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An expression is obtained for the current in scanning tunneling microscopy (STM) for a single 
adsorbate molecule. For this purpose the “Newns--Anderson” treatment (a “discrete state in a 
continuum” treatment) is used to obtain wave functions and other properties of the adsorbate/ 
substrate system. The current is expressed in terms of the adsorbate-tip matrix elements, and an 
effective local density of states of the adsorbate/substrate system, at the adsorbate. As an example, 
the treatment is applied to the STM image of adenine adsorbed on a graphite surface, and the results 
are compared with experiment. The dependence of the image on the position of adenine with respect 
to the underlying graphite is considered. A discussion is given of the type of experimental STM data 
needed for suitable comparison of theory and experiment. In an analysis of the calculations, the role 
of each atom, its neighbors, next nearest neighbors, etc., in an adsorbed molecule is considered. The 
need for using in the present calculation more orbitals than only the HOMO and the LUMO of the 
adsorbate is also noted. 

1. INTRODUCTION local density of states at the adsorbate and to the adsorbate- 
tip Hamiltonian matrix elements. 

Scanning tunneling microscopy (STM) is widely used to 
obtain images of bare surfaces’ and of various atoins2 and 

The theoretical treatment is given in Sec. II, and is ap- 

molecules3 adsorbed on surfaces. The STM image of an ad- 
plied to the STM image of adenine on a graphite surface in 
Sec. III, where the results and the comparison with the ex- 

sorbate can provide information about the electronic struc- perimental STM image15 are discussed. Concluding remarks 
ture of the adsorbate and about its interaction with the un- and the type of further experimental data needed to facilitate 
derlying substrate. comparison with theory are given in Sec. IV. 

A theoretical treatment of STM going beyond bare sur- 
face was given by Lang, who considered a STM image of a 
single atom adsorbed on a sample surface.4 He found that the 
STM images differed for chemically different atoms and that 
the STM pattern for a low-bias voltage images the Fermi- 
level local density of states of the sample at the position of 
the tip. In the case of Xe adsorbed on a Ni (110) surface, the 
normal tip displacement vs lateral tip displacement curve 
was calculated by Eigler et al. from the theory of Lang and 
they noted that it was in good agreement with experiment.5 

II. THEORETICAL MODEL 

In the limit of low-bias voltage v, the net STM current 
from a commonly used transition metal tip such as tungsten 
or platinum to a sample in the absence and presence of ad- 
sorbates was given in Ref. 12 by 

Z=2e2u[(2P)2-(pu,-a)2]“2/fi(2p)2 

In an early attempt to understand the STM image of a 
molecule adsorbed on a surface, Lippel et al. calculated the 
electron density distribution of the highest occupied orbital 
(HOMO) and that of the lowest unoccupied orbital (LUMO) 
of the isolated adsorbate and found a similarity between the 
orbital electron density and the STM image of the 
adsorbate. In their calculation the adsorbate-substrate inter- 
action was not included. Examples of other calculations on 
the interpretation of the STM images of adsorbate molecules 
are given in Refs. 7-11. 

Xc c j- dk,l(d~lHI~~ks)12s(E,>, 
n m 

(1) 

In a previous paper we formulated a theoretical treat- 
ment of STM and used it to treat images of bare surfaces of 
graphite and Au (111). l2 In the present paper this treatment is 
adapted to STM images of adsorbates, by introducing the 
Newns-Anderson treatment13’14 for the wave functions and 
other properties of the adsorbate/solid substrate system. The 
STM image of the adsorbate is then related to an effective 

when the tip was treated as a semi-infinite linear chain of 
atoms. The df, denotes the mth d orbital of the first tip atom 
(the atom closest to the sample), &k, is the wave function of 
the adsorbatelsubstrate system with band index n and wave 
vector k,, and pLt is the chemical potential of the tip. The 
parameters (Y and p are defined as c~=(c$,lHl& and the 
average value of p,= (d’,l~ld’,’ ‘), respectively, with & 
denoting the mth d orbital on the site j of the tip. For nota- 
tional brevity, the energy of the latter state E,(ks) has been 
written as es. As an approximation, only the matrix elements 
between the adsorbate/substrate system and the atomic orbit- 
als dk of the first tip atom have been included. The more 
general expression for higher biases is given in Ref. 12. It is 
also straightforward to include the direct matrix elements 
between the tip and the substrate. 

‘kontribution No. 8777. 
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.I “...- -In the case of a sample being a bare substrate such as 
graphite, the relevant properties needed for Eq. (l), such as 
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the wave functions &, , were obtained earlier.16 They were 
used12 in conjunction with Eq. (1) to calculate the STM im- 
age of graphite. 

In the case of a system containing a single molecule 
adsorbed on a substrate, the electronic state for this system 
+ rtk, may be written as a linear combination of a molecular 
orbital state (or atomic orbital, in the case of a single atom) 
of the adsorbam q!~, and the orbital states of the substrate 
4 flk* 

~r~ks=an&f 
I 

dkg bqj’nk . g (2) 

For simplicity of presentation, it is assumed in Eq. (2) that 
there is only one molecular orbital of the adsorbate involved 
in tunneling, but additional orbitals are included later and 
indeed are important. 

Equation (2) for 4&S is next introduced into Eq. (1) and 
we then obtain 

Xc b%IHId:n)~2Pa,o~ 
nt 

(3) 

where 

P~,o= c 1 dksb,,12~(4. 
n 

(4) 

which serves, at the Fermi level energy (E,= 0) of the 
adsorbatelsubstrate system, as an effective local density of 
states of that system at the adsorbate. In the Newns- 
Anderson mode1,13*‘4 the adsorbate state 4, is treated via Eq. 
(2) as a “discrete state in a continuum,” the states 4,& of 
the solid forming the continuum. Using the Newks- 
Anderson description, this pa,o is given by13*14 

po,o=x I dksb,~2~(4 = 
-‘Aa o 

(~+kz,o)~+A:,, - 
(5) 

” 

Here G=(AMA> d an is relative to the Fermi level of the 
adsorbatekubstrate system. The half-width A,,, and the ef- 
fective energy shift A,,, are given by 

Aa,o=~C j- dk,l(~,lHI~,kg)12s(E,). ,I 
and 

Aa,o= -PC j- dkgh’alHI~nkg)12/~g > 
n 

(7) 

where the Eg(kg) denotes the eigenvalues of the unperturbed 
substrate states 4,,kg, and P denotes the principal part of the 
integral. 

If there are several orbitals of the adsorbate involved in 
tunneling, we next make the approximation of summing over 
the contributions from.the individual orbitals a of the adsor- 
bate. That is, each orbital a is treated as interacting individu- 
ally with the continuum of states in the solid (“nonoverlap- 
ping resonances”) 

xc IhA#ldtn)12pa,o. 
a,m 

(8) 

This assumption is valid if the resonances indeed are not 
overlapping, namely, if the spacing between the adsorbate 
levels E, is appreciably larger than the width of the broad- 
ened levels 2A,,,. Calculated values of these two quantities 
are compared in a later section as a test of this approxima- 
tion. 

It is seen from Eq. (8) that at the low-bias voltages used 
in Eq. (l), the STM image in the presence of an adsorbate 
depends upon P~,~, evaluated at the Fermi level of the 
substrate/adsorbate system, and on the tip-adsorbate Hamil- 
tonian matrix elements I ( 4, I HI dk) 1 2, summed over the ad- 
sorbate orbitals a and over the atomic orbitals df, of the 
nearest tip atom. If a molecular orbital 4, is written as the 
linear combination of real atomic orbitals, +,= Zz lcyfL, 
then the Aa,o in Eq. (6) becomes 

Aa,~=r S C cSC~/ dkg(fiIHI $nQ 
i,j=l n 

xb%‘nkglfflfj)@+ (9) 

where cy denotes the coefficient of the ith atomic orbital f i in 
the isolated molecular orbital 4, and N is the number of 
atomic orbitals employed to form the molecular orbital. 

Whereas the overall brightness of the adsorbed molecule 
depends on pa,o, it is seen from Eq. (8) that the relative 
brightness of the individual atoms deuends mainlv on the 
term containing the tip matrix 
The latter can be written as 

c l(4,lHk$>I”= 5 % 
m i,j=l m 

elements Z,l( +,jkjd~)12. 

cicj(fiIHId~>(d~IHIfj). 
00) 

Equations (8)-(10) are used in the next section to calculate 
the STM image of adenine adsorbed on graphite. 

III. RESULTS AND DISCUSSION 

A. STM calculations: Common aspects 

STM experiments have been used to obtain an image of 
adenine adsorbed on a graphite surface.15 In these experi- 
ments an array of adenine molecules was observed on the 
graphite surface. In each STM image, the nitrogen atoms at 
the N6, N,, and Ng positions in Fig. 1 did not appear, but Nl , 
N,, and all C’s did appear. In this experimental study the 
detailed geometrical structure of the array relative to the ge- 
ometry of the underlying graphite lattice was not precisely 
determined, though some experimental constraints on the 
registry of the two lattices were obtained and are noted later. 

The STM tip used for the experiment was Pt-Ir (90% 
Pt). In the following calculations, the tip is approximated as 
above as a semi-infinite linear chain of Pt atoms. The surface 
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FIG. 1. Structure of adenine showing the numbering system used in the 
present paper. 

properties used for graphite, such as the wave functions and 
Fermi surface needed to calculate A,,, in Eq. (5) for P~,~, 
were those obtained earlier.16 

The energy zero is chosen to be that of the electron at 
infinity. Since the work function of graphite is 4.7 eV, the 
Fermi level of the the graphite is then chosen to be -4.7 eV. 
The calculated energy value for the HOMO of adenine is 
then replaced by the negative of the experimental ionization 
potential for adenine (-7.8 eV), and the other energy levels 
of the adenine are shifted according to the calculated energy 
differences between those levels and the HOMO. The energy 
of the HOMO of adenine (the 25th orbital) relative to the 
LUMO (the 26th orbital), calculated by the extended Hiickel 
method,i7 is -3.4 eV. Using the corrected energy of -7.8 eV 
for the HOMO, that for the LUMO is then -4.4 eV. The 
corrected energy levels for the level immediately below the 
HOMO and two levels immediately above the LUMO are at 
-7.9, -4.1, and -3.3 eV, respectively. The Fermi level is 
-4.7 eV. Thus the LUMO and the LUMO+ 1 are closest to 
the Fermi level, according to these estimates. 

The separation distance between the adenine plane and 
the underlying graphite plane does not appear to be known 
from experiment. However, the x-ray diffraction study of 
benzene adsorbed on graphite surface reveals that the mol- 
ecules of benzene lie flat upon the graphite surface at a dis- 
tance very similar to the interplanar spacing of graphite, 3.35 
A.t* Theoretical calculations of structures of benzene, naph- 
thalene, and anthracene adsorbed on the basal plane of 
graphite indicate that the distance between the adsorbate and 
the underlying graphite does not vary much (only increases 
slightly) as the number of aromatic rings in the adsorbate 
molecules increases.lg Since the adsorption energies of het- 
erocycles appear to be fairly similar to aromatic molecules of 
the same type,” reflecting a similar type of adsorption, we 
shall presume the same to be true for the distance. For ad- 
enine with two aromatic rings, a value of 3.35 A for the 
distance is used in the present work, and several results for 
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3.20 and 3.50 A are given for comparison. (There will be 
seen to be little difference in the relative results.) 

We consider next the shift of the energy levels due to the 
physical adsorption. While the adsorption energy for the ad- 
enine on graphite does not appear to be available from ex- 
periment, the energies of adsorption of substances with aro- 
matic rings, such as benzene and naphthalene, on a graphite 
surface have been measured experimentally, and are about 
0.4 and 0.6 eV, respectively,21 If we regard the energy as 
roughly contributed by all 11 C and N atoms of adenine, via 
van der Waals’ dispersion forces, the individual molecular 
orbitals for those atoms could be regarded as roughly shifted 
downward by 0.05 eV each. In the absence of a detailed 
analysis of the adsorption energy, we shall simply suppose 
that this correction is within the “noise level” of the uncer- 
tainty of the energies of the molecular orbitals a of the iso- 
lated adenine molecule relative to the Fermi level of the sys- 
tem. Accordingly, we shall use those values for the E, + A,,, 
in Eq. (5). Had there been a substantial charge transfer inter- 
action instead, a different approach would have been re- 
quired. 

In the present calculations orbitals 24 to 28 of the ad- 
enine molecule and 90 carbon atoms of the graphite are in- 
cluded in the calculation of the matrix elements (+,IHldk) 
appearing in Eq. (8) for the STM current. (In treating the 
properties of graphite, a solid of infinite area, semi-infinite in 
the direction normal to the surface, was used in the present 
work.16) In the case of adenine, only the pz orbitals of the 
carbon and nitrogen atoms are present in the orbitals 25 to 
28.-- 

The present results changed little by adding more mo- 
lecular orbitals and more graphite carbon atoms to the calcu- 
lation. A Pt tip is moved over each adenine atom with a fixed 
value of the current, using a particular assumed position of 
an adenine molecule. In order to maintain a constant current, 
the tip is raised or lowered over the different adenine atoms. 
In a gray scale picture of a constant-current STM image, 
atoms associated with smaller tip heights correspond to rela- 
tively darker spots, and we will refer below to atoms associ- 
ated with high and low tip heights as bright and dark, respec- 
tively. 

B. Constraints on possible orientations or positions 

We first recall that the structure of graphite consists of 
planes of carbon atoms, each formed from hexagons. Half of 
the carbons (a atoms) are located directly above each other 
in adjacent layers, while the other half (p atoms) are located 
above the center of the hexagon in the adjacent layers. Each 
(Y (p) atom has only p (a) atoms as its nearest neighbors. 
Mainly the p atoms are detected by STM.22 Since the six and 
five membered rings of adenine are approximately similar in 
shape and size to the graphite hexagons, adenines might have 
been expected to stack above the graphite in an @@-type 
mannerf5 (Fig. 3). We return to this point later. 

It was shown in Ref. 15 that the adenine molecules form 
highly organized lattices following deposition on a heated 
graphite surface. The adenine molecules appear in lamellae, 
each lamella consisting of one pair of parallel rows of the 
adenine molecules. To illustrate the lattice dimensions and 
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b. 

FIG. 2. (a) A periodic bimolecular array of adenine with respect to the 
graphite lattice obtained in Ref. 15; (b) The lattice unit cell of adenine 
molecule in a lamella. Points Ai and Al(i = 1,2) denote an adenine mol- 
ecule, respectively. 

the arrangement of adenine molecules with respect to the 
graphite surface, we redraw Fig. l(d) of Ref. 15 as Fig. 2(a). 
Some of the p atoms, the points Bi(i= 1,2,3,4) are shown 
as examples in Fig. 2(a). Accordingly, lines B ,Bs and B ,B, 
pass through other p atoms on the graphite plane and inter- 
sect at a 60” angle. Rows of adenine molecules are denoted 
by horizontal lines, such as the one passing through points 
B t and B2, and are parallel to each other. They occur only in 
pairs in the STM pattern, l5 presumably due to the protruding 
NH2 group, which prevents in each lamella a close packing 
of more than two parallel lines of adenines [Fig. 2(a)]. 

Adenine molecules are denoted by Ai and Ai (i 
= 1,2) in Fig. 2(b), which gives the lattice unit cell of two 
adenine molecules in a lamella on graphite. The STM pattern 
revealed the following constraints on any molecular model 
of the structure of the two rows of adenine molecules:‘5 (1) 
Each line of adenine molecules is parallel to a line passing 
through the j? graphite atoms B, and B, in Fig. 2(a). That 
line, which in the diagram is shown as roughly passing 
through the centers of the rings of the adenine molecules, 
forms an angle of 30” with the lines B i B, and B , B, . (2) The 
A ,A2 and A ,A ; in Fig. 2(b) distances are about 5.8 and 8.8 
A, and the angles LA;A,A2 and LA1A2A; are 60” and 
120°, respectively. These constraints limit somewhat the 
choice of molecular models of the geometry of the adenine 
molecule relative to the graphite lattice, but not very .much. 
We explore below whether the calculated STM pattern is or 
not sensitive to the remaining considerable uncertainty in 
structure. A sensitivity would mean that a more precise ex- 
perimental determination of the positions of the adenine mol- 
ecules with respect to the p atoms of the graphite plane 
would be needed for a better comparison between theory and 
experiment. We discuss this point later. 

The stacking in which the adenine would stack above the 
.graphite in the a$?@-type manner mentioned earlier is illus- 
trated for a single adenine molecule in Fig. 3. In this orien- 
tation atoms C,, C,, C,, and N7 have graphite atoms roughly 
below them (namely, the (Y graphite atoms, which have car- 
bon atoms immediately below them), and other adenine at- 
oms (Nt , Ns , Ns, and C,) in the rings are roughly above the 
centers of the hexagons on the graphite plane. However, a 
close packed array containing this structure would appear to 
violate a STM-based condition mentioned earlier: The line of 
the ademne -molecules passing through the centers of the 
rings of adenine forms an angle of 60”, rather than 30”, with 
the two other lines passing through the 6 atoms. 

Molecular modeling in Ref. 15, beginning with the struc- 
ture in Fig. 3 led, instead, to a periodic bimolecular array of 
the structure given in Fig. 2(a), a structure which satisfied the 
conditions mentioned earlier. We have calculated an STM 
pattern for this latter structure, and have also calculated the 
sensitivity of the pattern to translations in the structure, 
translations which are also consistent with the cited con- 
straints. For example, a systematic translation of the pair of 
rows of the adenine molecules along the horizontal direction 
in Fig. 2(a) is not restricted by the above constraints but 
could be restricted by other STM observations not made in 
Ref. 15. The effect of various translations on the STM image 
is examined in Sec. III D. 

C. Calculated STM images of adenine molecules 
based on the two independent positions in Fig. 2(a) 

Calculations were first performed for adenine molecules 
A, and A, in Fig. 2(a), whose positions were obtained in 
Ref. 15, as noted earlier, by molecular modeling. In the 
present calculation a single adenine was placed on graphite, 
so neglecting the effect of adenine-adenine interactions on 
the STM pattern at a fixed position of the adenine molecule. 
The calculated tip heights over each atom are given in Table 
I for a particular current, the same current being used 
throughout the present work. The absolute value of the cur- 
rent is discussed later. 

In Table I all atoms below the second dashed line appear 
in the experiments as dark, in the gray scale picture (cf. 
discussion in Ref. 15). A ‘+ attached to a hydrogen atom 
indicates that the experimental result for that atom was not 

FIG. 3. The structure of adenine with respect to graphite surface used as a 
starting structure in the molecular modeling performed in Ref. 15. 
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TABLE I. Tip heights over all adenine atoms in the constant current mode 
using the two orientations in Ref. 15. AL and A, below denote structures in 
Fig. 2.8” 

Tip height (A) 
Atom A, A2 

N, 6.35 6.39 
c2 6.58 6.67 
Y 6.26 6.36 
c4 6.32 6.39 
c5 6.32 6.42 
C6 6.50 6.53 
CS 6.61 6.61 

-------------------------------------------------------------- -~__ 
H3 6.42 6.51 
HI 5.78 5.80 
Ht 5 6.45 6.45 

___________________-____________________--------------------~---- 

N6 6.13 6.15 
N7 6.20 6.23 
Ng 6.31 6.32 
HI 5.77 5.80 
HZ 5.71 5.80 

‘In these calculations a graphite-adenine distance of 3.35 A was used. 
bAll atoms below the second dashed line were not visible in the experimen- 
tally observed STM image in Ref. 15. The status of the atoms denoted by + 
was not specified in Ref. 15. 

specifically stated there. The presently calculated results for 
both orientations A 1 and A, are not quite consistent with the 
experimental findings: For the Al structure shown in Fig. 
2(a), the N6 and N, atoms do indeed have lower tip heights, 
as in the experiment, but the height of the remaining dark N 
atom, N,, is higher than that of the N, atom and hardly 
distinguishable from that of the bright atoms N, , C,, and C5. 
For the A, molecule although the N,, N,, and N, atoms 
correspond to low tip heights or the dark spots among the 
carbon and nitrogen atoms, the difference in the tip height 
between N3 and N9 is very small (0.04 A). 

In the two rows of adenine molecules in each lamella in 
Fig. l(c) of Ref. 15, a comparison of the various positions in 
Fig. 1 there shows that one row is better resolved than the 
other. The better resolved images [AZ and Ai in the present 
Fig. 2(b)] correspond to those of the adenine molecules in 
the lower row in Fig. l(d) there. The following STM calcu- 
lations are described in terms of translational shifts of the A, 
in the present Fig. 2(b). 

D. Calculated STM images of adenine molecules for 
other positions 

For comparison with the above results, calculations of 
the STM images were performed for translations of the po- 
sition of the adenine molecule A, with respect to the under- 
lying graphite surface. The displacement was subject to the 
loose constraints on the adenine lattice noted earlier. To il- 
lustrate the discussion, a single A2 adenine molecule on 
graphite surface is depicted in Fig. 4. The B’s on the graphite 
lattice in Fig. 4 denote some of the p carbon atoms of the 
graphite plane. Structures were calculated for ten equally 
spaced translations along the x axis from right to left in Fig. 
4 over a span of one period in length, 4.26 .& Si denotes the 

FIG. 4: h-single Am1 adenine molecule in Fig. 2(a) with respect to the graph- .._~ 
ite su-fface. 

_. I . 

structure produced by a translation of A2 by a distance of 
i X 0.426 A, S1 being depicted in Fig. 5. Calculated tip 
heights over each atom for these structures are summarized 
in Table II and in Figs. 6 and 7 for the constant current. 

The result for structure S, (the structure obtained in Fig. 
5 by a translation of only 0.426 A of the A2 in Fig. 4) agrees 
with the available STM findings:15 For S1 , the tip heights for 
the N,, N7, and N9 atoms are at least 0.15 A lower than those 
for other bright carbon ,and nitrogen atoms (Table II). From 
Eq. (8) the STM current also depends, via P~,~, on the sepa- 
ration between adenine and graphite. Results for a change of 
the adenine-graphite seljaxation distance are given for the A, 
structure in Table III. 

In the present calculations, the results in Figs. 6 and 7 
are seen to change smoothly with a translation along the 
horizontal axis. Since the experimentally measured tip 
heights were not reported in Ref. 15 (no gray scale calibra- 
tion was given), a quantitative comparison of the corrugation 
for Fig. 5 with the experimental STM image cannot be made. 
However, the differences between the dark and bright atoms 
in the experiment were estimatedZ3 to be about 0.1 to 0.2 A. 

FIG. 5. The position of adenine molecule after a translation of 0.426 A of 
the A, position from right to left in Fig. 4, to form structure SI _ 
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TABLE II. Tip heights (A) over all adenine atoms in the constant current 
mode. S,(i= 1-9) below denote structures corresponding to a translation of 
A2 by an amount of iX0.426 A? 

Atom Sl s2 s, s4 
NI 6.34 6.39 6.55 6.66 
c2 6.70 6.67 6.69 6.78 
N3 6.41 6.36 6.29 6.35 
C4 6.40 6.40 6.49 6.59 
CS 6.45 6.43 6.46 6.54 
G 6.43 6.53 6.73 6.85 
c8 6.41 6.60 6.87 6.98 

Tip height 
SS sfi 

6.69 6.63 
6.85 6.84 
6.46 6.48 
6.62 6.58 
6.60 6.58 
6.87 6.79 
6.99 6.90 

s7 ST3 s9 

6.39 6.38 6.39 
6.67 6.57 6.56 
6.36 6.22 6.21 
6.40 6.32 6.33 
6.43 6.31 6.32 
6.53 6.54 6.56 
6.60 6.66 6.68 

;I 

Hi 

5.67 6.51 5.81 6.28 6.53 6.05 6.17 6.64 6.18 6.71 6.70 6.09 5.81 6.51 5.83 6.40 5.85 6.40 

6.44 6.17 6.73 6.85 6.86 6.76 6.44 6.51 6.53 
----_-------_---____---------------------------------------------------------- 

N-5 6.03 6.15 6.37 6.48 6.49 6.41 6.15 6.17 6.19 
W 6.14 6.23 6.43 6.53 6.55 6.47 6.23 6.24 6.26 
N9 6.19 6.32 6.55 6.67 6.68 6.60 6.32 6.36 6.37 
HI 5.64 5.79 6.05 6.14 6.15 6.07 5.79 5.83 5.85 
Hz 5.68 5.81 6.02 6.14 6.15 6.08 5.81 5.82 5.84 

‘In these calculations a graphite-adenine distance of 3.35 A was used. The 
translation is from right to left. 

Equally importantly, it would be useful to determine experi- 
mentally the registry of the arrays of adenine with respect to 
the bright (6) atoms of the graphite surface. 

Several of the results in Tables I and II and in Figs. 6 and 
7 are the following: 

As a whole, the adenine molecule shows a Significant 
dependence of the tip height on the displacement X, be- 
ing typically largest at x-2.0 A and Ieast at x-O.4 A. 
Certain atoms show a fairly large variation in tip heights 
with x, approximately between 0.4 and 0.6 ii 

2” 
Atom 

Tip height (A) Ah Ah 
D=3.35 D=3.20 D=3.50 

Nl 6.39 
c2 6.67 -0.01 
N3 6.36 -0.01 
c4 6.39 -0.01 
G 6.42 -0.02 
G 6.53 0.01 -0.01 
c8 6.61 -0.02 

” 
* 0 0.8 1.6 2.4 3.2 4.0 

X 

________-___---__--_------------------------------------------------~-----~--- 
6.51 0.01 -0.02 
5.80 0.02 -0.04 
6.45 0.01 -0.03 

FIG. 6. Variation of the tip heights over the atoms in the adenine molecule 
with respect to ten equally spaced translations of the A, structure over a 
span of one period of 4.26 A along the x axis from right to left. The symbols 
for the various atoms are as follows: -=N,, -m-v-=C,, ---=Ns, q =H3, 
-.-- -c,, -=c,. 
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Nfi 6.15 
N7 6.23 
Ng 6.32 
I-4 5.80 0.01 -0.03 
Hz 5.80 0.01 -0.02 

‘0 is the adenine-graphite distance, and Ah is the change in tip height 
relative to that for D = 3.3 S A when D is changed to the indicated value. A 
blank in the column indicates no change. 

a3 
cd 
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” 0 0.8 1.6 2.4 3.2 4.0 

X 

FIG. 7. Variation of the tip heights over the atoms in the adenine molecule 
with respect to ten equally spaced translations of the A2 structure over a 
span of one period of 4.26 8, along the x axis from right to left. The symbols 
for the various atoms are as follows: q =H,, O=H2, O=H,, +=Hs, 
--=Cs, -.-=N6, . ..=$. -=C,, _..._ =N,. 

(3) 

(4) 

(C, ,Cs ,N6,N7 ,N, ,H, ,H, ,H,,HJ and some show a more 
modest variation (C, ,C, ,C, ,N1 ,N3 ,HJ. The first group 
of atoms shows more or less parallel behavior for tip 
height as a function of x. 
For S5, the brightest atoms are C,, Cg, Cs, and H3, 
while the darkest are N3, H1, Hz, and Hq. 
For S1, the brightest atoms are C2 and H3, while the 
darkest are N7, N9, H1, Hz, and H4. 

We shall attempt to explain or interpret some of these 
results with the following suggestions, which we shall also 
attempt to document: 

TABLE III. Tip heights over all adenine atoms in the constant current mode 
for structure A, .a 
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TABLE IV. The local density of states pn,s (X104 eV-‘) of the molecular 
orbital a for struchxes S, and S5 .a 

Sl s5 
a Pa.0 PC0 P,‘,o Pa.0 P,o P,‘,o 

24 0.0032 -2.0964 2.0996 0.0073 -2.1707 2.1780 
25 0.3914 -6.6028 6.9941 0.2128 -6.6481 6.8609 
26 2.6130 -927.7629 930.3699 39.3980 -907.4473 946.7540 
27 7.6762 -218.8846 226.5567 4.9488 -219.4928 224.4390 
28 0.6112 -45.9139 46.5250 0.8187 -45.7170 46.5356 

api,0 and P,‘,~ denote the negative and positive parts of P=,~, respectively. In 
these calculations a graphite-adenine distance of 3.35 %, was used. 

6) The large variation in mean tip height for the adenine 
molecule with x [points (1) and (2) above] is primarily 
due to a change in relative importance of M.O. 26 and 
27 (LUMO and LUMO+ 1) with x. This change ap- 
pears to be due, at least in part, to the different sign 
distribution of the atomic coefficients in these two 
orbitals, the energies of the M.O.‘s relative to the 
Fermi level, and to the different proximity of the vari- 
ous adenine atoms to, particularly, the /I atoms of the 
lattice, thereby affecting a delicate cancellation of 
large positive and negative contributions to pa,O in Eq. 
(8) and hence to the current. 

(ii) The behavior of the tip height for the individual H 
atoms is primarily due to that of the atoms to which 
they are attached. 

(iii) The dominance of an atom such as C2 at all x, reflects, 
in part, its large coefficients in both M.O. 26 and 27. 
However, the behavior of an atom depends also, in 
part, on the coefficients of its neighbors and, in some 
cases, its next nearest neighbors. 

For completeness we also show in Figs. 9 and 10 the 
effect of successive y displacements of structure A2 over a 
unit period in the lattice. The magnitudes of the effects there 
are comparable to those seen in the x displacements, and we 
focus our discussion on the latter. 

To consider some of the points (l)-(4), we first note that 
from Eq. (8) each molecular orbital contributes to the STM 
current through its local density of states pa,o and its inter- 
action matrix element with the tip orbitals: A larger pa,o re- 
sults in a larger contribution to the STM current, and pa,O 
depends upon the position of the adenine molecule with re- 

TABLE VI. Atomic coefficients in the LUMO and LUMO+ 1 of adenine.” 

Atom LUMO (M.O. 26) LUMOfl (M.O. 27) 

Nl 0.0583 -0.5544 
c2 0.4041 0.7675 
N3 -0.4083 -0.2491 
c4 0.2838 -0.3659 
C5 0.0325 0.3869 
G -0.5163 0.1932 
c8 -0.6489 0.1381 

_________________-______________________---------------------------- 

;I 
0.0000 0.0000 

Hi 
0.0000 0.0000 
0.0000 0.0000 

___________-_-______------------------------------------------ 

N6 0.2940 -0.1092 
N7 0.3454 -0.2665 
N9 0.2238 0.1025 
Hl o.ooQo 0.0000 
HZ 0.0000 0.0000 

aEach coefficient is for the pz orbital of the corresponding atom. Coefficients 
for other atomic orbitals are zero in the above molecular orbitals. The 
normalization of the coefficients ci is the usual one, ZTjcicjS,= 1, where 
Sjj is the overlap integral for atomic orbitals on atoms I andj. 

spect to the graphite surface. The essence of an interpretation 
based on Eqs. (5)-(10) is as follows. 

For all the calculations in the present paper, the calcu- 
lated P~,~‘s for the LUMO (M.O. 26) and LUMO+l (M.O. 
27) are seen in Tables IV and V to be far greater than those 
for other orbitals, because the LUMO and LUMO+l are 
closer in the present calculation to the Fermi level of the 
graphite. As a result, the calculated STM pattern is largely 
determined by those two orbitals. 

In Table IV, M.O. 26 is seen to have the dominant pa,o at 
S, , while M.O. 27 is seen to be dominant at Si . This change 
is seen in Table IV to arise from changes in cancellation 
between the positive (P:,~) and negative (pie) contributions 
to pa,o rather than in marked changes in the pi0 and plo 
themselves. At first glance, it might seem surprising that the 
P,‘,~ (and P,~) are much larger for M.O. 26 than for M.O. 
27: The ci’s that appear in both orbitals have more or less 
comparable magnitude (Table VI) but are situated on differ- 
ent atoms. The source of the difference in, say, p&O and &7,0 
lies in the different values of the energy denominators in Eq. 
(5) for the two M.O.‘s. The E,+ Aa, there is estimated to be 
about 0.6 eV (= -4.1+4.7 eV) for M.O. 27 and 0.3 eV 

TABLE V. The local density of states pa,o (X104 eV-‘) of the molecular orbital a for structures As and St 
(i=2-4 and 6-g): 

M.O. A2 SZ s3 s4 
Pa.0 
S6 s7 s8 s9 

24 0.0008 0.0063 0.0078 0.0078 0.0059 0.0063 0.0017 0.0005 
25 0.2639 0.3118 0.1514 0.1138 0.2622 0.3118 0.0224 0.0644 _ ~ 
26 7.2451 6.8360 22.8439 38.2880 26.3481 6.8360 9.6469 10.4337 
27 5.3837 5.4651 1.5433 1.1336 7.8040 5.4651 2.1878 1.8694 
28 0.4540 0.7633 0.8543 0.8788 -0.6827 0.7633 0.3690 0.3498 

“In these calculations a graphite-adenine distance of 3.35 %, was used. The results for St and S, are given in 
Table IV. 
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TABLE VII. Values for A,,, (X104 eV) of the molecular orbital a for 
structures S1 and S, .’ 

Sl 
M.O. Aa,,, A,, A:, ::o 40 A:, 

24 0.0320 -21.4664 21.4994 0.0747 -22.2279 22.3026 
25 3.7614 -63.4527 67.2141 2.0453 -63.8886 65.9339 
26 0.2352 -83.5634 83.7986 3.5458 -81.7309 85.2767 
27 2.7634 -78.8121 81.5755 1.7816 -79.0311 80.8127 
28 1.1979 -89.9951 91.1929 1.6047 -89.6090 91.2137 

“Ai and AZ0 denote the negative and positive parts of Aa,,, respectively. 
In these calculations a graphite-adenine distance of 3.35 A was used. 

(= -4.4+4.7 eV) for M-0. 26, according to the present cal- 
culations. The Aa,o in the denominator there is much smaller 
than these energies (-10m2 eV, as noted in Table VII), and so 
the denominator is ( e,+R,J2. Indeed, each A& is seen in 
Table VII to be more or less comparable for S, and S, , as is 
A;,O, as expected. 

The atom H3, which is attached to C2, is seen from Fig. 
6 Eo be “bright,” and its brightness changes relatively little 
with x. Inasmuch as the ci for H3 in both S1 and S5 is very 
small (Table VI), the current when the tip is over H, is due to 
the proximity of the tip to C,, which has a high coefficient in 
M.O. 26 and 27 and is bright at both S1 and S5. H3 tracks C6 
in Fig. 6. Similarly, H, and Hz, which have zero coefficients 
in M.O. 26 and 27 (Table VI) are seen in Fig. 7 to track N6 
to which they are attached, and owe “their current,” when 
the tip is over them, to the proximity of the tip to N6. N6 is 
much darker on the average than C,, and so H, and H2 are 
much darker on the average than H3. For the same reason, 
H4, which is attached to Ng, is seen in Fig. 6 to track the 
latter, while H,, which is attached to Cs, is like Cs, relatively 
bright (Fig. 7) and also tracks the latter. We comment on the 
relative brightness for the C and N atoms for a given struc- 
ture, such as S,, later. 

A next question is why the adenine molecule as a whole 
tends to be bright in the S5 position and relatively dark in the 
St structure: The net pa,o for any M.O. a is the result of 
positive and negative contributions, but it itself is positive 
[Eq. (S)], and so is A,,, [Eq. (6)]. The negative contributions 
to A,,o arise from products of ci’s and Cj’S in Eq. (9) which 
have opposite signs. If an atom is close to a ,B atom it will 
contribute more to Aa,O, because the solid-adsorbate matrix 
element is larger. If the atom has a negative ci with nearby 
positive ci atoms, there will tend to be more cancellation in 
A a,O. (However, the CT term is also enhanced, so there are 
opposing effects.) If, instead, it is close to an a atom, its 
negative contribution to Aa,o will be somewhat smaller, re- 
sulting in less cancellation and so in a brighter adenine. 

Such an argument offers one suggestion why A26,0 is 
smaller for structure S1 than for S5 : The atomic coefficients 
for M.O. 26 and 27 were listed in Table VI. The signs “+” 
and GC-)* in Figs. 5 and 8 denote the positive and negative 
coefficients in the LUMO of adenine (M.O. 26), respectively, 
whiie the atoms without a sign assigned in those figures have 
a negligible coefficient. In part because of the proximity of 
Cs to a p atom in S, it is seen that in structure S, the nega- 
tive contribution p&, to p26,0 is larger than that in S, , and so 
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FIG. 8. The position of adenine molecule after a translation of 2.13 8, of the 
AZ position along the x axis from right to left, to form structure S5. 

there is more cancellation in S, , and A26,0 becomes sma11.24 
However, since each Aa,o is seen in Table VII to be a small 
difference between two large quantities, such an argument 
has some uncertainty. 

While the behavior of the individual H’s was under- 
standable, as described above, the behavior for the individual 
C and N atoms is somewhat less transparent. As an example, 
we consider S,, where M.O. 26 is dominant, and examine 
Table II for tip heights, using Table VI for the M.O. coeffi- 
cients. Among the carbon atoms, Cs , C6, and C, have rela- 
tively large coefficients and are bright. However, C, and C4 
have very different coefficients, C5’s being very small, and 
yet they have comparable tip heights, though not as high as 
those of Cs, Cg, and C2. Among the N’s, N1 has the smallest 
coefficient but is the brightest, or one of the two brightest N 
atoms for structure S5 _ The nearest neighbors will be seen 

I I I I I J 
m-1.2 -0.8 -0,4 0 0.4 0.8 1.2 

Y 

FIG. 9. Variation of the tip heights over the atoms in the adenine molecule 
with respect to six equally spaced translations of the A2 structure over a 
span of one period of 2.46 8, along the y axis from zero to 1.23 A and from 
zero to - 1.23 A. The symbols for the various atoms are the same as those in 
Fig. 6. 
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FIG. 10. Variation of the tip heights over the atoms in the adenine molecule 
with respect to six equally spaced translations of the A2 structure over a 
span of one period of 2.46 6 along the y axis from zero to 1.23 8, and from 
zero to - 1.23 A. The symbols for the various atoms are the same as those in 
Fig. 7. 

later (Table lX) to have a large effect on the tip height for 
Nl. 

In the case of the H’s, we saw that the tip height was 
determined not by the H’s (whose coefficients were zero) but 
by that of atoms to which those H’s are attached. Similarly, 
the tip height for a C or an N atom is determined not only (or 
even mainly in some cases) by the interaction of that atom 
with the tip but also by the interaction of the tip with nearby 
atoms. We explore this question next. We first note from 
Table VIII, using S5 and M.O. 26 and 27 as an example, that 
the squares of the matrix elements in Eq. (10) are not small 

TABLE VIZ. Values for V,=C,l(4,lifl&)1’ (X10’ eV) in Eq. (10) for 
the M.O. 26 and 27 for structure Ss .a 

M.O.=26 MO.=27 
Atom V, 5 c vo Vi V,’ 

Nl 1.10 -2.38 3.48 1.04 -6.12 7.16 
CZ 0.85 -1.22 2.07 3.05 -3.18 6.23 
N3 0.59 -8.62 9.21 4.89 - 12.62 17.51 
c4 0.94 -5.20 6.14 1.48 -6.11 7.59 
CS 0.82 -6.69 7.51 2.49 -7.06 9.55 
c6 1.14 - 1.54 2.68 6.27 -1.98 2.61 
CS 1.21 -1.08 2.28 0.06 -0.32 0.38 

;i 
Hf 

0.86 1.16 -0.44 -3.38 4.54 1.30 3.01 0.34 -1.38 -1.04 4.38 1.38 
1.21 -0.43 1.64 0.06 -0.07 0.13 

_______-___-____________________________------- 
N6 1.17 -3.31 4.48 0.39 -1.15 1.54 
N7 1.14 -5.78 6.92 0.38 -3.49 3.87 
N9 1.18 -3.32 4.50 0.27 -1.43 1.70 
Hl 1.19 -3.35 4.54 0.18 -0.92 1.10 
Hz 1.16 -3.90 5.06 0.37 -1.16 1.53 

“fn these calculations the tip heights over different atoms were those in Table 
II for structure Ss . Vi and V,’ denote the negative and positive parts of V, , 
respectively. 

TABLE IX. Dependence of tip height (A) on nearest neighbors and next 
nearest neighbors, for Ss .a 

-.-._ ._ - . 

Height Height Height Height 
Atom (fab n.n.rP (n.n)d (atom) 

3 6.69 6.70 6.75 6.37 
G 6.85 6.85 6.88 6.97 
N3 6.46 6.51 6.53 6.68 
c4 6.62 6.62 6.75 6.78 

~-CS 6.60 6.60 6.76 6.38 
c6 6.87 6.86 6.93 7.01 
‘23 6.99 6.99 7.02 7.11 
N6 6.49 6.52 6.54 6.53 
N7 6.55 6.54 6.64 6.61 
N9 6.68 6.68 6.73 6.44 

‘Lotilv‘ the c and ‘3 atoms are listed. ’ ~._ I 

bFull means that all atomic coefficients ci’s are present. 
‘n.n.n means that the cI’s of all atoms but the atom itself, its nearest neigh- 
bors and its next nearest neighbors are set equal to zero. The next nearest 
neighbor refers to the atom which is two bonds away. For example, the next 
nearest neighbors of N, in Fig. 1 are Ns , Hs , Cs, and Ns. 

%.n means that the c;‘s of all atoms but the atom itself and its nearest 
neighbors are set equal to zero. For example, the nearest neighbors of atom 
N, in Fig. 1 are C, and C6. 

‘Atom means that the ci’s of all atoms but the atom itself are set equal to 
zero. 

differences between large quantities, and so there is a reason- 
able expectation that they may be fairly readily interpreted. 

To this end, we give in Table IX the tip height for an 
atom (1) with all coefficients in Eq. (10) present, (2) when 
the cI’s of all atoms but those of the atom itself are set equal 
to zero, (3) when the cI’s of all atoms but those of the atom 
itself and of its nearest neighbors are set equal to zero, and 
(4) when the ci’s of all but those of the atom itself, its nearest 
neighbors and its next nearest neighbors are set equal to zero. 
The results in Table IX are for structure Ss , where M.O. 26 
is dominant (Table IV). 

We can test in the above way whether the tip heights for 
the C’s and N’s in adenine are determined largely by the 
atom, or by the atom plus its neighbors or whether its next 
nearest neighbors also play a major role. It is seen in Table 
IX for S5 that the heights in which all coefficients ci but 
those,f the atom, its neighbors and its next nearest neigh- 
bors are set equal to zero in Eq. (10) are virtually the same as 
those in which no coefficients in Eq. (10) are set equal to 
zero. In ma@ Cases it is seen that only an atom and its 
nearest neighbors make a significant contribution in Eq. (lo), 
but in others (C!, and Cs particularly) the next nearest neigh- 
bors also contribute significantly. As seen in Fig. 1, C, and 
Cs are the atoms with the largest number of nonhydrogenic 
next nearest’neighbors. Tip-heights in which only the atom’s 
coefficient ci in Eq. (10) is nonzero (last column in Table IX) 
are usually quite different from these in which all ci’s in Eq. 
(10) are given their actual values, but the brightest atoms 
(% c6, and CJ are the brightest in both cases. 

For comparison with the results in Tables I and II using 
molecular orbitals 24-28, calculations were also made for 
the A2 and $, structures using only the HOMO and LUMO 
orbitals of the adenine, and the results are given in Table X: 
It is seen from a comparison with Tables I and II that the 
results for some of the atoms do not agree with the more 
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TABLE X. Tip heights over all adenine atoms in the constant current mode 
using only the HOMO and LUMO orbitals of the adenine for shuctures A2 
and S, .a 

Tip height (A) 
Atom A2 Sl 

NI 6.27 6.02 
c2 6.35 6.10 
N3 6.01 5.85 
c4 6.19 6.01 
CS 6.19 6.08 
G 6.45 6.22 
c8 6.59 6.34 

____________________------------------------------------------------------------------~ 

Hf 6.16 5.87 

;I 
5.71 5.40 
6.43 6.15 

____________________--------------------------------------------------------- 

N-5 6.11 5.91 
N7 6.17 5.99 
N9 6.28 6.04 
HI 5.77 5.56 
Hz 5.16 5.55 

‘In these calculations a graphite-adenine distance of 3.35 A was used. 

complete results, and so other orbitals were needed in the 
calculation. For adenine the LUMO + 1 orbital, for example, 
is very close to the LUMO in energy and is seen in Table IV 
to contribute sometimes significantly to the current. 

We consider next the assumption made in proceeding 
from Eq. (3) to Eq. (8), namely, that of “nonoverlapping 
resonances.” Values of the molecular energy levels of the 
adenine (a=24 to 28) are -7.9, -7.8, -4.4, -4.1, and 
-3.3 eV. The spacing between the energies of the important 
orbitals, 26 and 27, is 0.3 eV, which is far greater that any of 
the calculated 2A,,u ‘s values listed in Table VII. The latter 
are typically estimated there to be about 10m4 eV. We turn 
next to the validity of the order of the magnitude of this 
calculated value of A,,, and, thereby, of the current. 

In the constant current calculations presented above, 
only the relative current was given, and so the constant factor 
preceding the sum in Eq. (8) was not used. The absolute 
value for the current in the present approximation is esti- 
mated next, to see if it is consistent with the small values of 
Aa,0 given above. As an approximation, it is assumed that in 
Eq. (8) the ,u equals a; and ,0 is taken to be 0.69 eVF5 A bias 
voltage v of 0.274 V was used in the experiment.15 It is noted 
that Eq. (8) is valid for only small v, where the current Z is 
linearly proportional to v. The scanning tunneling spectros- 
copy or the dependence of Z on v for the present system of 
adenine adsorbed on graphite was not reported in the experi- 
ment. For the present system it will be supposed that the use 
of Eq. (8) for a voltage of 0.274 V also provides a rough 
estimate of the current. The calculated current based on Eq. 
(8) is 1.5 nA, which is fortuitously close to the experimental 
value of 0.7 n4. The adenine-tip separation distance used, 
as noted earlier, 3.35 %, for this estimated absolute value of 
the current. The calculation indicates that the very small val- 
ues of 2A.,,-, listed in Table VII are consistent with the mag- 
nitude of the observed current. On that basis, the present 
assumption of nonoverlapping resonances would be valid. 

IV. CONCLUDING REMARKS 

The STM image of an adsorbate is related in the present 
theoretical model to both the tip-adsorbate matrix elements 
and to an efSective local density of states at the adsorbate, a 
density which incorporates the substrate-adsorbate interac- 
tion. In applying the-present expression to the STM image of 
adenine adsorbed on a graphite surface, it was found that the 
tip height of some atoms is relatively independent of the 
position of the adenine relative to the graphite lattice. The 
calculations themselves should of course, be regarded as ten- 
tative, because of the various approximations used: (1) ex- 
tended Hiickel theory for the molecule, plus tight binding for 
the solid, (2) perturbation theory for the tip-adsorbate inter- 
action, (3) an approximate estimate of the difference in the 
energy of the adsorbate orbitals relative to the Fermi energy 
of the solid, (4) neglect of subtleties of tip-solid electric 
fields on the energy levels of adsorbate, and (5) the restric- 
tion of the calculations to STM at the Fermi level. Conditi,on 
(5) will be removed in a later paper, in which the STM spec- 
troscopy is given, namely, a calculation of d In Z/d In V. This 
derivative will become a maximum when a resonance is en- 
countered, and then assumption (2) might need to be modi- 
fied. The maximum STM current for v volts, based on a 
Landauer expression,26 is (2e2/h)u, which is about 20 PA 
for the 0.274 V used in the present paper. This current ex- 
ceeds by many orders of magnitude the present current of 1.5 
nA, and so perturbation theory for the tip-adsorbate/solid 
calculation appears to be valid. 

While some results were insensitive to the position of 
the adenine molecule on the graphite lattice, others were not: 
Even the order of bright vs dark was changed for some atoms 
(Figs. 6 and 7). Thus to make a better comparison between 
theory and experiment for the latter atoms, a more precise 
knowledge of the position of the individual adsorbate mol- 
ecules relative to the substrate lattice is needed. Two ways of 
doing this are mentioned in Ref. 24, one being to compare 
the STM pattern for the adsorbate present with that with 
some of it removed.” Another is to vary the bias voltage:28*2g 
For alkanes on graphite, for example, a change of tip bias 
voltage from 0.15 to 0.25 V was reported to change the pat- 
tern from that of graphite to another quite different shape, 
believed to be the adsorbate. Even moire patterns have been 
observed, due to interference between the contributions from 
the substrate and the adsorbate. 

In the case of graphite, it would be helpful if the inter- 
section lines of the p atoms mentioned in Sec. III B could be 
determined relative to that of an adenine molecule. Another 
factor whose study would be helpful in comparisons of STM 
experiment and calculations is that of bias voltage, and we 
are planning such calculations. With increasing bias voltage 
the LY atoms of the graphite lattice are expected to play a 
larger role.30 One may anticipate that two effects will occur: 
The relative importance of molecular orbitals 26 and 27, as 
well as of other orbitals may change and, equally impor- 
tantly, the relative importance3’ of the p and a graphite at- 
oms will change. It is possible, for example, that the obser- 
vation in other experiments of seeing the equilateral 
triangular pattern of the p atoms at low-bias voltages and 
observing a different adsorbatelike behavior at higher bias 
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voltage is due in part to a decreasing importance of the p 
atoms at higher biases. However, to treat properly such an 
experimental observation we expect that it will be necessary 
to use a method3’ which treats the tails of the graphite and tip 
wave functions, and hence of a direct graphite-tip interac- 
tion, more accurately than does the tight binding approxima- 
tion. 
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