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Simulation of STM Images from Commercially Available Software
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Abstract: The simulation of scanning tunneling microscopy images is performed ab initio with two readily
available programs (Gaussian94 and a commercial spreadsheet). The model requires only a series of matrix
multiplications and lends itself to widespread use. The versatility, reliability, and wealth of data one can obtain
from the approach are illustrated by three examples: (i) benzene adsorbed onto the Rh(111) surface, (ii)
naphthalene on the Pt(111) surface, and {ighs-2-butene on the Si(100) surface.

Introduction is lower than that of the isolated molecule. Chemisorivads
2-butene was chosen because it represents one of the most recent
success stories of scanning tunneling microscopy which was
shown to be able to differentiate between two enantiomers of
the same molecule. The removal of theelectrons in the
chemisorption and the nonplanarity of the system add further
complexity—with respect to the previous two examptes the
simulations.

Chemists and physicists alike have been exploring size
domains that range from the macroscopic to the microscopic in
the attempt to bend, tune, and ultimately control the properties
of matter for their needs and desires. Information retrieval from
single molecules and the ability to manipulate them individually
is one of the fundamental steps toward this objective. Probing
scanning microscopies, in general, and scanning tunneling
microscopy, in particular, are elegantly suited to achieve the computational Background
molecular resolution levélSingle molecules are also routinely
explored by quantum molecular theory, a routine that has not
yet been entirely extended to the simulation of STM images.
In refs 2-5 a recent comprehensive review and other important
references for the ab initio simulation of images are, however,
given. The modefs™ cannot be considered of widespread use,

especially among the experimentalists, and we felt that there is (1D weighing of the mgtrix elements by a factor which is a
a demand to present a relatively simple approach, able to assisf“ncnon of the energy difference between the unperturbed levels.

and complement the very experiments that can bestow informa- | N€ constant current of the experiments was then obtained, only
tion on one molecule at a time. Whereas, to the best of our for nonplanar systems (see_ below), t_)y three-point mterpglatlon
knowledge, no custom-ready computer package exists to gener_of the data obtamed. at dlffereqt distances between tip .and
ate ab initio scanning tunneling microscopy, STM, images, we sample. Representatlon of the Images was produced with a
intend to show that it is nonetheless possible to obtain them COMMercial spreadsheet. Importantly, in the present approach,
with a little effort with the use of two commercially available tip, sample, and substrate are considered explicitly in a cluster-

programs (a quantum chemical program and a commercial type approach.. .

spreadsheet). Rather than dwelling on the model which is briefly More In detail, 'ghe matrix e'eme"t for.transfer Of. an elegtron
presented below, we illustrate the procedure in rather generalTom thei-th to;[hej-th Oib'tal'Hii' is contained in the interaction
terms using three examples. The first is the case of benzeneMatrx, H= CoS1Cie1CiSCo, formed by the m_olggular .orb|t-
adsorbed onto the Rh(111) surface, the second is naphthalené‘lsz Co, calculated with _t|p and s_ubstrate at infinite d_|stance,
on the Pt(111) surface, and the thirdtians-2-butene on the ~ Indicated by the subscript 0, while the molecular orbitéls,
Si(100) surface. Benzene and naphthalene were selected tgheir €igenvaluess;, and the overlap matrix between the atomic
represent the important class of aromatic systems. Their OrPitals, S, were obtained by the first self-consistent field
conjugatedr-electron framework provides them with low-lying ~ iteration of interacting tip and substrate, using theobitals
unoccupied molecular orbitals that are readily accessible in an@S @ guess. When 0 and 1 coincide, the approach yields the
STM experiment. Importantly, the nontrivial nature of their molecular orbitals energies. When they differ, as is the case in

images becomes evident if one considers that their symmetrypraCt'(?e' it is equivalent to t.hat given |nlref 3 where the relevant

equations are expressed in terms of integrals over molecular
(1) Gunterodt, H. J., Wiensendander R., E8gcanning Tunnelling orbitals.

Microscopy Springer Series in Surfactant Science, Springer-Verlag: Berlin

Molecular orbital energies and wave functions along with
related quantities (overlap integrals) were obtained ab initio with
the widely available Gaussian94 progrémvhile the individual
“pixels” that form the simulated image were obtained in two
steps which entailed (i) a series of matrix multiplications, and
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copyVCH: New York, 1993. H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
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N.; Whangbo, M.-HAdv. Mater. 1994 6, 355. Gaussian, Inc., Pittsburgh, PA, 1995.
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To account for the non perfect degeneracy of the two orbitals were chosen because of the nontrivial nature of their images
involved in the transfer, we use the result of time-dependent and also because no previous ab initio simulation had been

perturbation theory applied to two interacting levels i and j

performed before at this level with the explicit inclusion of the

which allows us to write the rate constant of a transfer process metallic/semiconducting substrate.

as

2
k(] ———
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where
1
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and the relation

tg2 2,
92n = —
H; — H;

holds. The proportionality in the description of the rate constant,

k, arises from the presence of two distinct consecutive processes, .

The first is the transport of an electron or a hole from tip to
sample, the second from sample to the bulk. More in detail,
the perturbation mixes the localized initial staf#,, with the
charge transfer stat&’;—;, where the particle has gone from
the tip to the sample. The time evolution of this system is
described as

27(e; — €

The state is then neutralized by the bulk with a rate congtant
that does not depend adj and that occurs on a time scale
slower than the tip-to-sample transfer. In practice

k=k,[2/(a(n) + 2)]

so that the current, is given byl = ke The applied potential,

Benzene on Rh(111)This was the first ever STM image
obtained at molecular resolutidrin reality, benzene is coad-
sorbed with CO in a (3« 3)(GsHs + 2CO) ordered structure.
The STM image (see for comparison Figures 3 and 4 of ref 7)
shows three minima and three maxima and therefore forfeits
the 6-fold symmetry of the isolated molecule. The minima
appear when the CC bond is positioned on the top of a Rh atom,
while the maxima are localized on the remaining CC bonds. A
well-defined minimum is present at the center of the ring.
Previous semiempirical simulations showed that the 3-fold
symmetry is not due to molecular deformatidh$he geometry
of a cluster of six atoms of Rh with one molecule of benzene
was taken from ref 11. The basis set of atomic orbitals was
D952 while the Rh atoms were treated with the LANL2DZ
pseudopotentidf The tip was represented by a single tungsten
atom. Negative charge flow went from tip to sample. The
simulation was performed at constant (3.5 A) height since for
planar systems we found that there is hardly any difference
between constant current and constant height. Thestipstrate
distance is intermediate between those used in refs 3 and 4.
Discussion of the variation of the theoretical simulation as a
function of tip—substrate separation can be found in ref 2. Figure
1a shows the simulated image characterized by the three maxima
on the CC bonds and the central minimum. It also illustrates
the fundamental role played by the adsorbing substrate without
which it would be impossible for the calculations to privilege
the Kekule structure whose double bonds lie above Rh atoms.

In agreement with the semiempirical results, the 3-fold
symmetry of the image arises because of the variation of the
electron-transfer probability induced by the metallic surface.

Naphthalene on the Pt(111)The STM images of naphtha-
lene can be found in ref 8, in particular, Figure 1a of that work
which allows explicit observation of the double ring structure

V, can reduce the energy difference between the local states ofof the molecule. The images do not show simultaneously

tip and sample bye|V|. Although, in principle, one could

naphthalene and the surface so that a hypothesis must be made

decrease the energy gap by this amount, in the present case2bout the nature of the adsorbing sité> The geometry of a

the largeH; — H; difference would hardly be affected.

cluster of 11 Pt atoms with 1 molecule of naphthalene was taken

Finally, since most measurements are obtained at constanfrom ref 14. The basis set was D9&vhile the Pt atoms were

current, while the calculations are naturally performed at

treated with the LANL2DZ pseudopotenti@l.The tip was

constant height, it was necessary to go from one regime to therepresented by a single Pd atom. The current flow went from
other. Since the current decreases nearly exponentially with thetip to sample. The simulation was performed at constant (3.8

sample-tip distance, one can assume that it follows an equation
of the type logl = log lo + az + bZ and calculation of the

A) height.
Figures 1b and 1c show the simulated image of the isolated

transfer probability at three points can be used for the interpola- and adsorbed molecules. In the simulation, upon adsorption,

tion. Importantly, the unknown constakt is not required to

one can notice the shift of the maximum from the central part

understand the contrast mechanism in the STM experimentof the molecule to the edges in nice agreement with the
because it is effectively canceled out in the step calculating the €xperiment whose naphthalene images were described as

constant current image.

Results

The versatility and accuracy of the present model can be

appreciated by examining the images of Figure 1. The first is
benzene adsorbed onto the Rh(111) surfatiee second is
naphthalene on the Pt(111) surfécand the third israns-2-
butene adsorbed on the Si(100) surfadeéhe three examples

(7) Othani, H.; Wilson, R. J.; Chiang, S.; Mate, C. Fhys. Re. Lett.
1988 60, 2398.

(8) Hallmark, V. M.; Chiang, S.; Brown, J. K.; Wip Ch. Phys. Re.
Lett. 1991, 66, 48.

(9) Lopinski, G. P.; Moffatt, D. J.; Wayner, D. D. M.; Wolkow, R. A.
Nature 1998 392 909.

bilobed® This emphasizes once again the role played by the
substrate in STM images role that the cluster model can
capture

trans-2-Butene on Si(100)This system has been studied very
recently to prove that STM images can assign the absolute
configuration of adsorbed enantiomérSilicon and hydrogen

(10) Sautet, P.; Joachim, GChem. Phys. Lettl991, 185 23.

(11) Lin, R. F.; Blackman, G. S.; Van Hove, M. A.; Somorjai, G. A.
Acta Crystallogr. B1987 43, 368.

(12) Dunning, T. H., Jr.; Hay, P. J. IMlodern Theoretical Chemistry
Schaefer, H. F., lll., Ed.; Plenum: New York, 1976; p 1.

(13) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

(14) Hallmark, V. M.; Chiang, SSurf. Sciencd 995 329 255.

(15) Gavezzotti, A.; Ortoleva E.; Simonetta, @hem. Phys. Letl.983
98, 536.
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Figure 1. Ab initio simulated images of (a) benzene chemisorbed onto the Rh(111) surface (see for comparison figures 3 and 4 of ref 7), (b)
isolated naphthalene, (c) naphthalene on the Pt(111) surface (see for comparison Figure la of reB%Zeljutene on the Si(100) surface (see
for comparison Figure 1b of ref 9). The colors are arbitrary and are only used to assist the eye.

atoms were treated at 6-31G |elfalvhile polarization orbitals tometric study:® Figure 1d contains the image of the Si(100)
were added for carbord$.The tip was a single Pd atom. The surface-obtained as a repetition of that of the minimal cluster
electron flow was from tip to sample. The images are obtained SigHi2—onto which the images of the SS and R&s-2-butene
at constant current. In the analysis of the experiment the Si + Si,H4 have been grafted. Experimentally, the identification
surface plays a major rofeThe simulation therefore commences of the absolute configuration used the angle formed between
with the image of the Si(100) surface and goes on to that of the line joining the two prominent lobes thins-2-butene and
trans-2-butene bound to the Si atoms. The simulation used a Si the “Silicon valley” underneath. While the experimental angle
cluster in which the dimer formed by the reconstruction lies on is ~30° against~15° of the simulation, identification of the
the top of eight atoms whose dangling bonds are saturated byabsolute configuration by the model cannot be doubted (it would
hydrogens, SitHi». The coordinates were taken from a diffrac-  be if the angle were close td 8o that the two mirror images
(16) Francl, M. M.. Pietro. W. J.- Hehre, W. J.: Binkley, J. S. Gordon, would coincide). It may be expected that in more complicated

M. S.; DeFrees, D. J., Pople, J. A. Chem. Physl982 77, 3654. (18) Hamers, R. J.; Avouris, P.; Bozso, Fhys. Re. Lett. 1987 59,
(17) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213. 2071.
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cases in which the enantiomeric nature of the chemisorbedby 3-point interpolation. Since the most complicated step of

molecules is not entirely evident from the experimental image, the entire process is matrix multiplication, the use of the present

the present approach may be very useful. model may lend itself to become of widespread use in the
interpretation of the images.

The reliability of the model is assessed by examining the cases

The ab initio simulation of STM images was performed at of benzene adsorbed onto the Rh(111) surface, naphthalene on
ab initio level through a procedure that requires only a series the Pt(111) surface, artcans-2-butene on the Si(100) surface.
of simple steps. First the molecular orbitals of the tip and the The model reproduces the role of the metallic substrate which
substrate, i.e., molecule plus surface, are calculated separatelyin the case of benzene reduces the 6-fold symmetry to 3-fold
Then the interaction is switched on and a new set of molecular and in the case of naphthalene shifts the highest electron-transfer
orbitals is generatetby the first iteration of the self-consistent probability from the molecular center to its edges. It also
field procedure-by bringing tip and substrate at “working  captures the chiral nature of the STM image of the two
distance” to give one of the pixels of the image. Noninteracting enantiomers oftrans-2-butene chemisorbed on the Si(100)

and interacting orbitals are used along with the overlap matrix grface. A similar accuracy may be expected in other forthcom-
and the eigenvalues to calculate the matrix elements of electroning applications.

transfer by a straightforward series of matrix multiplications.
The role of the nonperfect degeneracy of the initial and final
orbitals in the transfer is accounted for by the analytical formula
obtained by the time-dependent perturbation theory of two
noninteracting levels. Also rather simply, when needed, the
constant height calculations are turned into constant current oneslA983643B

Discussion and Conclusions
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