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On the electrostatic potential profile in biased molecular wires
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The potential profile across a biased molecular junction is calculated within the framework of a
simple Thomas—Fermi-type screening model. In particular, the relationship between this profile and
the lateral molecular cross section is examined. We find that a transition from a linear potential
profile to a potential that drops mainly near the molecule-metal contacts occurs with increasing
cross-section width, in agreement with numerical quantum calculation20@ American Institute

of Physics. [DOI: 10.1063/1.1522406

I. INTRODUCTION jellium leads that a substantial part of the voltage drop oc-
curs along the carbon chain itself. Daméeal® have ob-

Molecular wires are molecules that bridge between metained similar results for a chain of gold atoms as well as for
tallic leads to form a nano-conductor whose current—-voltage molecular wire—phenyl—dithiol bridging between two
characteristic reflects the electronic structure of the moleculeyold electrodeé.In an earlier work, Pernast al® have de-

The conductance may be controlled via its dependence ormined that the potential along a model molecular wire is
molecular properties. Equally important is the use of suchlat in the absence of scattering centers, however these au-
molecular junctions as capacitive elements in nanoelectronthors have derived the local potential from a questionable
ics. local charge neutrality condition.

Understanding the behavior of such junctions under po-  Recently, Weberet al® have considered the voltage
tential bias is a prerequisite for elucidating their transportprofile across 9,10-Bis((2para-mercaptophenyl)-ethinyl)-
properties. The importance of this issue for the conductancgnthracene coupled to two Agiclusters. Their density func-
of molecular junctions was recently emphasized by Dattajonal theory calculations thus go beyond the assumption of a
and co-workers;? who have shown, within a simple structureless metallic electrode and take into account the spe-
extended-Hakel (EH) model fore, ' -xylyl dithiol bridging  cific properties of the bond between the molecule and the
between two gold leads, that the potential profilaposed  gold atom in its local environment.
on the molecule as input to the EH calculatidrad a pro- On the experimental side, Bachto&t al!® have used
found effect on quantitative as well as qualitative aspects o§canned probe microscopy of both single-walled and multi-
the calculated current—voltage characteristic. The best fit tsalled carbon nanotubéSWNT and MWNT, respectively
experimental results was obtained from a model that asgp measure the potential drop along such nanotubes connect-
sumed(a) a flat potential profile in the interior of the mo- jng between two gold electrodes. They find an approximately
lecular bridge, i.e., the potential drop occurs only at thelinear drop of the potential in a MWNT of diameter 9 nm
molecule-lead contacts ar®h) a symmetric distribution of \hile for a metallic SWNT bundle of diameter 2.5 nm the
the potential drop at the two contacts, i.e., for a total voltaggyotential is flat beyond the screening regions at the tube
@ the potential drops at each molecular edgedig. edges. It should be emphasized that these experiments cannot

This picture is supported by a recent model calculationye related directly to the above-discussed calculations. The
by Mujica et al,> where the Schitinger equation(on the  nanotube length is a few microns and impurity and defect
Hartree level was solved in conjunction with the Poisson scattering may be effective as is most certainly the case in
equation to yield both the electronic structure and the spatighe MWNT measurement. The flat potential seen in the me-
distribution of the electrostatic potentfalt was found that  {5)jic SWNT measurement is in fact a remarkable observa-
beyond a screening distance of the order of one to thregyy, implying a very long mean free patbe(L wm) for elec-
atomic lengths the potential is flat along the model moleculagons in these room temperature structures.
chain. _ _ _ It is clear from the above-described studies that while
_ Abinitio calculations with open system boundary condi-he computational methodology for evaluating the potential
tions reveal a different picture: Lang and Avodrisave gistribution on a biased molecular wire is available, a com-
found for a chain of seven carbon atoms connecting betweefjete understanding of the way this distribution behaves in
different wires is lacking. In this respect simple models that
¥Electronic mail: gert.ingold@physik.uni-augsburg.de focus on generic properties of conducting constrictions in-

0021-9606/2002/117(23)/10837/5/$19.00 10837 © 2002 American Institute of Physics



10838 J. Chem. Phys., Vol. 117, No. 23, 15 December 2002 Nitzan et al.

/ In the present discussion we assume that over the rel-
< evant length scale®f orderL) screening is described by a
/ Poisson equation

V2h=—4mp. (1)

y According to the cylinder symmetry of the molecule, the
y charge densityp(r,,z) depends on the radial distance

o o from the wire axis and the position along the wire. In
! 2 transversal direction, the charge density is assumed to be
determined by a given molecular electron distribution repre-

(l] L sented by a factoF(r;). The longitudinal part depends on

_ _ ~the potential along the molecular axis. The screening is then
FIG. 1. The general setup contains a molecular wire modeled as a Cy“ndedescribed b
of lengthL and diametewr between two perfect conductors with potentials y
®, andd,.

1

cluding molecular wires are useful. The calculations of Peryhich together with Eq(1) will allow us to determine the
naset al® provide such a model that is however hamperedpotential profile.

as already stated by the restriction of local charge neutrality. Any assumption about the functional form Bfr ) is in

The calculation of Mujiczet al® is also based on a generic fact an assumption about the confinement of the molecular
molecular model, however, by using a one-dimensional Poischarge distribution in the molecular cylinder and in our ge-
son equation for the electrostatic potential these authors tagreric model it is sufficient to take a form that reflects the

itly assume a molecular bridge whose lateral dimension ignolecular thickness-. Other details of (r,) are expected to
much larger than the screening length. In view of the facthe of secondary importance.

that the width of molecular wires is often just a few ang- In the three-dimensional Thomas—Fermi model for
stroms, such an assumption is overly restrictive. Clearly, thgcreening in a gas of electrons with chasyand massn,,
magnitudes of the lateral width of the wire and the screeningnhe screening length of Eq. (2) is related to the electron
length should be important generic quantities for this issuegensityn by
In this paper we present a simple model calculation that

takes the relative magnitudes of these variables explicitly )\:( Er \*2 @)
into account. We describe the model in Sec. Il and present 6mne’
the calculation in Sec. Il and some results and discussion i\t the Fermi energy
Sec. IV.
(37T2n)2/3h2
Il. THE MODEL F 2m, @

The molecular wire is modeled as a cylinder of length At metallic electron densitiex is typically of the order of
and diameter of order (the exact way in whiclr entersinto 1 A. To have efficient screening in a molecular system elec-
the model calculation is explained in the followingerpen-  trons(or holeg must occupy molecular states that are effec-
dicular to and connecting between two planar metal electively delocalized over the length of the bridge. Charge dop-
trode surfaces. As depicted in Fig. 1, the cylinder is orientedng by transfer from the metal electrode to the molecular
parallel to thez axis, with its axis going through the origin in bridge may be one source of such electrons. Their density is
the xy plane. The two electrodes are assumed to be ideaxpected to be considerably lower than metallic, implying a
conductors implying a constant potential on the entire surlarger characteristic screening length. We expect that a cal-
face of each electrode. We set the potentials at the left anculation based on Eqgsl) and(2) that uses metallic electron
right wire—electrode interface to bé&,=A/2 and o, density to estimate. will provide an upper bound on the
=—A/2, respectively. In view of Eq(2), this guarantees a effective screening in a molecular wire.
vanishing mean potential in theedirection and thus a neutral
molecule. Finally, we restrict the discussion of the potentiallll. THE POTENTIAL DISTRIBUTION
profile to blocking Junctions be_:tween electrodes and mol- Using the model described in Sec. Il, our problem is to
ecule so that no current is flowing. solve the equation

As in Ref. 3 we assume that the wire material does have
screening capacity, and is characterized by a screening length
\. It should be noted that the existence, nature, and size of
such screening length in molecular systems is an open ques- . .
tion with a progablygnonunique answgr. Molecules WFi)th Ia?rge'n the range 8<z<L subject to the boundary conditions
gaps between their highest occupied and lowest unoccupied &(r;,0)=A/2, ®(r,,L)=—A/2. (6)
molecular orbitals(HOMO and LUMO will obviously
screen poorly, while highly conjugated molecules with low
HOMO-LUMO gap will screen relatively well. D(ry,2)=Dy(2)+ ¢(r,2) (7)

1
qu)(rH,Z)ZFF(rH)q)(O,Z) (5)

It is convenient to decompose the full potential
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into a first term describing the bare potential 1

Z
5 L) ®

in the absence of a molecule and a second term which re- s
flects the additional potentiab(r,z) satisfying the bound-
ary conditionse(r,0)= ¢(r,,L)=0.

The resulting differential equation

Dy(2)=A| 5

1
Vzﬁf’(ruaz):FF(N)[@O(Z)*‘CMO,Z)] ) 0 ' . . .
0 20 40 60 80 100
may be solved by the Fourier ansatz L/ A

d?k ki mn FIG. 2. The deviations [cf. Eq. (15)] of the voltage profile from the linear
o(r, Z)= j ek 2 Q') )s|n( z) . (10 behavior is shown as a function of the ratio of wire lengtand screening
(277 length \. The four curves correspond ®—« [cf. Eq. (20)], o/L=0.05,
0.02, and 0.01 from the upper to the lower curve.
After expressing the bare potential profile in terms of a Fou-

rier series one arrives at

R 1 A This quantity is normalized such that it equals 1 if the volt-
dn(ky)=— K2+ (D)7 F(ky) age drop occurs entirely at the ends of the molecule while it
vanishes for a linear potential profile. Employing Ef3),
1+( 1)n R one may expresgin terms of the coefficients defined by Eq.
XA 2 d’n(kn) (11) (14) as
(2 ) /
6l2[ = F2 172
where - n___
o= T Z‘l n’(1+F,)° (16
|“:(kH)=J d?rie ®IMiE(r). (12)
IV. RESULTS AND DISCUSSION

For the potential profile along the molecular azds, only the  \nve now address the dependence of the potential profile
transversal integral over the Fourier coefficiemts(k)) is  on the width of the molecular wire and start with the limiting
needed which may easily be obtained from Erl). Due to  case of an infinitely thick molecule or, equivalently, a large
the symmetry of the bare potential only even Fourier coeffinumber of molecules in parallel present between the two

cients are found to contribute. We thus arrive at our mairelectrodes. Therf(r;)=1 and one finds from Eq14)
result describing the potential profile along the molecule

L 2
% F =(— . ()
2mn n 277)\n)
®(02)=Dy(z sin z|. 13
(02)=Po(2) Z 1+Fn) ( - @ g
The coefficients=,, accounting for the influence of screening Z sin(nx) 7 sinh(a(x—m)) x—m
are given by = 5y - — . (18
n=1 n(n“+a°) 2a sinh(am) 2a
1 d?k F(k) Eq. (13) yields for the potential profile
"\2) (2m)? K2+ (2mn/L)? L2y
1 Fd o 2 y ASW( 2\ )
=32, i FCr) Ko - "l (14 ®(0,2)= 2 “sinhL/2y) (19

whereK, denotes a modified Bessel function. In the limit of The deviation from the linear voltage drop can be quantified
very small screening length,— 0, it is possible to show by by inserting Eq(17) into Eg. (16). Evaluating the sum, one
evaluating the sum in Eq13) that the potential along the finds
wire vanishes and the entire voltage drop occurs at the inter- A2 A L 3 1
face with the electrodes. o= 1+24—2 9— cotl—( ) e

For the following discussion, it is convenient to intro- 2\) 2 sinh(L/2\)
duce a measure of the deviation of the voltage prdfi{®,z)  This result is shown in Fig. 2 as uppermost curve. In the
from the linear behavio(8). Since the integral ove®(0,z) limit of very large screening lengthh—, § vanishes,
—d,(2) vanishes for a neutral molecule, we use instead thereby indicating the expected linear voltage drop. On the

2 other hand, for very short screening lengiyw-0, & ap-

5= 172 dez(CI)(Oz)—QJO(z))Z . (15) proaches one and the entire voltage drops at the interfaces
A between wire and electrode.

112
(20)
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FIG. 3. The potential profile along a molecular wire computed from Eqgs.FIG. 5. The potential drop across a chain of six gold atoms placed between
(13) and (22) is shown for a screening lengtt/L=0.05. The thickness two gold electrodes as obtained from ab initio calculation in Ref. 6
parametew/L takes the values 0.0125, 0.05, and 0.5 from the almost lineardashed lingis fitted by a voltage profil€13) depicted as full line. The best
behavior to the voltage profile containing almost a plateau. fit was obtained folr/L=0.032 and\/L=0.052.

For the case of finite width, we employ the GaussianWith this result the potential profile can be evaluated numeri-
charge distribution cally according to Eq(13) while the deviation from the lin-
ear voltage drop is obtained from E{.6).

In Fig. 2, the deviations of the voltage profile from the
linear behavior8) is shown for different values of the wire

This function is not normalized and therefore describes gy ic\nessy. The uppermost curve corresponds to the limit of
charge Q|str|but|on Wlth_a d¢n5|ty.|n the center mdependen& thick molecular layerr— oo, which was discussed earlier.
of the widtho. Such a situation arises when the diameter ot o three other curves correspondattL =0.05, 0.02, and

gmolecular layer can 'be controlled'. Then, the charge d.ensitg_Ol from top to bottom. As these results demonstrate, a
in the center appears _m_the screening lengti contrast, N reduction ofo causes a reduction of indicating that the

the sqme_what unrealistic case_where the charge density Qbitage profile approaches the linear voltage drop. This be-
the wire 15 changed, the functidR(r,) would have to be 15iqr can be understood in terms of a reduction of screening
normalized. due to the reduced molecular layer. However, this effect be-

One advantage of the Gaussian distributi@d) is the ;05 only relevant for<L. As discussed earlier, the limit
fact that the coefficientél) may still be expressed analyti- ) _ g jeads to a constant potential along the molecular wire.

F(r))=exp —ri2a?). (21)

cally in terms of an exponential integral

. 1(0)2 » °°d e v
==|—] e u—
HVADY X u

0.5

(22)

(23

0.0

®(0,2)/A

0.5 T

0.0 02 0.4

z/L

0.6

0.8

1.0

Therefore, all curves shown in Fig. 2 tend #e=1 in this
limit even though this is not shown in the figure.

We now turn to a discussion of the voltage profiles them-
selves. Figure 3 depicts results obtained from #8§) using
F, from Eq. (22) and ®y(z) as defined in Eq(8). The di-
mensionless screening length = 0.05 implies for a typical
metallic screening lengtth =2 a.u. a wire length ofL
=20 a.u. The thickness parametdiL for the three different
curves are 0.0125, 0.05, and 0.5, where the voltage profile
becomes more and more linear @decreases. As already
mentioned, this may be understood in terms of the reduced
screening. Figure 4 shows similar results for a wire with a
ratio between the typical diameter and the wire length of
o/L=0.125. Here, the dimensionless screening length takes
the decreasing valuedL =0.25, 0.1, and 0.05 with increas-
ing deviation from the linear voltage profile.

In Fig. 5 we present a fit of our voltage profile to the
initio calculation of Ref. 6. A least square fit resulted in a
screening length of\/L=0.052 and a wire width ofr/L
=0.032. For a distancé of approximately 34 a.u., this
yields the reasonable value of 1.1 a.u. for the radial extent of
the electron density.

The parametersr/L and N/L employed allow for a

rather good approximation of the results of #iginitio cal-
culation. However, there are two significant differences. The
Friedel oscillations found in the quantum calculation cannot

FIG. 4. Same as Fig. 3 but for fixed thickness parametér=0.125 and
varying screening length/L=0.25, 0.1, and 0.05 from the almost linear
behavior to the voltage profile containing almost a plateau.
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be obtained within our classical approach. In a tight-bindingproblem to an effectively one-dimensional situation. The ac-

model description of the molecular wire, Friedel oscillationscompanying increase in screening causes a transition from a

naturally arise from a breaking of electron—hole symm#étry. linear potential profile to a situation where the potential

Second, the systematic shift between the two voltage profiledrops mostly at the interfaces between wire and electrode.

in Fig. 5 indicates that the wire in thab initio calculation  The other, less accessible molecular property is its ability to

was charged while our wire is always assumed to be neutratcreen a local charge. In the present model calculation we
It is obvious from these results that the ratio of the wirehave used a simple screening length parameter to model this

thickness to the screening length does constitute an impomolecular property, but further studies are needed for a better

tant generic attribute that determines the general behavior aharacterization of this property.

the potential bias distribution along a molecular wire. The
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