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Computational Modeling for Scanning Tunneling Microscopy of Physisorbed Molecules via
Ab Initio Quantum Chemistry
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Scanning tunneling microscopy images of molecular adsorbates on a graphite surface are modeled using the
techniques of electron transfer theory. The results are compared with experimentally determined tunneling
probabilities and are shown to be qualitatively (and to some extent quantitatively) in accord with the
experimental data. The results provide new insight into the various factors that contribute to the features in
STM images of molecular adsorbates.

I. Introduction the computation of the transfer matrix element between an

Over the past decade, scanning tunneling microscopy (STM)eIectron localized on the tip in the ground state of thgtip
has rapidly become a powerful tool in the study of surfaces Sample complex and the ground state of the complex with the
and their properties. More recently, STM has been utilized to €lectron localized on the sample. Although for the calculated
investigate the self-assembly of molecules on surfaces, and thePias Voltage there is most likely some contribution to the transfer
information obtained through these studies suggests that thisMalrix element from the excited states of the complex, no other
technique will prove to be a useful resource in the development ENergy states were included in the present study. The contribu-
of electronic and optical devices on a molecular level. In light tion of the excited states to the transfer matrix element will be
of the prevalent use of STM at the forefront of current research, €x@mined in future studies. _ _

a theoretical understanding of the tunneling mechanism involved A comparison of our results with experimental images shows
has become all the more important. that this technique provides reasonable qualitative agreement
A number of theoretical approaches have been developed forWith €xperiment. Following the initial comparison a model is
modeling the STM tunneling mechanism. Tersoff and Hamann developed that allows a more quantitative comparison between
concluded that STM provides a contour map of the local density the calculated matrix elements and the experimental images.

of states (LDOS) at the Fermi level of the surface at the position The overall method offers new insight into the relationship
of the tipl2 Lang and co-workers later suggested that this bet\_/veen the geometry ano! electronic structure of adsorbates and
surface image is modified in the presence of an adsorbate dugtheir corresponding STM images.

to the contribution of the adsorbate to the LDOS at the Fermi

level3 A more sophisticated modification of the same basic !l- Methodology

approach was later taken by Marcus et al. whereby some of the o analysis of the Approximations Inherent in the Use of

approximations made in previous work were eliminatell. 5 | gcalized Cluster Calculation to Model the Tunneling
similar approach used by Whangbo et al. indicated the sensitivity cyrrent in an STM Experiment. The problem of computing
of STM images to tip-surface interactionsDabrowski et al.  the tunneling current in an STM experiment is similar, but not

were able to ascertain the correct reconstruction on a silicon jgentical, to the calculation of the electron transfer rate between
surface using ab initio electronic structure calculations and 4 qonor and acceptor molecule in a condensed phase, such as
modeling the STM image using the approach of Tersoff and |iquid solution. The principal difference between the two
Hamanr? Goddard and co-workers have proposed a Nnew caicylations is the presence of electronic continua for both the
perturbative approach, with some promising results, to model ti, and the sample in case of the STM:; both systems also possess
the tunneling mechanisfrMore recently, Corbel et al. combined 5 continuum of vibrational states that must be taken into account
ab initio calculations with a scattering formalism in order t0 it the absolute value of the current or electron transfer rate is to
model the STM images of pure copper surfates. be computed. Our approach is based on an extension of the
In the current study we make use of ab initio quantum giandard Marcus theory of electron transfer between molecules,
chemical computational techniques, available for the calculation \ynich in turn is based on the Golden Rule expression for the
of electron-transfer matrix elements, to model the tunneling gynamics of electron transfer as obtained from time dependent
current in STM. A prior study by Coley et &lindicated that e rhation theory. This extension becomes quite complicated
quantum chemical techniques could be utilized to understandjt ahsolute rate constants are desired, due to the necessity of
the STM images of Mogand MoTe. In the current study we  aking into account the effects of the electronic continua upon
examine the feasibility of utilizing this technique for a graphite {he coupling matrix elements and the energy matching criteria.
surface in the presence of adsorbed molecules. The justificationygwever. if one is only interested in the relative rates as a
for the application of this technique to the modeling of STM  fnction of the position of the donor molecule (the tip) relative
images is presented below. , to the acceptor molecule (the surfacaisorbate), plausible
B_efc_)re dlscgssmg the computational methodol_ogy, _Several simplifying approximations can be made which reduce the
preliminary points need to be made. Our calculations involve problem to a cluster calculation of the coupling matrix element
* Corresponding author. betwee_n chargg Iocali_zed diabatic states. A derivation of this
 Current Address: Chemistry Department, Rutgers University. approximation is provided below. It should be noted that the
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approximations are heuristic in character and that a rigorous eigenstates of both systems, as well as their couplings, is out
evaluation of their quantitative validity is not attempted in this of the question. We would therefore like to develop a formalism
paper. Nevertheless, it will be explained why the approximations utilizing a cluster representation of the interacting ® system
are expected to be qualitatively reasonable in modeling STM (which can be effectively treated by standard ab initio quantum
images. chemical methods for determining electronic coupling matrix
In what follows, for the sake of simplicity, the analysis is elements) in which the effects of embedding the cluster in the
carried out using electrons in noninteracting single particle two continua associated with the solid electrodes is made
orbitals. The use of single particle eigenstates makes it possiblemanifest.
to decouple the dependence of the current on the relative position Tg construct the desired model, we begin by imagining that
of the tip and sample from the remainder of the expression for the cluster calculations of the electronic structures of the tip
the absolute rate Of e|ectl’0n transfer. Our bellef iS that any and Sample are Carried out W|th boundary Conditions that
qualitative conclusions would be unchanged in a full many body reproduce exactly the effective potential of the solid. Formally,
context. This is, however, a more complicated argument and sych a potential can be constructed using standard projection
will be pursued in another publication. operator techniques; in practice, there has been a great deal of
We consider the platinum tip plus its originating electrode effort invested in developing approximate embedding methods
as one subsystem, the donor, which we will refer to as the tip of varying rigor and quality. We will proceed with an analysis
(t), and the adsorbed molecule plus the graphite electrode as gyssuming that an exact embedding calculation has been per-
second subsystem, the acceptor, which we refer to as the samplegrmed, and then evaluate how closely our actual procedure
(s).- We want to use time dependent perturbation theory to conforms to what would be obtained in the ideal case. The
compute the rate of transfer of an electron from the tip to the comparison of our results with the ideal case is accomplished
sample (or vice versa). A rigorous calculation along these lines py systematically increasing the size of the model system and
would involve integrating over all thermally occupied states of observing the effects on the computed coupling matrix elements.
the tip (t) and over the corresponding target states of the sampleyyile rigorous convergence is difficult to demonstrate (par-
() to yield the final result for the transition rate: ticularly for the platinum tip, where the geometry is not known
o with accuracy), examining the behavior of the relevant computed
PPS:_ZZ flTkk’|ngk’(E)Pk(E)Pk'(E) dE (1) quantities as a function of cluster size provides a heuristic
i estimation of the uncertainty inherent in our protocol. As
illustrated in Tables 4 and 5, our results exhibit a significant
The states k and' kepresent one particle eigenstates on the tip degree of convergence for the tip sizes used.
and sample, respectively; the sum is over all occupied states of - cqnsijder first the electronic structure of the tip. The first step
the tip and all unoccupied states of the samflg: is the 5 {5 compute the orbitals of the tip cluster with the exact
coupling matrix element between the charge localized diabatic embedding potential. This yields a set of one particle stétes,
.Sta.te.s’. represented. bykanc(ilg., the electron to be transported W'y, which are filled up to the Fermi level of the cluster.
IS |n|t!a_1lly occupying k and is then Fransfe_rred_to).kThe Because the cluster is of finite size, its electronic structure does
quantitiesp(E) and o« (E) are the density of vibrational states 1 torm 4 continuum of states and there is a nontrivial spacing
on thg tip and sample, respectively, and the fagie(E) Is the between the occupied orbitals of the cluster. For the purposes
vibrational coupling of the two states at energy Thus we of our argument, what is specifically required is that there is a

include n?t grtljly tt::e electronic ionrt]méjue; oln tht(; tlp_gno'lt_san?ple sufficiently large spacing between the highest occupied orbital
(’epfese” edbythe sums overka d it also the vibrationa with nonnegligible overlap with the sample orbitals and the next
continua associated with each electronic manifold. The variable lowest orbital that has such a nonnegligible overlap. Orbitals

Eis take_n to incorporate shifts in the relati\_/e _energies of. the that have effectively zero overlap with the sample are not
two _manlfolds due o factors .SUCh as the biasing voltage; the relevant to the calculation of the tunneling matrix element. If
deta!ls Off these fSh'ﬁSd are .Llllnlrlnportantbfor_ our argurpenth The there are two or more orbitals of the tip that overlap with the
P . hat th v ch disol tp fenergy splitting that is small (compared k®), each orbital’'s

tphOeSIttiIO?éI:tSi\?grtnolrt]getsztrr: Ieeci)sni)r: tchearejlgiaitlrjc?r?iz ccl>sup ﬁger%?m? coupling with those of the sample must be explicitly calculated.
elemgm—a physically reagonable assumption. In prri)ncigple one The calculation then becomes rat_her _complex. For the_ moment
could use eq 1 to evaluate the absolute valué of the tunnelingwe shall assume that onIy_one orbital lies high enough in energy
current. Because we will not be carrying out such an explicit and overlaps with the orbitals of _the sample. Later on, we will

. argue that unless the close lying orbitals have a different

evaluation, we define the quantity orientation with regard to the sample orbitals, one can still use

£ (E) = a(E)o(E)o.(E 2 excitation out of a single orbital to determine the relative
«(E) = 9 BB (B &) tunneling current. While the aforementioned complications can
in order to simplify the notation in what follows. be avoided in most cases, it is important in establishing the

A brute force evaluation of eq 1 would involve the determi- \{alidity of the cluster approach that it behave re_asqnably in the
nation of the eigenstates of the tip and sample as well as thelimit of a very large cluster where such complications would
coupling matrix elements between these eigenstates. For veryMost likely occur.
simplified models of the electronic structure of the tip and ~ We now construct approximate eigenstates of the full tip
sample, such a calculation is feasible, at least in principle. system as follows. First, we construct one particle orbitals for
However, if one wants to use a more realistic representation of the solid electrode with the cluster removed, again replacing
the electronic wave functions (and such a representation isthe tip cluster with an exact embedding potential. This leads to
certainly necessary in the determination of contrast ratios thata set of statesé‘IJ}r}. The one particle orbitals of the entire
are observed in experiments of the type we are considering insystem can then be written as a linear combination of the orbitals
this paper), enumeration of all of the relevant many particle from the two fragments, subject to renormalization. If one views
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the eigenstates of the solid electrode with the cluster removedmanifold will contain a (smaller) component of the overlap, and
and the tip cluster with the embedding boundary conditions as all states in the manifold will have slightly different energies.
basis functions, then the eigenstates of the entire tip would mostAt first glance, it would seem that one would have to perform
generally be represented by a linear combination of all of the cluster calculations of the diabatic matrix element for each state
functions from both regions. However, because the eigenstatesn this manifold, removing an electron from each in turn.
of the tip cluster are assumed to be well separated in energy,However, as long as each orbital in the manifold interacts in
and are also assumed to be nearly identical to the eigenstateshe same way with the sample (and this will be the case if the
of the tip calculated using the entire tip system (due to the use dominant contribution to the overlap still arises from the
of an exact embedding potential) in that they do not strongly localized orbitals on the atoms of the tip closest to the sample),
mix with other states in the solid electrode, we can, to a very the relative value of the total matrix element will be properly
good approximation, represent all of the eigenstates of the entireestimated from a single cluster calculation. That is, each orbital
tip as linear combinations of a single eigenstate of the solid in the manifold will be shifted in exactly the same way for any
electrode and a single eigenstate of the tip cluster. Note thatmovement of the tip. Thus, the relative change in the matrix
the least accurate aspect of this approximation, which is the element for any given orbital in the manifold will be identical
use of a single eigenstate of the electrode (due to the fact thatwith the relative change in the value of the total matrix element.
these eigenstates have smaller energy gaps), is irrelevant to thé&ormally we can then rewrite eq 5, whekg(E) now includes
argument that follows; we can instead imagine producing a new all additional contributions from the remaining states of the tip
set of electrode functions such that only one of them is required manifold, and where we have made explicit the assumption that
to build a specified eigenstate of the full system. Formally the that the dominant contribution in the manifold arises from a

full system eigenstates then have the form single localized wave function. Again factoring out the overlap
of this localized wave function with the sample, we obtain a
o, = QW + CP;, (3) modified form of eq 6. Similar arguments can be made for the

sample, although here such arguments may not even be
A similar construction can be performed for the sample. This necessary if the orbitals of the adsorbed molecule are well
leads to a set of single particle orbitals for the sample of the separated from those of the graphite electrode.
form B. Computation of the Tunneling Matrix Elements. Given
the approximations outlined in the preceding section, the
;= C'W; + . 4) tunneling current is directly related to the degree of electronic
coupling between cluster representations of the tip and the
We now evaluate eq 1 explicitly using the forms developed in sample. In an electron-transfer framework, this current is
equations 3 and 4. The resulting expression is proportional to the square of the tunneling matrix elenfent,
which represents the coupling between the two distinct quantum

_ = t s t states, one with the electron localized on the tip and the other
Prs= " ZZ f|®kq)k + by IHIC Py + with the electron localized on the adsorbasairface complex.
s The calculation of the tunneling matrix element is divided into
die k'mszk'(E) dE (5) two parts. In the first part, initial and final wave functions are

) _generated. The initial wave function is composed of the wave
We now use the fact that we can neglect all orbitals of the ip nction of the neutral adsorbatsurface complex combined

that have zero overlap with the sample, and all orbitals of the \;ith the wave function of the tip with an extra electron. The
sample that have zero overlap with the tip. The overlap between o1 wave function is composed of the wave function of the
atip and sample eigenfunction is then presumed to depend only, ysorhate surface complex with an extra electron combined
upon the cluster part of the wave function. This is the central \ it the wave function of the neutral tip. The wave functions
physical approximation, which presumably should become e generated by performing four SCF calculations in the
rigorous in the limit that the size of the clusters is increased. gpsence of any external field. Calculations that included the
Factoring out the cluster matrix element yields the result external field did not alter the relative contrast of the STM
2o images in the test cases studied. Two calculations are performed
P = _||]IIL|H|IpﬁD]ZZZ f|CLCi'|kak'(E) dE (6) fpr th_e tip, one for its neutral state and one for the state of the
i tip with the extra electron, and two calculations are performed
for the adsorbatesurface complex, one in its neutral state and
In this expression, the dependence of the rate upon the positionone for the state of the complex with an extra electron.
of the tip relative to the sample has been reduced to precisely The second part of the computation involves the calculation
the value of the cluster diabatic matrix element (in a noninter- of the tunneling matrix element. The details of this calculation
acting single particle model) between charge localized stateshave been described elsewhere and will only be summarized
on the tip and sample. The remaining multiplicative term, which herel? The difference between the calculations used here and
certainly influences the absolute value of the current, is invariant standard electron-transfer calculations is the introduction of an
with respect to the tip position. Thus, if the approximations used external voltage into the Hamiltonian, as explained below.
to arrive at eq 6 are valid, we can use ab initio quantum chemical  The tunneling matrix element is given by
cluster calculations to model the contrast in STM images.

We now proceed to a more general argument in which the Hi — SiH;
assumption of a single cluster orbital that has a largesample Ti= _o (1)
overlap and is well separated in energy from other such orbitals a Szf

is relaxed. Consider first the tip. As the size of the cluster of

metal atoms in the tip is increased, the single highest energyWhere

state in the small cluster dominating the-tigample overlap

will be broadened into a manifold of levels. Each state in the Hy = Y{HIW;0 (8)
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H; = IY;[H|¥,0 9) TABLE 1: Basis Set Dependence of Calculated Matrix
Elements d 1 V Bias Voltage for CH3;CH,CH,CH,CI
Adsorbed on Graphite
§ =0Yw0 (10) = 2
basis set 6-31G 6-31G* cc-pVDZ(-d) cc-pVTZ(-f)
and # basis functions 600 845 965 1563
matrix element (cmt) 3.49  4.17 9.21 16.61
H=h+ ZJb B ZKb B zE.ri (11) TABLE 2: Dependence of Matrix Elements on the Size of
: the Basis Set
where h is the one electron Hamiltoniad, is the Coulomb basis set
operator anc is the exchange operator. The first part of the  (&ll other atoms use CC'F)IVTIZ('f) cc-pVTZ(-f) | CC'IFI)VTZ('f)
Hamiltonian is composed of the Fock operator, which accounts 6?‘0’16 b"f‘S'S') Clonly  adsorbate only all atoms
for the electror-electron repulsion and the electrenuclear # basis functions 625 877 1563
attraction. The final term accounts for the interaction of the Matrix element (crm) 9.08 16.35 16.61

glectrons wi_th the exte.mal field, wheltgis the e.xternallelectric TABLE 3: Typical CPU Times
field andr; is the position of the electrons in the field. The

external field is assumed to be constant and homogeneous with___YPe of calc. # basis functions CPU time
the field lines oriented perpendicular to the surface. The voltage ~ SCF 801 9.96 h.
applied across the tipsample gap is 42 V, typical voltages matrix element 877 4.15h.

in STM experiments in which adsorbate layers are studied and
consistent with the experimental values to which the results are
compared. The calculations were performed for a positive

sample bias, corresponding to the electron tunneling from the Matrix element calculations are presented in Table 3. The
tip to the adsorbatesurface complex. required computational effort is estimated to be2lorders of

Basis Set Dependenc€omputational constraints required magnitude less than what would be required using conventional

the use of the LAV3P basis $&£2for the Pt atoms, which uses 2P initio programs and methods for a system of this size.
an effective core potential to construct the basis functions of " resentation of the Datdn presenting contrast images, the
inner shell electrons for the Pt atoms. The basis set dependencé("jlrlatlon of the square of the tunneling matrix element as the

of the tunneling matrix element was then evaluated by testing tip is translated over the atoms in the adsor_bate is pre_sented in
the 6-31G, 6-31G*, cc-pVDZ(-d), and cc-pVTZ(-f) basis sets the plots that follow. The square of the matrix element is taken

for the remaining atoms. The matrix elements were obtained to be a measure of the tunneling current. For convenience, t_he
by positioning a four-atom Pt tip above the Cl atom in a squared matrix elements are scaled by the largest value occurring

chlorinated alkane, which lies above a single layer of graphite. fOF €ach type of molecule. However, this scaling is unique to
(The choice of tip structure, surface structure, anetéigsorbate ~ €ach terminal functional group. Thus, a valid comparison can
spacing is discussed below.) The matrix element values, givenbe made betlween the plots of .the dlﬁergnt conformations of
in Table 1, indicate that including polarization functions on the Molecules with the same terminal functional group only. In
non-hydrogen atoms has a negligible effect on the computed making any other comparison, one must realize that the scaling
matrix element. Using the doubleand tripleg basis sets, changes from one terminal functional group to the next. The

however, results in a significant change in the calculated valuesPlots are meant only to .iIIustrate the contrast variation t_ha.t is
of the transfer matrix element. To ensure that the basis set is@PParent within an individual molecule and how the variation

adequately converged it is therefore necessary to use the ccchanges in different conformations. The range of values for the

pVTZ(f) basis set. The use of larger basis sets is not matrix elements is inset in the upper right corner of each plot
computationally feasible at the present time. in order to facilitate any qualitative comparisons between

To reduce the necessary computational effort, the use of different molecules. All plots are calculated at a bias voltage

mixed basis sets was then investigated. The effects of using 2°f 1'_5 VI unless_otr;:_erwise indicated.fThe calculations ?\f .thﬁ
smaller basis set for the underlying graphite surface and for the matrix elements in this study were performed at constant height.

carbons and hydrogens of the adsorbate are illustrated in Table! '€ cOrrelation between constant-height and constant-current

2. The results show that the use of the cc-pVTZ(-f) basis set Mages will be discussed in section V.
for the adsorbate alone accurately reproduces the values obtaine .
when the cc-pVTZ(-f) basis set is used for all the atoms. Hence, ﬂl' Physical Model of the STM Interface
all subsequent calculations utilize the cc-pVTZ(-f) basis forthe  For the purposes of evaluating the feasibility of the current
adsorbate and the 6-31G basis set for all other atoms. As thetheoretical approach, it is considered sufficient if the calculated
cc-pVTZ(-f) basis set has not yet been incorporated in our points accurately reproduce the most outstanding features of
program for bromine and iodine atoms, brominated and iodi- the experimental images. Thus, the calculated plots should
nated alkanes used the LAV3P basis set for the bromine/iodinereproduce the bright and dark extremes of the experimental
atoms while all other atoms were modeled using the 6-31G basisimages but need not reproduce the more subtle features. In
set. particular, no differentiation between the carbons and hydrogens
The computations employed the JAGUAR suite of electronic is noticeable in the calculated plots.
structure program® The diabatic localized wave functions of Tip Structure. The effect of the tip structure on the transfer
the two diabatic states are evaluated directly, and the off- matrix element was examined by calculating the matrix elements
diagonal transfer matrix element of the Hamiltonian between for an eight-carbon long thiol #Ei,;SH) for various tip
these wave functions is then calculated. The latter task is recasstructures. Sautet et #previously studied the effects of varying
in the form of a Fock matrix assembly and a pseudodensity the tip structure on the STM image of sulfur on Re, but they
matrix is then constructed. Utilizing a pseudospectral formula- did not reach any definitive conclusion as to the optimal tip
tion of Hartree-Fock theory:* 17 JAGUAR is able to signifi- structure appropriate for the general case. In the current study,

cantly reduce the time required for the calculation of the
coupling matrix elements. Typical CPU times for SCF and
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TABLE 4: Average Matrix Elements (cm™1) for the TABLE 6: Energies of Interaction as a Function of
Molecule CH3(CH,);SH at a Tip Height of 7.4 A above the Tip-adsorbate Distance and Tip Structure
Surfa.ce _ _ _ ) atomtip distance (A) 1l-atom tip (eV) 4-atom tip (eV)
functional group l-atomtip 3-atomtip 4-atomtip 5-atom tip 14.4 —0.002 —0.05
SH 430.80 6.38 249.41 123.49 13.4 —0.002 —0.05
CH, 339.70 12.67 139.71 67.97 12.4 —0.004 —-0.05
CH, 142.57 13.23 12.98 13.14 11.4 —0.007 —0.06
CH, 122.69 6.56 167.21 111.72 10.4 —0.02 -0.07
CH, 155.87 4.03 133.81 114.52 9.4 —0.05 -0.11
CH, 111.93 6.47 31.72 12.95 8.4 -0.18 -0.28
CH, 188.78 11.22 59.26 27.58 7.4 -0.41 +0.07
CH, 120.85 11.74 221.73 118.60
CHs; 150.66 6.33 213.07 143.85 TABLE 7: Average Matrix Elements (cm™?) for the
Molecule CH3;CH,CH,CH,SH as a Function of the Number
TABLE 5: Average Matrix Elements (cm~?) for the of Surface Layers
Molecule CHs(CH>);SH at a Tip Height of 10.4 A above the funct -
Surface unctional group no graphite 1 layer 2 layers
- - - - . SH 313.69 1.68 6.88
functional group l-atomtip 3-atomtip 4-atomtip 5-atom tip CH, 1943.35 3.90 054
SH 53.17 0.35 33.23 19.92 CH, 2771.23 2.51 4.13
CH, 40.31 0.69 32.84 20.27 CH, 961.90 1.55 3.53
CH; 13.04 0.59 13.25 8.10 CHs 755.47 6.44 2.23
CH, 15.45 0.42 15.53 11.25
gﬂz 12'22 g'gg 2'2(15 g'g; To verify that the second layer of Pt atoms interacts with the
CH; 19.86 0.48 11.82 713 molecule, the energy of interaction between the tip and the
CH, 10.31 0.51 15.89 10.52 adsorbate is presented in Table 6 for various heights of the tip
CHs 31.40 0.19 7.30 5.78 above the sulfur atom. The results indicate that at a tip height

of 7.4 A the one-atom tip is still in an attractive regime while

the tip is assumed to be composed of a cluster of Pt atoms. Thethe four-atom tip has already entered a repulsive regime. This

. . . repulsive interaction is most likely responsible for reducing the
cluster sizes examined range from one Pt atom to five Pt atoms. . A
. . . . - value of the matrix elements when the four-atom tip is in the
The three-atom tip geometry is an isosceles triangle oriented . . -
. vicinity of the sulfur atom. Thus, the second layer of Pt atoms
parallel to the surface, and the four-atom tip is a tetrahedron

ith th inted d th ¢ The fi " plays a significant role in determining the value of the matrix
with the apex pointed toward the surface. The five-atom tip gjoment. Although the third layer of Pt atoms does influence

has a trigonal bipyramidal structure. The calculations of the o \alues of the matrix elements, the ratio of the matrix
matrix elements were performed for two different tip heights glements above the functional group to those over the bulk of
in order to determine if the Pt atoms above the first layer of the ne chain does not vary significantly. Hence, a four-atom tip
cluster were interacting with the surface. The lower tip height \yas used in all subsequent calculations.

of 7.4 A correspolnds toa PS distance app.roxmately equal Surface Structure. The effect of the surface structure on the
to the sum of their respective covalent radii. transfer matrix elements was investigated by calculating the

The matrix elements are presented in Tables 4 and 5. A transfer matrix elements for a four-atom Pt tip above a four-
comparison of the matrix elements above the terminaim{ carbon |Ong thiol with no SUrface, with a Single |ayer of graphite
with the matrix elements above the rest of the chain is used in @1d with two layers of graphite. The results are presented in
determining the relative contrast of the sulfur end of the 'able 7. The calculated values show a significant change in
molecule and the remainder of the carbon chain. At a tip height the value of the matrix elements when the first layer of graphite
of 7.4 A, the one-atom, four-atom, and five-atom tip values is mtrodpced. When a second layer of graphite is mtrodu.ced
indicate that the thiol end of the molecule has a higher averagethe matrix elements obtained are of the same order of magnltUQe
matrix element than the rest of the chain. However, the ratio of as the one-layer re's.ults.. Howeyer, the amplitudes of the mgtrlx
the sulfur end of the molecule to the rest of the chain differs elements are mo_d|f|ed; n partlcu!ar, the one-layer calculation
significantly between the one and four-atom tips. The four- and 2;5 ﬁtljé%eginlﬁgtugjfﬁr tl:r? atr?rglr;akl)ltz?r:tégnfs:otmh ea r:\clivg T;wa;l:er
five-atom tips, however, yield similar values for the ratio of caI(E,)uIation. ’ Y
the sulfur end of the molecules to the rest of the chain. Similarly, . . .
the four- and five-atom tips show the same qualitative variation we mtt_erpret the_larger a”.‘p"t“‘?'e. on the term_lnal_ carbon atom
in the value of the matrix element along the carbon chain. The as an artifact that is due to insufficient delocalization of charge

tom tio d t sh h variation. The th i in a one-layer model with a short carbon chain. This artifact is
one-atom tip does not show any such vanation. the three-atom, 5, yomoyeqd by employing a longer chain length, as is discussed
tip shows no significant difference between the two sides of

) 8 in the subsection below. Because this problem disappears when
the molecule. The discrepancy between the one-atom tip values, |gnger carbon chain is used, even in a single layer calculation,
on one hand and the four and five-atom tip values on the other jqjusion of a second layer to address this problem is not
hand indicates that the second layer of Pt atoms is interactingnecessary_ The diminishment of the amplitude of the matrix
with the molecule. A cursory glance at Table 5 indicates that glement when the tip is above the sulfur atom (although not for
when the tip is retracted to a distance of 10.4 A above the the carbon adjacent to it) is more difficult to understand
surface, the qualitative discrepancy between the one-atom ancquantitatively. A possible explanation is that the terminal carbon
the four- and five-atom tip structures vanishes. At the higher atom on the short chain is drawing off charge from this atom
tip distance, the second layer of Pt atoms plays a far lessas well. Again, it is shown below that this problem is less
significant role in the calculation of the matrix elements. prominent when a longer chain length is used.
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Ideally, we would utilize both a second layer of graphite and z
a longer chain length in our calculations. However, this model @
is expensive computationally and also exhibited some conver-
gence problems. In view of the fact that the single layer model
exhibited qualitatively correct results (as compared to experi-
ment, and also in accordance with the two layer calculations),
we choose in this paper to report single layer calculations only.
In future work, we intend to address the convergence problems
and carry out quantitative benchmark computations with two
layers and a long carbon chain. We believe, however, that the
current results provide qualitatively reasonable estimations of
the intensity ratios that can be profitably compared with the
experimental data.

Chain Length. A comparison of the matrix elements for the
short chain thiol with one layer of graphite, given in Table 7, ®) oe
with the matrix elements for the long chain thiol in Table 5 os}
(4-atom tip) indicates that the additional atoms change the
relative contrast of the atoms in the molecule. The long chain
thiol shows a pronounced peak in the vicinity of the terminal

or}

08}

thiol group while the short chain thiol shows a substantially 05

less pronounced peak. The relative contrast of the long chain R |

thiol is similar to the contrast shown by the two layer short ¢ *
chain thiol results presented in Table 7. However, the long chain I

thiol results show a more pronounced peak in the vicinity of oz . °

the functional group. The use of a larger chain, and subsequently o1l o e o 00’

a larger graphite layer, thereby produces an effect similar to . . . L . .

the use of a second layer of graphite with a short carbon chain. 2 s ' § ¢ ! N

Hence, as was justified above, all subsequent calculationsFigure 1. (a) Surface plot of squared matrix elements aboyieBr.

utilized a long chain molecule adsorbed on a single graphite Thex, y axes are length scales given in angstromaxis gives the
layer. scaled values of the squared matrix elements. (b) Projection of squared

Resolution. To determine the number of points required to ?f;rgiailg.ment values directly above atoms in the adsorbate on the
reproduce the most prominent features of the experimental STM
images, the following procedure was followed. A grid of points, estimated in the cluster calculation. For the tip, the close
with spacing of 0.2 A between grid points, was used to generate agreement of the four- and five-atom tips provides evidence
the image (Figure l1la) of a short chain brominated alkane along these lines. Note the inadequacy of the single-atom tip,
adsorbed on a single layer of graphite. The STM tip is composed which clearly does not represent a good approximation to
of a tetrahedral cluster of Pt atoms and is at a bias voltage of embedding boundary conditions. Similarly, note that for the
2 V relative to the surface. The results were then compared sample the isolated molecule is also a qualitatively inadequate
with the plot generated by sampling only points directly above model, while the use of a single graphite layer, although not
atoms in the adsorbate (Figure 1b). Both figures show an fully converged, is judged to be adequate for our purposes in
increased brightness (increased tunneling probability) in the this paper. Of course, these conclusions might be modified by
vicinity of the terminal CHBr group as the most prominent more careful studies of larger and more realistic representations
feature of the image. The comparison shows that sampling aboveof either the tip or sample. On the other hand, the models we
atoms in the adsorbate adequately accounts for the mostare using here are rather large when compared with other ab
prominent features of the image. Therefore, the matrix elementsinitio computations along these lines reported in the literature,
for all subsequent molecules were only calculated with the tip and therefore constitute a reasonable starting point for a
directly over the atoms of the adsorbate. semiquantitative analysis, which is our goal in the present paper.

Summary of Convergence Studies of the Physical Model
and Connection with Embedding Analysis.In section 1I(A), IV. Results
our analysis assumed that we were calculating eigenstates of The starting geometries of the molecules adsorbed on graphite
the tip and sample using embedding boundary conditions. In to be discussed have been obtained courtesy of William Goddard
actual fact, we have instead used finite clusters either cappedill. The geometry is first optimized for a single molecule on
by hydrogens (sample) or simply terminated at a finite number the graphite sheet. Two additional molecules are then added to
of atoms (tip). However, in section lI(A), we argued that if the simulate the packing arrangement of molecules on the surface
quantity of interest (the diabatic tunneling matrix element) could and the geometry is reoptimized. This process is repeated for
be shown to be more or less converged with respect to increasevarious chemical speciésThe resulting optimized structures
in the size of the model, then the model was a satisfactory are used in all of the present calculations. The molecules are
replacement for the use of embedding boundary conditions. truncated at the desired chain length, and the dangling bonds
Specifically, what such convergence demonstrates is preciselyare capped with hydrogen atoms. The surface is modeled using
what was assumed in asserting the validity of eqs 3 and 4. a truncated, single-layer graphite surface, with all dangling bonds
Namely, as the cluster is increasingly coupled to the remainder capped with hydrogens. A typical adsorbageirface complex
of the system, the relevant frontier orbitals are not strongly is presented in Figure 2.
mixed with other states of the tip and hence they do not Alkanes. A single alkane molecule is imaged with its
qualitatively change the matrix element from what is being backbone parallel to the graphite surface. The plot is presented
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Figure 2. Schematic view (from above) of a halogenated alkane

adsorbed on a graphite surface whose dangling bonds have been cappe

by H atoms.
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Crystal et al.

basis set smoothes out the noise in the plot. With the exception
of two or three data points, Figure 3b shows that the tunneling
current is relatively uniform throughout the carbon chain.
Additionally, the tunneling current follows a sinusoidal pattern
as the tip scans across the chain. This pattern is consistent with
experimental images that show slight variations in the magnitude
of the tunneling current along the carbon chain due to the
mismatch between the adsorbate and the underlying surface.

Halogenated AlkanesPlots of halogenated alkanes adsorbed
with their carbon backbone parallel to the graphite surface have
been calculated at a tip height of 10.4 A above the graphite
surface. The results are presented in Figuref4dhe plots
illustrate a clear distinction between the different conformations
of the adsorbate. When the halogen atom points out of the plane
of the carbon chain, the tunneling current is significantly
enhanced in the vicinity of the functional group. The remainder
of the chain is generally dark relative to the functional group.
When the functional group lies in the plane of the carbon chain,
the entire molecule appears to have a relatively constant matrix
element value and the functional group does not generally
exhibit any enhanced tunneling current.

Experimental STM images have shown that brominated and
iodinated alkanes are “bright” in the vicinity of their functional
group, signifying an increase in the tunneling current in this
region of the moleculé? The calculated plots discussed above
suggest that the experimental images correspond to molecular
eometries in which the functional group points out of the plane
f the carbon backbone toward the tip. The calculated results
for the brominated alkanes agree with the recent work of
Claypool et ak® The experimental images of the chlorinated
alkanes do not show clear distinguishing features in the vicinity
of the functional group. Similarly, the calculated plots of the
chlorinated alkanes do not provide a clear qualitative distinction
between the two conformations for this molecule. Further
analysis is required in order to determine which of the two
conformations is experimentally imaged. The issue of determin-
ing which of the different conformations appears in the
experimental images will be further developed in section V.

Alcohols and Thiols. Thiols are imaged in two conforma-
tions: with the functional group in the plane of the carbon
backbone and with the functional group pointing toward the
tip. Only the conformation with the functional group pointed
out of the plane shows some enhanced tunneling in the region
of the sulfur atom, as shown in Figure 5a,b. This result is at
odds with the findings of Faglioni et dlwho found that the
sulfur appears bright in the flat conformation as well. However,
the range of matrix elements in both the up and flat conforma-
tions is quite similar. In section V the difference between the
two thiol conformations will be addressed in greater detail.

The squared matrix elements of an adsorbed alcohol molecule
are plotted in Figure 6. The OH functional group, lying in the
plane of the carbon backbone, is slightly darker than the rest of
the chain, as in the experimental imagéslthough there is a
great deal of noise in the plot, the range of matrix element values
is extremely small.

Amines. Amines are imaged in three conformations. Of the

three conformations shown in Figure-7@, the structure with
one of the hydrogens of the NHjroup pointed toward the tip

in Figure 3. Figure 3a uses the 6-31G basis set while Figure 3band one in the plane of the carbon chain (amine up) is most
uses the cc-pVTZ(-f) basis set for the adsorbate. Figure 3a isconsistent with the experimental results, with very small
considerably noisier than Figure 3b. Thus, the use of the largervariations in matrix element values along the length of the
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Figure 4. Plots of C9H19R (R= ClI, Br, I). They-axis gives the squared matrix element scaled by the largest value for the adsorbat@xihe
indicates the atom over which the tip is situated. (a=FCl in the up conformation; (b) R= Cl in the flat conformation. (c) R= Br in the up
conformation; (d) R= Br in the flat conformation. (e) R= | in the up conformation; (f) R= 1 in the flat conformation.

molecule. The amine down and amine flat plots show some interference pattern arising from the mismatch of the molecule
additional variation along the length of the chain. However, the with the underlying graphite substrate. Hydrogen bonding within
comparison of theory with experiment is particularly difficult the monolayer of amines may also alter the geometries and the
in the case of the amines due to the variation in intensity of expected STM image. A more accurate determination of their
different parts of the molecule in different areas of the structure may require that these additional effects be taken into
experimental images (Moire patte{).This variation is an account in the computations, which are currently limited to a
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element scaled by the largest value for the adsorbate. Xténas
TEoss indicates the atom over which the tip is situated. (a) Amine in the up
Alcohol oy ey ey ey orientation= one H atom pointed toward the tip and one H atom in
Matrlx clement mnge: 02472 the plane of the carbon backbone. (b) Amine in the flat orientation
1 . one H atom pointed toward the tip and one H atom pointed toward the
* surface. (c) Amine in the down orientatienone H in the plane of the
- X carbon backbone and one H atom pointed toward the surface.
< ., assumption is valid only for the modeling of nonresonant
‘§ tunneling?? However, as Figure 8 illustrates, an exponential
[ 234 .. . .
E cayisin served as ip is retra rom surface.
E de deed observed as the t etracted from the surface
. o . Thus, one can assume that the current simulations are performed
B e oxx ® i in the nonresonant tunneling regime. Utilizing this fact, a method

0 '

o O e o a6 o o to more quantitatively relate the calculated plots of squared

Figure 6. Plot of GHyOH in a flat orientation. Thg-axis gives the matrix elements to the experime_ntally obtained constant current

squared matrix element scaled by the largest value for the adsorbatelMages of the STM can be devised.

The x-axis indicates the atom over which the tip is situated. To make a quantitative comparison with experiment, two
regions on each molecule are chosen as representative of the

single adsorbate molecule. Nevertheless, a more quantitativefunctional group and the bulk of the chain, respectively. The

analysis can more accurately determine the conformation thattunneling matrix element is then calculated at various tip heights

appears in the STM images. over these two regions. These points are now fit to an
o ) ) ] exponential functional form in order to enable one to translate
V. Quantitative Comparison with Experiment a constant height image into a constant current image. The

To determine the molecular conformations appearing in €xponential function is generated by performing a two parameter
experimental images more conclusively, a more quantitative fit to a logarithmic function (i.e., tip height f(matrix element)
comparison with experiment is called for. However, a quantita- = In(matrix elementj C). The fitting is performed twice, once
tive comparison with experimental results is complicated by the for each region of the molecule. Some typical examples of the
fact that the experimental images are observed in the constanfiitting are shown in Figure 8. While some plots exhibit more
current mode of the STM, while the preceding calculations are variance than others from an exponential functional form, the
performed at constant height. When obtained at constant heightoverall quality of the fits is quite reasonable and adequate for
the image is a map of changes in the tunneling current; at the purposes of the present paper, which is a semiquantitative
constant current, the images are a map of the changes in the tigomparison of theory and experiment. Using the generated
height. One can assume that the tunneling current decaysfunctions, the variation in the matrix elements can be trans-
exponentially as the tip is moved away from the surface. This formed into the variation of the tip height above the surface.
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Figure 8. Examples illustrating the exponential decay of tunneling current as a function of tip height for: (a) chlorine in the up orientation; (b)
chlorine in the flat orientation; (c) bromine in the up orientation; (d) bromine in the flat orientation; (e) iodine in the up orientation; (d)nodine i

the flat orientation.

The quantitative measure used for the STM images is a ratio absolute height of the tip above the sample is unknown and is
of the “brightness” of the functional group region to the rest of not determined experimentally. Rather, the STM translates the

the chain® However, to make a valid comparison with the

tip across the sample, allowing the piezo element to move the

experimental images, a more accurate understanding of thetip closer to or farther from the sample at each point in the
mechanism used by the STM to generate constant currentimagesweep in order to maintain a constant current (Figure 9a). The
data recorded by the STM is the displacement of the tip from

In generating constant current images, the bias voltage andits initial position. The STM image thus maps the change in
set-point current are determined by manual input. The STM first the tip height relative to its initial position. Images appear bright
moves the tip to an initial position above the sample that matchesor dark relative to this initial position (Figure 9b).

is necessary.

the input parameters. It is important to emphasize that the

In performing theoretical calculations, the tip height is clearly
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@ height over the bulk of the chain are all found to be greater
‘ than~9 angstroms. In the calculation; is therefore allowed
to assume values between 6 and 9 angstroms, tip heights that
- _‘_ —mam.- v‘- - _‘_ - === = initisl Tip Height would correspond to dark regions of the images sampled. For
every value ofZs, the ratioR = (23 — Z3)/(Z, — Z3) is then

0.0 00 calculated. Each value of the transfer matrix element gives a
Q}CDOOO Adsorbed Molecule range of values foR, corresponding to the different values of

Zs. The procedure is then repeated for a grid of values of the

@m e transfer matrix element between 5 and 200 wavenumbers. In

determining acceptable agreement with experiment, we allow

for errors in both the calculations and the measurements; our

®) allowed range for the computed ratios for each functional group,

which is estimated heuristically, is presented in Table 8.
-t M - Table 9 records the locus of valuesZfat each value of the
transfer matrix element for which the calculated ratio falls within

the accepted ranges given in Table 8. As Table 9 illustrates,
most molecular conformations studied have a region of matrix
elements and values @; that yield ratios consistent with the
where Z is the absolute tip height above the surface. experimentally determined ratios. The chlorine in the up
Figure 9. (a) Schematic of the operation of the STM in constant current conformation does not have any values that yield the experi-
mode. (b) Topographic image generated by movement of the tip in (@) mental ratios, indicating that this conformation is most likely
displayed relative to the initial tip position. (c) Equivalence of the ratio ot consistent with the experimental images or that intermo-
mtrﬁéag‘éfcﬂf;t?;placemem with the ratio of absolute tip heights used o5y interactions within the imaged monolayers, which are
' not included in the calculation, may play a more prominent role
TABLE 8: Parameters Used in the Calculation in the generation of the STM images. Utilizing the data
presented in Table 9 and the plots of the preceding section
allows one to make more conclusive determinations regarding

(c) AZ=displacement of the tip from its initial position

(AZi-AZY(AZa-AZsy=(Ln-Za)/(Z1-T.2)

functional group exptl. ratid accepted ratio (calculation)

OH 1.0 0.6cOH<1.05 . . .

cl 10 0.7<Cl<1.05 the molecular conformanon_s present in the STM images.

NH; 1.3 1.1<NH,<1.43 A more complete comparison between the calculated values

:3’ g-g ;-§<Blf<§-§ and the constant current images requires a more detailed
. 7<1 <3. . . - ;

SH 31 5 7<S<34 understanding of the relationship between the transfer matrix

element and the tunneling current. This study began with the
known. What is unknown is the absolute tip height that ansatz that the tunneling current is directly proportional to the
corresponds to the initial position used by the STM. In square of the tunneling matrix element. If the constant of
Compa”ng the calculated values to the eXpeI‘Imental ImageS, itproportiona"ty is assumed not to vary from System to System,
is the changes in tip heighAZ, relative to the initial tip height  then for any observed tunneling current there exists only one
that need to be calculated. Additionally, in the work of Cyr et ygjye of the transfer matrix element, and this value is the same
al19the ratio of the functional group to the rest of the chain is oy 5| systems studied at the same tunneling current. Utilizing
determined by subtracting the displacement of the tip (relative {his assumption, the value of the transfer matrix element that
to the initial tip height) over a trough region in the image from corresponds to the experimentally observed images can be

both the numerator and denominator of the desired ratio. The ggimated. A cursory glance at Table 9 shows that there is only
ratio now becomes the change in tip displacement between the,

. ! . a small region of values of the transfer matrix element that yield
functional group and the trough region, relative to the change

in tip disol  bet the bulk of the chai dihe t h ratios consistent with experimental results. In particular, only
In tip dispracement between the bulk of the chain and the rough ;,, o range 5 to 20 wavenumbers can suitable valu&s be
region. The change in the displacement of the tip, relative to

the initial tio position. between two reaions of the molecule is found for all the adsorbates discussed above. A value of between
pp ' 9 6 and 8 angstroms fdaf; then satisfies the acceptance criteria

the Same as the chaqge in the absolute tip heights over the tWoof most of the adsorbates studied for this region of matrix
given regions (see Figure 9c).

Thus, to make a valid comparison with the experimentally elements. Indeeds is not expected to vary signifigantly from
determined ratios, which are presented in Table 8, the tip heightsysﬁBm to §ystembbecause the t'roulgh rer?li)ns, Whlchfco(rjr'espond
over the trough regions must be determined. However, this to the p05|_t|ons etwegn termlng methyl groups of adjacent
information is not readily available from the performed calcula- mplecules in the S.TM images, lie far gnough away from_ Fhe
tions, as the trough regions roughly correspond to the regionsb”ght or dark functional groups that their tunnelmg |ntenSItle§
between adjacent molecules. Therefore, the tip height above the?™® NOt expected to be altered when the functional group is
trough region,Zs, is treated as an adjustable parameter. The changed.
ratio is then calculated by the following procedure. A value for ~ The results presented in Table 9 indicate that the chlorine
the transfer matrix element is chosen between 5 and 200and thiol end groups lie in the plane of the carbon backbone
wavenumbers. Utilizing the previously determined logarithmic While the bromine end group points toward the tip. This result
functions for the tip height, the selected value of the transfer for the thiol functionality is now consistent with the results of
matrix element yields the tip heights at the functional group, Faglioni et al’ Only the amine down conformation yields results
Z1, and over the bulk of the chaiZ,. Z3 is then allowed to consistent with the experimental images. The results for the
vary. Because the experimentally uggdies over a dark region  iodinated alkanes are less conclusive. Both the up and flat
of the image, the tip must be closer to the surface than when it conformations yield values that are consistent with the experi-
is over the bulk of the chain. The calculated values of the tip mental images. However, the plots of the previous section tend
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TABLE 9: Values of Z3 (A) that Are within the Parameter Limits for Wavenumbers Ranging from 5 to 200

M.E.range 520 21-35 36-50 51-65 66-80 81-95 96-110 11+125 126-140 141+155 156-170 171185 186-200

Cl (u)
Cl ()
Br (u)
Br (f)

I (u)

1 (f)

SH (u)
SH (f)
OH
NH» (U)
NH> (d)
NH: (f)
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©
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TABLE 10: Charge Fitting for CH 3CH,CH,CH,Br (up) on

to suggest that the iodine up conformation is the more probableOne Layer of Graphite

conformation appearing in the experimental images.

The assumption that the constant of proportionality does not atom neutral with added electron

- ial i i Br —0.18501 —0.24562

change from system to_system is there_fore cru_(:lal in mak_lng c) 040530 050098
more complete comparisons. The validity of this assumption H 0.18615 0.18295
has yet to be investigated. Additionally, experimental factors, H 0.19981 0.17849
such as the use of different tips, may further complicate a more ﬁ(z) 8'&231551f 7006%)%29
complete quantitative comparison. However, by combining the H —0.01797 —0.00942
qualitative plots of the previous section with an analysis of the ﬁ(3) _8-33921353 _00(-)%%%%9
values ofZ3 consistent with the calculations, one can arrive at H —0.02557 —0.05197
a more informed guess as to the absolute conformation of the 5(4) —8.833% —003(;15;736
molecule in question. H 006477 004121
H 0.07585 0.09452

VI. Discussion o
o ) ) ) ~ TABLE 11: Charge Fitting for CH 3CH,CH,CH3l (up) on
The results indicate that chlorine and thiol functionalities lie One Layer of Graphite

in the plane of the carbon backbone, while the bromine and

atom neutral with added electron
iodine functionalities are pointed out of the plane of the 047198 056755
backbone toward the tip. These findings suggest a correlation C(1) ~0.01250 0.09383
between the size of the terminal functional group and its position : 8-%}12‘1% 8-%%‘21%
relative to the surface. The chlorine and sulfur groups are small c@) —0.00362 005251
enough to orient themselves in the plane of the carbon backbone H 0.04006 0.03441
near the surface, while the bromine and iodine groups are too 2(3) %-259%%% %%3%21?
large to lie close to the surface and therefore are oriented H ~0.05037 ~0.05465
pointing toward the tip. The amine down conformation is the H —0.06134 —0.08452
only conformation that yields results consistent with experiment. ﬁ(‘l) _8:836252? _00.35’3395;18
The aforementioned results provide a clear indication that this H 0.07023 0.04780
computational method is generally able to reproduce the bright ~ H 0.05839 0.08196

areas in the STM images and can be used to help distinguishtag| E 12: Charge Fitting for CH sCH,CH,CH,Br (flat) on
between different conformations of a given molecule in STM  One Layer of Graphite

images.

. . . atom neutral with added electron
The calculated plots discussed above illustrate the importance Br 016630 ~0.18106
of the interplay between the geometry and electronic structure c(1) —0.34256 032680
of the adsorbed molecule. When the functional group points H 0.16294 0.13683
toward the tip, the tip-adsorbate distance is smaller than when (":'(2) 9109 9. 18002
the functional group lies in the plane of the carbon backbone. H 0.02300 —0.00111
i i i H 0.02043 0.03620
Thus, the tunnelllng current is expected to increase. However, cE) T 020209
when the functional group lies in the plane of the carbon H —0.04593 —0.03635
backbone, the electronic coupling between the functional group H —0.02854 —0.05393
and the surface is expected to be higher, thereby enhancing the &) o e
tunneling current. The interplay between the electronic structure H 0.05942 0.03424
and molecular geometry is illustrated by performing static charge H 0.07223 0.08845

fitting calculations on both the up and flat orientations of the
molecules discussed above. Tables-18 show results for the

Br and | functionalities for short chain alkanes. In both cases,
2:23?&226 Jﬁggg)ntgl ?g(?:l?zg] 'E)hne ?&%ﬂgﬁ?ﬁ:ﬁg r(;il:fe%:ge electronic co_upling of the sulfur atom Ito the surfaee is strong
localization is due to the fact that the functional group is not as enough to yield an enhanced_ tunneling current in th? STM
strongly coupled to the surface in the up orientation, thereby iMage, even though the sulfur is farther away from the tip than
resulting in a decrease in the ability of the charge on the itis in the up orientation. In the cases of the bromine and iodine,
functional group to redistribute itself on other areas of the however, it is the decreased tipdsorbate distance in the up
adsorbate surface complex. Thus, both electronic and geometric orientation that is responsible for the enhanced tunneling current
factors need to be considered in the interpretation of STM in the vicinity of the functional group.

images. In the systems studied above, the thiol in the flat
conformation provides an example of a system where the
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TABLE 13: Charge Fitting for CH sCH,CH,CH.l (flat) on 1 can the cluster model accurately reproduce the properties of the
Layer of Graphite system of interest.
atom neutral with added electron The versatility of the current method is perhaps the strongest
I —0.09304 —0.10269 argument for its use. The calculations can be performed for
(H3(1) T Siagt S various surfaces and various geometries without requiring any
H 0.24430 0.26837 changes to the code. The approach is limited by the necessary
€@ _ 920061 _ 520810 CPU time required to calculate the STM images.
H —0.01404 0.00619 Further study will involve reevaluating several of the ap-
c® _Jasy o paaade proximations made in the model. In particular, the band structure
H —0.03979 —0.06134 of the electrodes will be incorporated into the calculation in
C4) —0.32641 —0.32805 order to eliminate many of the approximations made in the use
H 0.08007 0.07562 -
H 005718 0.03708 of a cluster model. Similarly, the use of a constant, homogeneous
H 0.07354 0.08720 electric field between the tip and sample will be reevaluated,

as such a model is not an accurate representation of the field,

The degree to which the tunneling current is enhanced particularly in the region of the tip. Several other calculations
depends on the identity of the functional group. The preceding will be performed in order to determine the tunneling current
calculations suggest that the degree to which the tunneling dependence on surfacadsorbate distance, surfaetip dis-
current is enhanced in the vicinity of a functional group is tance, and adsorbatéip distance. The use of new algorithms
directly related to the functional group’s polarizability. The more for the optimization of the adsorbate structures is also being
polarizable atoms produce larger changes in the observedinvestigated. The combination of faster and more accurate
tunneling current. algorithms will lead to a more complete understanding of the

All the preceding plots have been calculated for the transfer processes involved in scanning tunneling microscopy.
of an electron from the tip to the adsorbaturface complex.
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