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Electronic transport through occupied and unoccupied states of an organic molecule on Au:
Experiment and theory
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Scanning tunneling spectroscof§TS measurements on highly ordered double layers of the planar organic
molecule hexageri-hexabenzocoronene g on Au(100 are presented and compared to a theoretical
characterization of the electronic conductance based on a combination of the Landauer transport formalism
with a density-functional-parametrized tight-binding scheme within the local density approxintabey).
Tunneling spectroscopy data have been recorded within an extended voltage rangéof/. In thisroom
temperatureSTS experiment it was possible to derive not only the energetic positions of the frontier orbitals of
a molecular species from tunneling spectroscopy but also the energies of the molecular states next to these
frontier orbitals. To achieve a satisfactory agreement between experiment and theory a scaling parameter is
necessary which compensates for the underestimation of the electronic energy gap in LDA.
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[. INTRODUCTION positions of the frontier orbitals of a molecular species from
tunneling spectroscopy but also the energies of the second
Currently, there is intense research activity in the field offilled and second empty molecular state. The sample surface
highly ordered organic thin filnts® motivated by the prom- was imaged in STM measurements. The high degree of order
ising physical and chemical properties of these noveWithin the molecular film enabled us to record STS data for
materials’ Scanning probe microscopy offers the possibility & stable well-defined tunnel junction. The normalized differ-
of probing physical properties with high spatial resolution. Inential conductance curves obtained from the measLi&(
particu|ar' Scanning tunne“ng microsco@TM) and scan- data(Wthh reveal four peaks in Correspondence to the ener-
ning tunneling spectroscop{BTS can be used to combine getic positions of the four molecular statese compared to

structural characterization with probing the electronic signatheoretical calculations using different STM-tip geometries.
ture of the organic compounds on a molecular scale. Al-The theoretical treatment is based on the Landauer approach

; o ; ; lectronic transport combined with a tight-binding-like
though a number of STS investigations on organic material® © 820,31 . .
have been published in recent years, most of the authOt%Chemel' based on a density functiondDFT) param-

observed electron transport only through the frontier orbitalsetrlzatlon within the local density approximati¢hDA) for

. L X : characterizing the electronic structure of both the HBC mol-
of the organic specids.e., through the highest occupied mo- .
. ; ecule and the electrodes. A satisfactory agreement between
lecular orbita(HOMO) and the lowest unoccupied molecu-

. . experimental and theoretical conductance spectra can be
lar orbital (LUMO)]. In particular, at room temperature the b b

achieved by introducing a scaling parameter which compen-
contributions of the second filled and second unfilled mo- Y 9 gp X

_ . sates for the underestimation of the HOMO-LUMO gap, a
lecular orbitals to the tunneling current have been measureg .t well-known in DFT on the LDA levei2—24

in only a few studie§° Large flat hydrocarbons like hexa-
peri-hexabenzocoronen@BC, structural formula shown in
Fig. 1) are useful as relatively simple model compounds
which have been shown to grow in large ordered domains
and which have interesting electronic properite¥ The
growth of HBC and derivatives on different substrates like
Au(111), highly oriented pyrolytic graphitéHOPG, and
metal dichalcogenide’$;'® as well as scanning tunneling
spectroscopy measurements of plirand alkyl-substituted
HBC (Ref. 17 have already been published.

Here, we report a combined experimental/theoretical
study of STS measurements on highly ordered HBC double-
layer films at a A@100) surface. In contrast to previous STS
measurements on HB®ef. 16 and 1Ywe present scanning
tunneling spectroscopy results which have been recorded at
room temperaturewithin an extended voltage range of FIG. 1. Structural formula of hexperi-hexabenzocoronene
+2.5 V. This enables us to derive not only the energetiqC,,H;5, HBC).
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In Sec. Il the experiments are described and the experistep size 25 mV per 0.5 mss applied with the feedback
mental results are presented. The theoretical approach is iteop being switched off. Each-V curve is averaged over
troduced in Sec. lll. Finally, the theoretical results are dis-two voltage sweeps ramping the bias voltage down and up,

cussed and compared to the experimental findings. respectively. It was checked carefully that the averaging of
the twol =V curves did not produce any artificial structure in

Il. EXPERIMENT the §pectra. There were also no limitations due to the dy-

_ _ namic range of the current amplifier for the data presented in

A. Sample preparation and data processing this article. The bias voltage was applied to the sample in

All experiments were carried out at room temperature an&uch a way that at positive voltgges electrons tunnel from the
under ultrahigh vaccum(UHV) conditions in a three- tiP t0 the substrate. For the interpretation of. the spectro-
chamber organic molecular beam epitaxy devicad lock, ~ SCOPIC data presented here, the normalized differential con-
growth chamber, STM chambedescribed in Ref. 13. A ductance of the measuréetV curves[(dl/dV)/(1/V)] was
Au(100 single crystal was used as a substrate. This choicgalculated, which is known to be related to the density of
of crystal orientation was originally motivated by the ques-States. This quantity was originally introduced by Feenstra,
tion of whether the STS results are influenced by differentStroscio, and Fefii for the discussion of STS experiments
molecular arrangements on 00 and Au11l), respec- ©n inorganic semlconduc_tor surfac_es. Since then it has also
tively. However, the STS results presented in this paper wer8€€n widely used for the interpretation of STS data measured
obtained for approximately the same HBC lattice as in ouiN organic molecule¥:**~**For the calculation of the dif-
previous study of HBC on A@11),* but in contrast to this ferential conductance the measulled/ data were approxi-
earlier study we have now been able to measure reproducib/@ated stepwise by a polynomial fit. To avoid singularities in
|-V characteristics in an extended voltage range. Prior tdhe normalized derivatived|/dV)/(1/V) atV=0, we added
deposition of HBC, the crystal was prepared by repeate@ sm_all constant to the value bfV following the procedure
cycles of argon ion bombardmelsputter ion source ISE 10 Of Prietschet al*°
(Omicron, beam energy 600 eV, focus voltage 512 V, emis-
sion current 10 mA, sputter time 30 min, normal incidehce
and subsequent annealiri§70 K, 30 min. The Au100
crystal was used for a number of deposition experiments. A series of HBC on A@l00 samples with varying film
Before each experiment the surface was prepared by at leaickness was investigated by STM and LEEDw energy
one sputter/annealing cycle. Annealing a HBC coverecelectron diffraction. For deposition times of 60—70 s at the
Au(100 crystal at 870 K without sputtering the surface be-above-given cell temperature, the surface was uniformly cov-
fore was not sufficient for the preparation of a clean goldered by a less densely packed distorted hexagonal monolayer
surface: Deposition of HBC on the ALOO) crystal when it (lattice dimensionsi=b=16.1 A, 2 (a,b)=62.2°). At this
was just annealed after previous HBC film growth but notcoverage one could switch between imaging the HBC lattice
sputtered, did not result in the formation of ordered films.and the underlying A@O00 surface, respectively, simply by
Residual HBC fragments are likely to be present on the surehanging the tunneling parameters. At deposition times
face when it is only annealed. larger than 70 s the HBC structure changed to a densely

The annealing temperatures of the crystal and the tipgacked true hexagonal phase=(b=14.2 A, /(a,b)
respectively, were measured using a thermocouple whick60.0°). Unfortunately, it was not possible to obtain repro-
was calibrated before by the use of an infrared radiation pyducible STS data for monolayer HBC films.
rometer and a test sample. The organic films were deposited The monolayer growth scheme allows one to estimate the
by evaporation from low flux sublimation cells at a cell tem- deposition time necessary for the growth of a 2-ML sample.
perature of 675 K choosing a deposition time of 130 s. Thdn the case of nominally 2-ML coverage we were able to
deposition rate was about one monolayéil ) per minute.  obtain reproducible STS data. Films thicker than nominally
The STM/STS measurements were carried out with a room2 ML have not been investigated. FiguréaR shows a
temperature UHV-STM systerf©Omicron STM/AFM using 100 nmx 100 nm STM image of such a 2-ML film of HBC
two different types of tips: Tungsten tips were electrochemi-on Au(100). Steps of the underlying At00 surface are vis-
cally etched from tungsten wiré0.25 mm in diameterin  ible in the upper right-hand corner of the scan. With the
NaOH solution and rinsed in distilled water and pure ethaexception of the single defect in the left part of the STM
nol. Gold tips were simply cut from pui®9.99% gold wire  image, the surface is uniformly covered by the HBC film.
(0.25 mm in diameter After transferring the tips into the Scanning other parts of the surface gave similar results. Fig-
vacuum system, all tips were annealed at about 870 K. Tungire 2b) shows a 20 nmrr20 nm scan of a 2-ML HBC film
sten tips were also sputtered with 2-keV*Aiions to remove  imaged directly before recording the tunneling |-V data pre-
the oxide(focus voltage 512 V, emission current 10 mA, ion sented in Fig. @).
beam aligned with the tip axis, sputter time 20 jnifunnel- Tunneling spectroscopy measurements have been per-
ing spectra were obtained in single point spectroscopy modéormed on highly ordered films of HBC on ALOO) of 2 ML
i.e., the actual scan is stopped and the tip is moved to ththickness. A constant current STM image of such a sample is
desired position with the feedback loop closed, thereby adgiven in Fig. 2 showing the hexagonal arrangement of the
justing the tip—sample distance. After a certain deld@0  molecules. This densely packed arrangement guarantees a
ms) to allow for stabilization of the system, a voltage ramp high degree of stability of the film when moving the tip over

B. Experimental results
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FIG. 2. (a) Constant height
STM image of two monolayers of
HBC on AU100) (size=100 nm
X100 nm, V=0.65 V, 1=0.05
nA). (b) Constant height STM im-
age of a 2-ML HBC film imaged
directly before recording the
tunneling |-V data presented in
Fig. 3@ (size=20 nmx20 nm,

" b V=0.7 V, 1=0.05 nA).
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the sample surface and when recording Ith¥ data. Figure conductancéFig. 3(d)] reveals four peaks. Besides the peaks
3(a) shows twol-V curves measured for two different at +1.8, —1.4, and—2.0 V, which are still clearly visible
(fixed) tip—sample distances at the same lateral position. Foin the spectrum, an additional peak is now accessible at
this experiment a tungsten tip was used. The separafi;m +2.2 V. Again, due to the normalization, the results of this
determined by the tunneling parameters, i.e., the tunnelingnodified procedure nearly coincide in both energetic posi-
current and the applied bias voltage, when the feedback looflon and height with the former results shown in Figo)3n

is switched on. In the case of Fig(a these are 0.05 nAand the common voltage range. This is even more remarkable
0.7 V, respectively, which were also typical parameters forconsidering the fact that the-V curve in Fig. 3c) was mea-
imaging the sample. The corresponding normalized differenSUred using a gold tip instead of a tungsten tip, proving that
tial conductance curves presented in Figb)3reveal two the results are indeed tip-independent. Furthermore, it also
peaks within the voltage region of 1.8 to +2.0 V. The allows a direct comparison of the experimental data with the

peak positions arg-1.8 and—1.4 V. Then, the tip—sample theory which assumes a tip consisting of gold atofsee

. . . . Sec. ).
sehpara:]lor} wgts) mkclreased by chan_glng rfhp!ezo—volt?ge STS results which were independent of the tip material
when the feedback loop was open, .., the tip—sample sepgq o reported also for metdl)-tetraphenylporphyrins on
ration is not only determined by the tunneling parametersy

o u(111) using Pt/Ir- and tungsten tigs.
before switching off the feedback loop but also by the gefore turning to the theoretical calculations the question

change in the piezo-voltage, leading to an increase in theof 5 potential drop at the molecule—substrate interface should
gap distance by nominally 2.5 A. At this larger separationhe addressed. This problem was discussed in several
the applied voltage range could be extended#@.0 V. publication%31=32 Unlike other authors who considered
without overmodulation of the current preamplifier. Within such a bias-dependent potential drop in theoretical
this range three peak positions in the normalized differentiatalculations® or used it as a fitting parameter when compar-
conductance were found, with two peaks being identical tang calculated and experimentally obtaineeV curves®3
the positions at the smaller tip—sample separati@n, +1.8  we assume that in the case of HBC on(A00) the applied
and —1.4 V). The third peak is observed at2.0 V. For  potential is dropped entirely between the molecule and the
better visibility, the two curves in Fig.(B) are vertically  tip. This assumption is supported by our recent ultraviolet
shifted relative to each other by an additive constant of 5. Iphotoelectron spectroscop§PS/STS study of HBC on
is worthwhile to note that otherwise the two curves wouldAu(111).1° Therein, the HOMO position of HBC on Afli11)
nicely fall on top of each other due to the normalizationwas derived from the STS measurements with the assump-
applied, indicating that the normalized results are indeed intion that there is no voltage drop at the molecule—substrate
dependent of the actual sample—tip separation as expectediiterface. The thus obtained HOMO position was in perfect
the results are thought to be related to the density of states.agreement with the value obtained in the UPS measurements,
Recently we found that a modification of the data acqui-thereby justifying the assumption made. These observations
sition procedure allows us to extend the bias voltage rangere similar to the results of Scudieeb al, who found excel-
up to = 2.5 V without amplifier overmodulation: the tun- lent agreement between STS and UPS data for fhigtal
neling parameters were changed from 0.05 nA/0.7 V taetraphenylporphyrins on Ali11).2
0.2 nA/-1.5 V beforeperforming the STS measurements  Another finding supporting the absence of a bias-
(i.e., with the feedback loop being cloggethereby readjust- dependent potential drop at the molecule—substrate interface
ing the tip—sample distance. The correspondiny curve is s that the peak positions in the curves in Fi¢b)3are iden-
shown in Fig. 8c). In this case the normalized differential tical, although the two curves were measured for different
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FIG. 3. (a) -V curves measured for two differetfixed) tip—sample distances at the same lateral position measured with a tungsten tip.
The separatioz; (black curve is determined by the tunneling parameters0.05 nA andU=0.7 V. The separatiom, (gray curvewas
adjusted by changing the piezo-voltage when the feedback loop was open. The distands nominally 2.5 A larger tharz;. (b)
Normalized differential conductance curves calculated from the dafa.ifror better visibility the two curves itb) are vertically shifted
relative to each other by an additive constant dfchl —V curve measured with a gold tip. The tunneling parameters were changed from 0.05
nA/0.7V to 0.2 nA~1.5 V before performing the STS measuremefits., with the feedback loop closgdthereby readjusting the
tip—sample distancéd) Normalized differential conductance curves calculated from the dat@.in

tip—sample separations. If there was a fraction of the bia3he functionT(E) is defined as:

voltage which is dropped at the molecule—substrate interface

this fraction should change when increasing the tip— T(E)=Tr(G},TrGuTL). 2
molecule separation. This change would then cause different

peak positions for different tip—sample separations. The molecular Green functioB,, has to be determined by

solving a Dyson equation. In a nonorthogonal basis represen-
IIl. THEORY AND COMPARISON WITH EXPERIMENT tation the latter takes the form

A. Landauer formalism and density-functional-based -
tight-binding approach (zSy—Hm—2.(2)—2R(2))Gn(2)=1, z=E+i0",

. . (3
According to the Landauer thedy® the two-terminal
linear-response conductanGeof an object coupled to leads whereH,, andS,, are the molecular Hamiltonian and over-

at zero temperature is proportional to the transmission probap matrices. The self-energigs,(z),a=L,R of the left(L)
ability T(E), calculated at the equilibrium Fermi enerBy  and right(R) leads appear after partitioning out the degrees

of the whole systentleads plus obje¢t of freedom of the electrod&and contain information on
) the coupling between molecule and leads as well as on
_ Zi the electronic structure of the leads. They have the matrix
G= T(Es). (1) .
h representation,
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3u(2)=(ES, y—VLWGu(2(ES,m—Vom). 4  a) b)
The matricesV, , andS, \ are Hamiltonian and overlap —
matrix elements between molecular orbitals and lead orbitals
and G,(z) is the Green function of thexth semi-infinite © O tip (pyramidal)
lead. For simple electrode geometries, e.g., cubic lattices o
analytical expressions for the Green functiGr(z) can be 0000 (00 (0000
found. For more complex geometries several numerical pro-
0000 (010 (0000

cedures have been developed. In this paper we use an a|
proach based on decimation techniqie® The functions QOO0 Q00QOQO
I',, entering Eq.(2) are weighted surface densities of states OO OO OO0 00O
of the leads and are defined as

Au(100)

' (E)=i(2(E+i0")—3 (E—i0")). (5) lead

In order to determine the object—lead coupling and the [, 4. (3 Side view of the tunnel junction showing the

corresponding overlap matrices needed in @.we follow  Ay(100) substrate, two HBC molecules and a pyramidal @i .Top
a procedure introduced in Refs. 39 and 40 and consider gew of HBC on AW100. For simplicity only one monolayer is
“supercluster” consisting of the molecule plus some relevantshown. Two squareabeled 1 and Rindicate the cross sections of
atoms belonging to the electrodébe number of relevant the 2x2 - STM tip at positions used in the transport calculations.
atoms is basically determined by the range of the coupling
matrices. From the Hamiltonian and overlap matrices of this
“supercluster” the coupling matrices can be extracted. They
are thus treated on the same footing as the Hamiltonian ma- The transport geometry we consider consists of a gold
trix of the object. In particular, changes in the topology of thesubstrate with the(100) orientation and two monolayers
lead—molecule interface are automatically included. of HBC (HBGC,, each monolayer contains a single HBC
To solve Eq(3) a characterization of the electronic struc- molecul§ on top of it at a distance of about 3.2 fsee
ture of the molecule and the leads is necessary. We use Fig. 4(a)].
tight-binding-like scheme based on a linear-combination-of- The arrangement of the two HBC layers relative to each
atomic{valence orbitals (LCAO) ansatz, with matrix ele- other cannot be derived from our STM and LEED measure-
ments parametrized by DFT theory on the LDA level. Thisments. There is also no HBC bulk plane with flat lying mol-
approach has been extensively applied to study the electronigjes from which this arrangement could be derived. On the
and structural properties of a large variety of matetfes _ other hand, molecular mechanics calculations have been per-
and, recently, for investigating electronic transport propertie$ymed for a single HBC molecule on HOP@® These cal-
of Sma||4230d'“m clustefs and carbon-based molecular ¢jations revealed that the HBC molecule is arranged on the
junctions.“ We therefore refer to the literature cited for more yopG surface as if the carbon atoms of the molecule were
details of the method. The LCAO basis used in these Calc%elonging to asecond graphite layer. Since the HBC mol-
lations consists of thes2p orbitals for carbon, thedorbit-  ocyje of the first layer resembles a cutoff of graphite, the two
als for hydrogen, and only theséorbitals for gold. The in- g monolayers in the calculations presented here were ar-

clusion of the $5d orbitals for gold did not appreciably ranged in anA—B stacking similar to the order of the basal
change the results, at least in the experimentally accessiblﬁanes in graphite.

region around the HOMO-LUMO gap. The bond lengths of the isolated HB6tructure were first
Finally, the transmission function determines the Cu”e”t—optimized using the DFT—LDA—LCAO approach mentioned
voltage dependence via the equatifor zero temperatuje previously —combined with  conjugated  gradient
C ey technique€®?! A layer-layer separation of 3.66 A was
(V)= EJ Fre T(E)dE (6) found, indicating that the HBC layers are only very weakly
h Je ' coupled. For a single molecule the HOMO and the LUMO
o ) states are twofold degenerdfeDue to the interaction be-
where an explicit voltage dependenceTdE) is neglected. tween the monolayers, this degeneracy will be partially
By choosing the integration limits as in the above-given ex4ifted. Nevertheless, because of the weak interlayer coupling
pression we are implicitly assuming that the applied potentiaihe splitting is almost negligible. The resulting gap between
is dropped entirely at the molecule—tip interface while theqomMO and LUMO was determined to be 2.62 eV, which is
molecular pOtentIal is fixed with reSpeCt to the gOld Sub'sma”er than that Suggested by Optical absorption experi_

B. Transport through a HBC double layer

strate, as discussed in Sec. IIB. _ ments where a value of around 2.8 eV was found for the first
From Eq. (6) the (normalized differential conductance ajlowed optical transition® In order to make an estimation
can be obtained as for the HOMO-LUMO separation based on the optical ab-
5 sorption onset energy one would still have to add another 0.4
dinl _ 2e—VT(E Loy (77 €V (Ref. 16 as the contribution of the exciton binding en-
dinV hi F ' ergy, resulting in a gap width of approximately 3.2 eV.
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10° : : : : : : The basic feature found for a pyramidal tip geometry is

' that the LUMO resonance shows a transmission about one
order of magnitude smaller than the HOMO. The HOMO
resonance is narrower for position 2, probably due to the low
charge density at the center of the rings. Structures showing
up within the molecular HOMO—-LUMO gap as small spikes
are gold states resulting from finite-size effects in modeling
the gold surface.

In contrast, for a X 2 square tip both HOMO and LUMO
resonances show almost ideal transmission. A tip with a
larger cross section ¢83) does not further influence appre-
ciably the conductance spectruffig. 5. This behavior ap-
parently differs from the results reported in Ref. 44 where
T(E=E_ymo) is about two orders of magnitude smaller than
T(E=Epomo) for a large square surface. The differences
may be related to the approximations used in the two differ-
ent approaches but also to differences in the geometrical

FIG. 5. Transmission probability(E)=G/(2€?/h) as a func-  Structure and symmetry of the transport setoetallic elec-
tion of the injected electron energy for two monolayers of HBC ontrodes plus molecu)ewhich could lead to different coupling
top of a AU100 surface. The curves correspond to different STM strengths of the molecular resonances to the electronic states
tip geometries: pyramidal tips and square tips at positions 1 of the electrodes and thus to different contributions to the
and 2(see Fig. 4 above the molecule. Square tips with a larger transmission amplitudes. In order to make connection with
cross section (8 3) did not change the results appreciably. Vertical the STS experiments the normalized differential conductance
dashe_d lines indicate the positions of the HOMO and LUMO Ievelsd In1/dInV was computed. A central point here is the deter-
of an isolated HBC double layer. mination of the Fermi energy. For this an accurate electronic

band structure of the substrate and the tip as well as the
Although effects related to charge transfeot included in  charge transfer at the molecule—lead interface should be
our methodl could further affect the calculated gap, we be-known. As suggested by Dattat al3® the Fermi energy
lieve that the main source of the gap underestimation stemsiight be used as a fit parameter. However, to obtain a first
from the LDA treatment of the exchange and correlationapproximation, we used the extended cluster defined at the
functional. This is indeed a well-known effect of end of Sec. lllA. The Hamiltonian and overlap matrices
DFT—LDA.?%23 were constructed and the associated eigenvalue problem was

The gold substrate was modeled by a slab of 81 atoms igolved. After appropriately populating the electronic states,
the stacking sequengeBAB- - - and with a finite cross sec- the obtained HOMO level at about4.74 eV was taken as
tion. The Au-lattice constant was chosen at 2.78 A. Thean approximation to the Fermi energy. This is too close to the
STM (gold)-tip was positioned vertically above the mol- Vacuum level comp_ared to the experimentally known value
ecule. The distance between tip and HB®as fixed at for the work function of the bare A@00 surface of

45 i i
2.50 A. No further structural optimization of the combined —>-2 €V~ However, due to the existence of a surface di-
substrate—HBG-tip system was performed. pole, the workfunction of a HBC film on gold would provide

P - better reference point for thealculated Fermi energy of
In order to check the sensitivity of our results to different 2 .
y he system. The latter value was determined-as5 eV?®

t(lf)) asltrzu; tzurseslil;rr]erzeIthiI(:ne]z:()a ;Ip gf;rrr;r;de;rllt?[is V\\//v?trﬁ g;]veeztt'gr?qte&rherefore, the calculated value is in fact slightly too far from
q by P the vacuum leve{approximately by 0.25 eV).

on 'top of the 22 square Iatuqe, .an(iu) a 3X3 square In Fig. 6 the voltage dependence of the normalized differ-
lattice. In Fig. 5 several transmission spectra for HEe  ia) conductance is compared to the experimental data for
shown. Different positions of the tip on the molecule were, gitterent tip geometries. We are mainly interested in the
tested, but for a fixed tip geometry the transmission is quitg,eak positions. Peak widths are determined in the theory by
insensitive to thelatera) tip position, at least concerning the the coupling to the electrodéwvhich is rather weak while
energy region around the HOMO-LUMO gégee Fig. 3. in the experiment different surroundings of the molecules
Therefore, only two different positions are discussed in theand excitation of vibronic states as well as finite tempera-
following (schematically shown in Fig.)4Moreover, a rota-  tures can induce additional broadening. Therefore, we have
tion of the molecule around an axis perpendicular to theconvoluted the theoretical spectra with Gauss functions with
Au(100 surface had only a minor influence @gE). For all  a full width at half maximum value of 0.1 eV.

scattering geometries studied the shift of the molecular There is a nearly perfect agreement between the theoreti-
HOMO and LUMO states by coupling to the substrate andcal and experimental values of the HOMO peak positiain

the STM tip is almost negligible, which is expected because-1.4 V), in particular for the case of the pyramidal tip. For
of the relative large molecule—substrate and molecule—tiphe other features in the spectra there is no such close corre-
separations. lation between the experimental and calculated data.

G/(2¢'h)

— pl (2x2)
-- p2(2x2)
—- 3x3 tip

NxN square tip ]

E(eV)
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FIG. 6. Comparison of the experimentagfay) differential con- FIG. 7. Comparison of the experimentgray) differential con-
ductance with the theoretical spectra showing results for two differductance with the theoretical spectra. The voltage axis for the cal-
ent tip geometries: pyramidal tiglashed lingand 2x2 square tip  culated conductance has been rescaled by a factor of 1.18. Note that
(full line). The theoretical spectra have been convoluted withthe calculated conductance has been plotted on a logarithmic scale
Gaussian functions of width 0.1 eV. Note that an even better agreqsee the tejt The theoretical spectra have been convoluted with
ment could be achieved if the benchmark of the theoretical energgaussian functions of width 0.1 eV.
scale would be adjusted in accordance with the experimental value
(see the texyt which would mean an additional shift of 0.25 eV to itaxy. The normalized differential conductance curves calcu-
more positive values. lated from the measureld-V data reveal four peaks within

the extended accessible voltage range-at2, +1.8, —1.4,

As mentioned previously, the HOMO-LUMO gap is and —2.0 V, which are attributed to resonant tunneling via
strongly underestimated within the LDA approach. In orderLUMO+1, LUMO, HOMO, and HOMO- 1, respectively.
to compensates for this effect, a linear scaling procedure fokioreover, identical peak positions are found for different
the occupied and unoccupied Kohn—Sham energy levels hag—sample separations and for different tip materiaisig-
been recently proposédi.in Fig. 7 we compare the experi- sten and goly providing evidence that the above-mentioned
mental data with the scaled normalized differential conducvalues are really characterizing properties of the molecular
tance spectrum for the case of th& 2 square tip geometry. fiim on gold.

By choosing a scaling parameter value of 1.18 a reasonable A theoretical model for the electronic conductance of
agreement in the peak positions was achieved when compaBC films adsorbed on the ALOO) surface was outlined.

ing the calculated and experimentally obtained values. Thighe theoretical approach is based on a combination of the
allows one to relate the first two peaks for negafpesitive  Landauer transport formalism with an approximative
bias to resonant tunneling through the first and second filledensity-functional scheme. The calculated transmission prob-
(empty molecular states. For an easier comparison of thebility does not show a significant dependence on the tip
peak positions the calculated curve was plotted on a logarithposition. The normalized differential  conductance
mic scale in Fig. 7 while the experimental data are plotted orj In I/dIn V was computed from the transmission probability

a linear scale. One should keep in mind, however, that otheind compared to the experimental data. A scaling parameter
effects not included in the theoretical treatment may introywas used to compensate for the underestimation of the elec-
duce additional corrections to the positions and intensities ofronic HOMO—-LUMO gap within the local-density approxi-
the molecular resonances. Such are, e.g., electric fields imation. Using the scaled conductance spectrum fox& 2
duced in the molecule in the nonlinear voltage region, i.e. fOI’square tip geometry a Satisfactory agreement with the experi-
applied bias larger than the HOMO—-LUMO gap. This would mental data was obtained.

require a self-consistent calculation of the potential distribu-
tion in the molecular region, which introduces an explicit
voltage dependence in the transmission function. This lies,
however, beyond the scope of this paper.
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