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Negative differential resistance in the scanning-tunneling spectroscopy of organic molecules
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In the interpretation of scanning-tunneling spectroscopy data on molecular nanostructures the tunneling
conductance is often assumed to be proportional to the local density of states of the molecule. This precludes
the possibility of observing negative differential resistance~NDR!. We report here the observation of NDR in
the current-voltage (I -V) characteristics of a self-assembled monolayer of 4-p-terphenylthiol molecules on the
Au~111! surface measured using a platinum tip. We argue that the NDR arises from narrow features in the local
density of states of the tip apex atom and show that depending on the electrostatic potential profile across the
system, NDR could be observed in one or both bias directions.@S0163-1829~99!50712-1#
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Electron transport through molecular nanostructures
been widely studied in recent years, using the scann
tunneling microscope~STM! or the mechanically control
lable break junction.1,2 The tunneling conductancedI/dV is
commonly assumed to reflect the local density of sta
~LDOS! of the molecule:3 dI/dV;r(E5EF1eV), EF be-
ing the equilibrium Fermi energy. A more accurate descr
tion, as proposed in Ref. 1, is to take a weighted averag
the density of states:

dI/dV;hr~E5m1!1~12h!r~E5m2!, ~1!

wherem1 and m2 are the electrochemical potentials of th
two contacts, the factorh describes the voltage divisio
across the molecule:m15EF2heV and m25EF1(1
2h)eV. Based on this viewpoint, NDR, i.e., a negati
slope in theI -V curve, cannot occur since the density
states is non-negative. Experimentally, however, NDR is
ten observed for monolayers of long molecules se
assembled on the Au~111! surface~Fig. 1 and Fig. 2!.

A possible scenario that can lead to NDR at the atom
level was studied theoretically by Lang4 and experimentally
by Avouris and co-workers.5 The essential argument is that
there is a weak link between two parts of the conduct
system, each of which has relatively narrow features in
density of states in the energy range of interest, NDR
likely to occur. This is readily understood from the trans
Hamiltonian point of view,6 which relates the current to th
product of the density of statesrL andrR on the two sides of
the weak link. As the bias is changed, the current can
crease if two narrow features inrL andrR move away from
alignment. For the structure we studied~Fig. 2!, the weak
link is the STM tip-molecule junction. If the tip has a fea
tureless density of states, as is implicitly assumed in the d
vation of Eq.~1!, we would not expect this scenario to app
However, narrow features in the density of states can
velop in a realistic tip. This has been widely recognized
PRB 590163-1829/99/59~12!/7852~4!/$15.00
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the STM study of surfaces6 and has been used to explain th
NDR in the I -V characteristics of boron-exposed silico
surfaces.5 More recently, Yeyatiet al.7 have studied the elec
tronic structure of a sharp gold tip in the context of condu
tance quantization in the atomic-size gold contacts a
shown that narrow resonant states can develop at the tip
atom if the tip geometry is sufficiently sharp.

In this paper we present an explanation of the occurre
of NDR which takes into account~1! the electronic structure
of the sharp platinum tip~used in our STM measurement8!
and ~2! the electrostatic potential profile across t
tip/molecule system. Using a tip model similar to Yeyatiet
al.,7 we find narrow features in the LDOS of the tip ape
atom below the equilibrium Fermi energyEF @Fig. 3~a!#.
Since the LDOS of the molecule also exhibits sharp featu
we expect NDR to occur under applied bias. However, si
the narrow features in the LDOS of the tip apex atom

FIG. 1. ExperimentalI -V characteristics of the molecule show
in Fig. 2~a! as a function of the molecule-tip distance. A negati
differential resistance is observed for small tip/SAM separati
The set point voltage is25 V; the set point currents range betwee
3.05 nA and 30.5 nA.
R7852 ©1999 The American Physical Society
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below EF , NDR will occur only at positive sample bias
the electrostatic potential of the tip apex atom is the sam
that of the tip support. But NDR can occur in both bi
directions if a significant amount of the voltage is dropp

FIG. 2. ~a! SAM of 4-p-terphenylthiol on the Au~111! surface
~only one molecule is shown here for clarity!, also shown is the
STM tip. ~b! Electrostatic potential profile from the gold substra
to the tip support under applied bias~here we only show the case o
positive sample bias!.

FIG. 3. Illustration of how the narrow features in the LDOS
the molecule and the tip apex atom sweep past each other u
applied bias. The electrochemical potential of the gold substratem1

is taken as energy reference.~The LDOS curves have been horizo
tally offset for clarity.! Parameters used are the same as those
for the I -V calculation in Fig. 4~a!. ~a! At equilibrium, m15m2

5EF ; ~b! at negative sample bias, the LDOS curves of the m
ecule and the tip apex atom float down relative to the gold subst
~c! at positive sample bias, the LDOS curves of the molecule
the tip apex atom float up relative to the gold substrate. NDR
ready occurs before the sample bias reaches63.5(V).
as

between the tip apex atom and the tip support. We argue
for a very sharp tip geometry, this is likely to be true wh
the tip is close to the molecule. Since the tip is composed
a small cluster of platinum atoms, the screening length in
region can be much larger than that in the bulk and a
larger than the cluster size, making it possible to maintain
electrostatic potential drop between the tip apex and the
support under applied bias. Experimentally, NDR is o
served in both bias directions when the tip is very close
the molecule, in agreement with this theoretical scenario

Our model is illustrated in Fig. 2~a!. The self-assembled
monolayer~SAM! of 4-p-terphenylthiol molecules are syn
thesized using standard procedure.I -V data presented in this
paper represents the average of 25-50 consecutiveI (V)
sweeps taken at a fixed position on the sample.9 The SAM’s
attach strongly to the Au~111! surface through the sulfur en
atom forming a strong chemical bond with good orbi
overlap.10 The STM tip usually couples weakly to the mo
ecule, corresponding to the physisorption situation. As in
previous studies,1 we will use the extended Hu¨ckel theory
~EHT! to describe the whole molecule-STM system~ recent
justification for using EHT in the STM study of metal su
faces can be found in Ref. 11!, taking into account the
5d6s6p orbitals of platinum and gold.

Similar to Yeyatiet al.,7 we model the tip geometry as
small cluster of 11 Pt atoms stacked on the~111! surface of
the semi-infinite support.12 The tip is composed of a mon
atomic apex, a second layer with three nearest-neighbo
oms and a third layer with seven nearest-neighbor atoms@we
have also included 14 Pt atoms on the surface of the
support and 6 Au atoms on the Au~111! surface in the cal-
culation of I -V curves#. The on-site energies for the orbita
of the three layers of tip atoms are modified self-consisten
by adjusting the occupation number of each orbital to tha
the neutral atom until local charge neutrality is achieved
each atomic site, as described in Refs. 7, 11, and 18.

We calculate the current using the standard expressio13

I 5
2e

h E
2`

1`

dE T~E,V!@ f ~E2m2!2 f ~E2m1!#

.
2e

h E
m1

m2
dE T~E,V!, ~2!

where f (E) is the Fermi distribution,m1 ,m2 are the electro-
chemical potential of the gold substrate and the tip supp
respectively, withm25m11eV.14 The transmissionT(E,V)
can be calculated using the scattering theory of transpor
we shall describe shortly, but we can get more insight if
use the transfer Hamiltonian formalism6 to relate the trans-
mission to the local density of states on either side of
STM tip-molecule junction:

T~E,V!54p2uMLRu2rL~E2eVL!rR~E2eVR!, ~3!

whereMLR is the coupling matrix element andVL and VR
are the electrostatic potentials of the molecule and the
apex atom, respectively.

The LDOS of both the molecule and the tip apex ato
show narrow features@Fig. 3~a!#, which are calculated from
the Green’s function of the molecule/tip system using:15
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rmolecule~ t ip !52
1

p
Tr$Im~GS!molecule~ t ip !%, ~4!

whereG(E) is defined byG(E)(ES2H)5(ES2H)G(E)
5I , andS is the overlap matrix. The narrow features in t
LDOS of the tip apex atom can be understood qualitativ
from the fact that platinum is a third row transition meta
whose LDOS around the equilibrium Fermi energyEF is
mostly due to the contribution of the 5d orbitals, located
slightly below EF . For the given sharp tip geometry, th
coupling of the tip apex atom to its local environment
weak, so that the levels remain fairly sharp.

What is the electrostatic potential profile?Applying an
external bias changes the relative electrochemical pote
of the gold substrate and the tip support, which are assu
to act as infinite electron reservoirs. The electrostatic po
tial w(r ) also changes, whose value is determined by
Poisson equation¹2dw(r )5edn(r ). Only the change in the
electrostatic potentialdw(r ) needs to be calculated~which in
turn modifies the molecular Hamiltonian! since its equilib-
rium value has been included in the equilibrium Ham
tonian. The change in the electrostatic potential of each e
trode follows that of the electrochemical potential a
provides the boundary condition for the Poisson equation
is important to note that the three layers of tip atoms sho
be treated on an equal footing with the molecule when ev
ating the electrostatic potential change, i.e., the wh
molecule/tip system is viewed as an ‘‘extended molecu
sandwiched between the two electrodes. In the tip region,
electrochemical and the electrostatic potential can be dif
ent from those inside the tip support and from each othe16

In general, an external electric field will cause charge
distribution in the molecule/tip system, which in turn mod
fies the applied field until self-consistency is achieved. A
first approximation, we will neglect such charge redistrib
tion within the molecule/tip system, and assume that the g
substrate and the tip support act as two infinite parallel pla
of a capacitor. The electrostatic potential then varies linea
as shown in Fig. 2~b!. For simplicity, we assume that th
energy levels of the molecule simply float up by an amo
Vmol which is taken as a fitting parameter.17 The origin of
NDR can now be understood by examining how the narr
features in the LDOS of the molecule and the tip apex at
sweep past each other under applied bias~Fig. 3!. As evident
from Fig. 3, NDR will occur in both bias directions if w
assume a significant voltage drop between the tip apex
the tip support, i.e.,eVapex,eV.

It can be seen from Fig. 4~a! that this approach predict
the I -V characteristics quite well with four fitting parameter
namely the tip-molecule distance, the equilibrium Fermi e
ergyEF , the constant coupling matrix elementMLR , and the
electrostatic potential change of the molecule. We also
culated the transmission function using the scattering the
of transport~see page 148 in Ref. 13!:

T~E,V!5Tr$GL~E!GR~E,V!GR~E2eV!GA~E,V!% ~5!

which takes arbitrary sample/electrode coupling into
count. A better fit to the experiment can be achieved
taking charging effects within the molecule into account.
tight-binding theory, this can be done assumingVmol5V0
1Udnmol /e, whereV0 is the average electrostatic potent
y
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change of the molecule without charge buildup anddnmol is
the excess number of electrons in the molecule induced
the applied bias. Since the molecule is strongly coupled
the gold substrate, we can assume that it is in equilibri
with the gold substrate and obtaindnmol andVmol from the
following self-consistent equation:

dnmol5E
2`

m1
rmol~E2eVmol!dE2E

2`

m1
rmol~E!dE

5E
m1

m12eV02Udnmol
rmol~E!dE. ~6!

The charging energy for an isolated molecule,U0 , can be
estimated from the energy gapEg in the molecular optical
spectra, the electron affinityA, and the ionization potentialI
of the molecule:U05(I 2A2Eg)/2;0.75 eV, usingI 2A
;4 eV andEg;2.5 eV.19 In the present configuration, w
expect that the charging energy can be reduced significa
due to the presence of the semi-infinite substrate.18 In fact we
find that the best fit to the experiment is obtained withU
50.1 eV @Fig. 4~b!#.

In conclusion, we have presented a simple explanation
the NDR observed in the STMI -V characteristics of a self
assembled monolayer of 4-p-terphenylthiol molecules in
terms of the electronic structure of the sharp platinum
The major approximation in our theory is the use of t
extended Hu¨ckel theory and a simplified treatment of th
electrostatic potential variation. A central factor in unde
standing the NDR is the narrow features in the LDOS of
tip apex atom which has been noted by other authors
different contexts. However, this alone is not enough to

FIG. 4. ~a! I -V characteristics calculated using the trans
Hamiltonian theory for tip-molecule distance53.50 Å . Parameters
used are uMLRu258.231028 (eV)2, EF5211.05 (eV), and
Vmol50.4 V. ~b! I -V characteristics calculated using the scatter
theory for tip-molecule distance53.50 Å , EF5211.15 (eV).
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plain the occurrence of NDR in both bias directions. ND
for negative sample bias can be understood only if we al
for an electrostatic potential drop between the tip apex
the tip support. This is possible for very sharp tip geometr
where the screening length is large. But if the tip is relativ
flat, the potential drop between the tip apex atom and the
support will be reduced. Indeed, experimentally for some
our tips we do observe NDR for positive sample bias on
However, even with these tips, we often observe NDR
both bias directions when we move the tip closer to the m
ecule, indicating a significant increase in the potential d
between the tip apex and the tip support. It is not clear to
why the potential drop should increase significantly, sin
the distance range by which the tips move is relatively sm
r
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We believe that a more complete theory is needed that ev
ates both the electron density distribution and the poten
variation self-consistently for the entire electrode/sam
system, along the lines described by Lang.20 This is currently
under investigation. Our main purpose here is to show t
the electrostatic potential profiles play a crucial role in det
mining the shape of theI -V characteristics of molecula
nanostructures—a role that has not been adequately re
nized.

This work was partially funded by the National Scien
Foundation under Grant No. 9708107-DMR. One of
~R.R.! would like to thank Norton Lang for a stimulatin
discussion during the very early stages of this work.
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