estlmatfﬁ1e molpecule and the electradeThe molecule-electrode

of th(.a effect can be que from the ge_neral_prope.rties of thBond lengths do not change with and the surfaces of the
p orbitals. The overlap integrals ofpeorbital with orbitals of two electrodes always remain parallel. Each molecule is as-

other types differ by a factor about 3 to 4 for the two sumed to have one electron per atom. The distance between

orientations: Slnce_ the conductan_ce is pro_portlonal to the he lowest unoccupied MQLUMO) and highest occupied
square of the matrix element, which contains a product o p ” .
L O (HOMO), or the “HOMO-LUMO” gap, is E,ymo
two metal-molecule hopping integrals, the total conductance _ . S .
L : —Enomo=2t,.. The middle of the gap is aligned with the
variation with overall geometry may therefore reach two or-

ders of magnitude, and in special cases be even larger. Th(‘:sh(:"m'(.:al potentlal Cif the leads at zero bias voltage0
(meanlng thake,= €,=0).

conclusion would be only valid when the electronic structure The current through the film at low temperatures is diven
of the molecule and the molecule-electrode distance does nBt a standard ex regsi’(?rfG P 9
change significantly while its orientation is being changed. y P

One can anticipate this to apply when the coupling to the 2le| [Ertlelviz P )
electrode is weak, as might be the case in some experimental = e dEZ t(E, k!, (1)
setups. The calculatiotfssuggest that there are attachements Ep-lelviz i
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with
Eig=+()t—A4, (6)
A=A(E K;V) = (t2/ts)cosk, sir?d, 7
I'=T(EKj;V)=(t2/ty)sink,sir?g, 8)
whereA,I'<E;— E,= 2t is the shift of the resonant levels,
- and their width, respectively. For nonzero bias the transmis-
' : sion probability is characterized by different line widths for
! hopping to the leftright) leadI’, (I'g), and Eq.(5) will have
6.0 | | a general form=,_, /' [r/[(E—E,)?+T?4]} with T
i =I' +I'g. If we were to neglect the dependencelbdfon
<40 i energy and?H, we would obtain
|
i e? T2
20 | — — Vesin', €]V <Eumo— Erowmo:
x10 ! I~ h t
0.0 wmimmmems 2 LR s elV>E ywo—E :
00 05 10 15 20 25 30 h rL+rR“S'”20' [e[V>Evumo ~ Evomo
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FIG. 1. Top panel: the molecular film between two leads with The low bias case corresponds to subresonant tunneling in-
simple cubic structure and oserbital per site. Only one molecule side the HOMO-LUMO gap, whereas the case of large bias
of the film is shown explicitly. Due to the symmetry of coupling to involves the tunneling through HOMO and LUMO. There is
the electrode§, the current is zero for t_he normal orientati®n ( g crossover in the angular dependence of the current through
=0) and maximal for the parallel orientatiod< 7/2) of the mol-  the molecule from sit¥ to sirfd with the bias. The current
ecules. Bottom panel: current per surface unit cell versus bias voltsgtrates at large bigwith further changes due to the den-
age for the filt angles)=m/2, /4, and /8, with the hopping ity of states in the leaglsand its angular dependence be-
{)a/ramete(;s;iﬁ b andtst,élnialrglitg?ré u/nr:ts (o). Biasisin units of -y ag Jess steep. This behavior is confirmed by the results of
o/|el, and the parametep= o <&/h. exact calculations shown in Fig. 1. It shows a dependence of

here the summation qoes over the surface Brillouin zone o urrent on the angle, which is stronger at small biases. The
w u lon g v u thouin z igaximum of the current corresponds de- /2, i.e., to the

}hi Ier?g ffrorn:)pe? t(;hf]\nr;eth, andttthﬁntranrsrg;gqi:on CoeffICIerP1orizontalorientati0n of the molecule in the filfbackbone
s fou om solution ot the scattering pro of the molecule parallel to the surface of the electrpdes

R . Exact results also show the nonmonotonous behavior of the
—ip—1, 2 ai(kz kR gj X K .
t(E,k)=iD Vz1UzR L5 sin’o), 2 current with the bias, when it is comparable to HOMO-

where LUMO gap, which comes fro_m the co_mplex bias dependence
of k,(r) through the dispersion relatiors).
D=(E?-t?)t2+ Etstgp(e“‘zt+ e'kzR)sir? g The _formula(5) is, obvioysly, a particular form of the
A Breit-Wigner formula and it should apply whenever the
+e (ke kRtd sirto, (3)  width of the resonances is much smaller than the separation

. between them. Thus, the results, Ef), are more general
and we assumé=1. Then, the band velocities arg (ry  and should qualitatively apply in more complex molecules
=2tssink; /), With k; (r) thezcomponents of the momenta 144, if the overlap between resonances is not substantial, al-

in the leads, which are found from though it is likely to be violated at high bias voltages.
lelv We llustrate the angular dependence on two types of
2ty cosk, gy =—E+(—) — 2ty(cosk, +cosk,). molecules, . penzer(d—,4)—d|th|olate (-S-GH4-S-)  and
2 a,a’-xylyl-dithiolate (-S-CH-CgH,-CH,-S-) placed be-

(4 tween two gold electrodes. Both of those systems were stud-
ied experimentally/*¥and theoretically; 81%1%2%ut mostly
assuming a particular symmetric position of the molecules
with respect to the surface. Those molecules attach strongly
to the gold substrate by thiol, -S-, end groups, which form a
chemical bond with Ad/*8 The strong bonding might well
r2/4 mean a substantial change in the electronic structure of the
|t(E,IZH)|2~ E , (5) molecule, because of a possible charge flow to/from the mol-
r=12(E—E,)%2+T'%/4 ecule bonded to a metéblectron reservojrdue to the dif-

It is instructive to analyze the transmission in the limiting
case of weak coupling to the electrodgs/t ,<1. The exact
transmission probability, Eq2), acquires the resonant form
for zero bias voltagey =0, whenk, =k,g:
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FIG. 2. Top panel: schematic of benzefed)-dithiolate mol- FIG. 3. Top panel: schematic of, o' -xylyl-dithiolate molecules

ecules positioned between two gold electrodes. Also shown is thplaced between two gold electrodes. Also shown is the LUMO of

LUMO of the free molecule found from the density functional the free molecules computed within the density functional theory.

theory. Bottom panel: conductance as a function of the tilt afigle Bottom panel: conductance of the film absorbed on thélal)
surfaces.

ference in their ionization potentials. Therefore, the follow-

ing calculation is rather the model study to illustrate the our numerical results are shown in Fig. 2. We have stud-
orientation effect, which may not be as strong in a particulaeq two different surfaces A1l and AU100), and two
setup’** compared to our calcualted effect. It is clear, hOW- hinding schemes, the “on-top” and the “hollow” positions.

ever, that the effect exists and may be large in situationg, ,q first case, the sulfur atoms are positioned directly on
when the coupling to electrodes does not strongly perturb thﬁ)p of the gold atoms at a distance of 2.39'%n the hol-

molecule itself. . . " )
olecule itse low case, the sulfurs are in symmetric positions with respect

In order to compute the conductance, we follow the sam .
general procedure of Ref. 16. The gold electrodes have begﬂ three gold atoms of the ALLY) surface, and with respect

described by a tight binding model with nire p, and d o four gold atoms of the AQ00) surface. I_n a]l four cases,
orbitals per each Au atom with the parameters from Ref. 21€ found the conductance to be a steadily increasing func-
The equilibrium molecular geometry is found by the total- tion of ¢. The ratioG(#/2)/G(0) is the h|ghest(=26) in the
energy density functional minimizatidd. The tight-binding ~AU(100-hollow case and lowest<(17) in the AU1ll-
parameters for the molecules and molecule-lead interfacd¥ollow case. The shapes of all curves are qualitatively simi-
have been taken from the solid-state table of elen']]énts' |a|’, while the hollow pOSitiOﬂ is 2 to 3 times more conductive
Consider the benzen@-4)-dithiolate film. We first place than the top position. Thus we observe a large orientational
the molecules perpendicular to the gold electrodes, as showgffect, which magnitude is rather insensitive to the electronic
at the top of Fig. 2. Also shown is one of the conductingstructure and geometry of the electrodes. This finding cor-
orbitals, the LUMO. For this orientation the conductanceroborates our main argument that the orientation of molecu-
should be small because tlpeorbitals, that constitute the lar p orbitals with respect to the electrodes is an important
LUMO (and the HOMO, which also condugtsare parallel factor in the problem.
to the surface and the overlap is the smallest. Next, we allow Next, we consider another molecule,
the molecules to rotate about one of the end sulfur atomg,a’-xylyl-dithiolate, see Fig. 3. Th&=0 position is cho-
while keeping the two surfaces parallel and both sulfur-goldsen to be the one with the S-C bond perpendicular to the gold
bond lengths constant. The molecules are rotated in suchsurface. Then, again, the angle between the S-C bond and the
way that the lines through pairs of hydrogen atoms, that arsurface normal is systematically changed in both directions,
symmetric with respect to molecules’ main axis, remain parwhile keeping the gold-sulfur bond lengths constant and the
allel to the gold surfaces. As the anglebetween the mol- two electrode surfaces parallel. Since this molecule is asym-
ecules and the surface normal increases, so does the overlagetric with respect to the S-C bond, the allowed interval of
of the sulfurp orbitals with the gold orbitals. Thus, we ex- the tilt angle is also asymmetrie; 0.47 < <<0.27 (positive
pect the conductance to grow with angle corresponds to the clockwise rotation of the mol-
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ecules. We have studied the Alill) surface and the two First, for some molecule-electrode pairs there may be more
binding positions of sulfur, the on-top and the hollow. Thethan one possible chemisorption mode. For instance, for thi-
computed conductance is shown at the bottom of Fig. 3. It i®lates on gold it was found in Ref. 12 that the hollow and
maximal at smallg and falls off upon tilting in either direc- 0n-top binding configurations are close in energy but have
tion. Such a behavior is readily understood if the spatiavery different surface-S-C bond anglesl80° and~105°,
structure of the conducting MO’s is taken into account. Infespectively. Consequently, the molecules may change the
Fig. 3 one of those orbitals, the LUMO, is shown. The hy_conf|gurat|on W.Ith temperature anpl/or unt_:ler other external
bridization of the sulfup orbitals with the rest of the mol- factors. According to our calculations, this may lead to a

ecule has led to the wave function having a preferential gisignificant change of conductance. Secondly, the tilt angle in

rection from the sulfur atoms towards the ring. Still, the S€f-@ssembled monolayers or Langmuir-Blodgett films, used

wave function retains itp character so that a strong anisot- in moletronics studies, is never exactly Zerand may de-
ropy of the LUMO-gold overlap is expected. Note that aC_pend on the temperature, pressure, and/or other parameters of

cording to Fig. 3, the precise direction of the wave functionpreparaﬂon' Thirdly, the angle may change during the mea-

is in slight misalignment with the S-C bond, which is chosenSurement PrOoess. For instance, in STM probes of single

= h . | q | ) molecule$* the position of the probing tip is not fixed with
as¢=0. The maximum overlap, and consequently maximumygqnact 1o the molecule and may record a distribution of con-

conductance, is therefore expected for a small negative qciance if the latter is strongly angle-dependent. Finally, a
precisely the behavior we obtained from the full numericalg,ite temperature always results in geometry fluctuations
treatment of the scattering problem. This detail indicates the, ¢ in turn lead to conductance fluctuations. Thus the present

adequacy of the present tight-binding parametrization.  echanism may be one of the sources of the temperature
The present results show that the orientational deDe”dependence of the conductance.

dence “molecule with respect to electrode” of the conduc- \gte added to proofThe evidence for a strong depen-

tance is a large effect if the conducting orbitals are extendefjgcq of electronic properties of the molecules as a function

m orbitals, and the contact with electrode does not strongly¢ heir orientation with respect to the electrodes has been
perturb the molecule itself. The effect derives from therecently reported in Ref. 25.

strong directional character ef orbitals. We have also stud-

ied several other systems of different complexity, both ana-

lytically and numerically, and obtained the results consistent We thank E. Emberly, A. Onipko, M. Ratner, R.S. Will-
with this simple picture. It is usually assumed that the geomiams, and our colleagues at Quantum Science Research
etry in molecular transport experiments is fixed, but theregroup, Hewlett-Packard Labs, for useful discussions. The
may be circumstances when the geometry can be changedork has been partly supported by DARPA.
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