AbDb initio molecular orbital model of scanning tunneling microscopy
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An ab initio model of scanning tunneling microscopy (STM) is presented in the framework of the
perturbation theory of Bardeen. The tip and sample are represented by the cluster model, and the
first-order wave functions are calculated by ab initio Hartree—Fock (HF), configuration interaction
(CI), and symmetry adapted cluster (SAC)/SAC-CI methods. This model was applied to simple
tip—sample systems such as Pd,—Ag,, Pd,—C¢Hg, Pd,—(C¢Hg),, and Li,—Li,. The calculated STM
images were related to the HOMO, LUMO, etc. orbital symmetries of the tip—sample systems. The
contribution of the Rydberg orbital was examined at different tip—sample distances. Electron
correlations were found to modify the behavior of the tunneling transition probability of the Li,—Li,
system vs that calculated by the HF method. © 1996 American Institute of Physics.
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I. INTRODUCTION

Scanning tunneling microscopy (STM) has been widely
used as a powerful method for analyzing surface states in
real-space since its development by Binnig et al. about 10
years ago.! STM and related technologies constitute an ac-
tively growing field. In recent years, STM has been used not
only as an analysis method, but also as a tool to manipulate
solid surface atoms at the nanometer-scale. Furthermore,
new techniques, such as atomic force microscopy (AFM),
have been developed. Without question, STM has had a great
impact on many fields of material science. However, despite
its usefulness, the actual mechanism by which STM can see
surface atoms is not yet totally understood. An STM image
does not necessarily represent the arrangement of the surface
atoms, but reflects local electronic structures of the solid sur-
face. Therefore, theoretical analyses, which take the elec-
tronic structure of the tip and sample into account, are nec-
essary to interpret the STM image.

Since Tersoff and Hamann attempted to explain the STM
images of Au(110) 2X1 and 3X1, and Si(111) 7X7 using
their theoretical model,” many other theoretical methods for
analyzing STM images have been proposed.>!! To address
electron tunneling, Tersoff and Hamann used Bardeen’s per-
turbative approach!? by assuming that the tip—sample inter-
action was very weak and using an s-type tip. They con-
cluded that the tunneling current is proportional to the local
density of the states of the sample at the Fermi energy level
at the center of the curvature of the tip. Furthermore, the size
of an s-type tip must correspond to the atomic size in order
to reproduce the STM image at atomic resolution. Tsukada
et al>”7 modified Tersoff-Hamann’s model by considering
the effect of the electronic state of the tip, by introducing the
LCAO method in the wave functions of both the tip and
sample, and performed STM simulations using the density
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functional method. They showed in their simulation of the
graphite surface that one top atom of the tip modeled by
Wy—W,, is most responsible for the electron current giving
the STM image.” Ou-Yang et al.'! treated the tip and sample
as semi-infinite systems using the tight-binding approach
with the Hiickel method. These models have been applied to
various STM systems.

In this paper, we propose an ab initio quantum chemical
method of an electron’s tunneling probability in STM based
on Bardeen’s theory. First, we formulated the tunneling tran-
sition probability using the Hartree—Fock (HF) method and
the electron correlated method. In applications, we adopted
metal dimers, Pd, and Li,, as the models of the tips since the
top atom of the tip is essential to simulate the STM image.>™’
The simulations at the HF level were carried out for the
Pd,-Ag,, Pd,—Cg¢Hg, and Pd,—(C¢Hg), systems, in which
Pd, models the tip and Ag,, C¢Hy, and (C4Hg), model the
samples, and the relations between the STM images and the
HF molecular orbitals were clarified. Finally, we examined
the effect of the electron correlations on the STM image for
the Li,—Li, system.

Il. THEORETICAL MODEL

A. Tunneling current in the framework of the
perturbation theory of Bardeen

In this section, we review and summarize the perturba-
tion theory constructed by Bardeen'? to explain the tunneling
phenomenon. This theory is the basis of our ab initio MO
model as well as those of Tsukada er al>”’ and Ou-Yang
et al.'! In Bardeen’s approach, the weak interaction between
two conductors, corresponding to the tip and sample in STM,
is considered a time-dependent perturbation.

The time-dependent Hamiltonian is defined as follows:

H(t)=HS+HT+HST0(t)7 (1)

where Hg and Hy are the Hamiltonians for the two isolated
conductors, Hgy is the interaction potential between the two
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conductors, and &(¢) is a step function which equals zero at
t<<0 and unity at t>0. Suffixes S and T represent the tip and
sample, respectively.

The tunneling current is determined by the tunneling
transition probability from the initial unperturbed state to the
final electron-transferred state, which corresponds to the cat-
ionic and anionic states of the two conductors. According to
Oppenheimer’s method,13 the time-dependent solution, W (),
is a linear combination of the initial state, ¥, and the vari-
ous final states, ¥,,_,, as follows:

V(t)=a(t)Pye Eotlt

+ 2 bm’—»n'(t)q,m’—vn’e_iEm,_m,t/h’ (2)
m',n’
where E, and E,,_,, are the energies of the ¥, and ¥,,_,,
states, respectively. These energies represent the sum of the
energies of the isolated conductors due to noninteraction be-
tween them in the unperturbed condition.
Introducing Eq. (2) into the time-dependent Schrodinger
equation,

d
H(t)¥(t)=i T V(1) 3)

we obtain

a(t)H(t) W ye Eot/h

+ 2 bml_,nl(t)H(t)\IfmI_,nle_iE'””""'t/ﬁ

!
m',n'

d .
=i [a(t)\lfoe"'EO’”‘

+ D by g (W e Em @)
m',n’
Multiplying Eq. (4) by ¥,,_,, from the left-hand side, inte-
grating over the entire space, and using the ortho normality
of the wave functions, we obtain

a(t) | ¥, HstWodre Eolhy > b, .0(1)

1 ’
m ,n

X f v, HstW¥,,_dre” En—n't/h

a(t)f W, Wodre Eotip  (t)e Em-ntlh]

Q)
We assume that, in the initial stage of tunneling, a(t) equals
unity and b, _,, equals zero. When the overlapping inte-
grals between the initial and final states are neglected, Eq. (5)
becomes

=i

d .
i = bnn(t)= j W, HsgVodre' Emn=Eilh  (6)

After integration using the formula, lim,_,.(sin® xz)/
x%t=m8(x), we obtain

P,_,=lim|b,,_,,|*/t
t—x
27 2
= _ﬁ— 5(E0—Em—-»n)

‘I’m—mHST\I,OdT

21r 2

=7 J‘I’mqn[H—(Hs"‘Hr)]‘I’odT
X5(E0—Em—»n)
27 2

=\ )| | Cnelr- (Bt DT odr
xa(EO_Em—m)
27 2

= -ﬁ_ J'\Pm—mH\POdT 5(E0—Em—+n)
2 )

= T ‘Mm——ml 6(E0_Em—>n)9 (7)

where M,,_,, is called the tunneling matrix element and the
delta function appears according to the energy conservation
law before and after the tunneling. The tunneling current is
obtained by summing the P,,_,, of all possible transitions.
Only the transitions for which Ey—E,, _,, equals zero, which
varies with the bias voltage, contribute to the current. This
shows that the current is essentially proportional to |M,,_, ,|*
of the transition which gives a large contribution.

B. Tunneling matrix element used by the HF wave
function

In this section, we attempt to calculate the tunneling ma-
trix element, M,,_,,, using the HF method. First, the initial
state, which is the ground state in the unperturbed condition,
is represented as the product of the two HF wave functions
of the isolated tip and sample as follows:

|Wo)=A|¥%)|¥T)
=Algid3 - dr BRI S by by @®)

where A is an antisymmetrizing operator, ¢; is a spin—
orbital, and Ny and N are the numbers of electrons of the tip
and sample, respectively. The final electron-transferred states
are represented on the basis of Koopman’s theorem. For ex-
ample, electron-transfer from the sample to the tip is given
by the single excitation from an occupied orbital of the
sample ¢,,, to an unoccupied of the tip, ¢, , as follows:

[Vl =A%)
=A| ¢T3 B 1 Pms1 I BT ba - D, Bn).
©)

Using the wave functions of the initial and final states
given by Egs. (8) and (9), the tunneling matrix element is
expressed as
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Ng+Np

+ 2 (2%, &Nl bl &°, ’)k>

Ng+Np

= 2 (&(@° NS )|, (10)

where the first term involves only one electron integral and
the second and third terms involve two electron integrals.
According to the Brillouin theorem, the value of M,,_,, be-
comes zero if the HF wave functions are calculated in the
combined system of the two conductors. Since the Brillouin
theorem is valid within the sample or the tip,
(ST, |Hs+Hy|Wo) becomes zero and M,,_,, represents
the magnitude of the perturbative term, (‘P,‘,:L,,IH stl¥o)-

The present method for calculating M, _,, with the vol-
ume integral over the entire space is analytical, as opposed
to previous numerical methods®~® which use a surface inte-
gral. In the approximation of Koopman’s excitation, the
state-energy difference in Eq. (7) is transformed to the
orbital-energy difference as follows:

EO—E,,H,,=E3+E§—(E,S,,+E,{)=Eg—E,S,,+Eg—E,{
=€,—€,- (11)

Using Egs. (10) and (11), the tunneling transition prob-
ability is expressed as

2 )
Py n= T le—m' 6(E0—Em—>n)

2 A
=(%) vi(<¢,€|h|¢f,,>
Ng+N7

DI CACRDRIHC RN

Ng+Nr ) 2

- ; (ST(#%, 6T il(5, 7))

X 6(€,— €,), (12)

and a representation like that of Tersoff —-Hamann becomes
possible,2

2me
Irs=—— 2 |Mp_n|*f(&+eV)[1=f(€n)]
X 8(e,— €, teV) (13)
where f is the Fermi distribution function

f(e)___[e(e—Ep)/kT_l_ l]_l,

and eV is the bias voltage between the tip and sample.
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C. Tunneling current used by the correlated wave
function

The excited states, which appear as the final states in the
tunneling current calculations of Sec. I A, are usually
strongly influenced by the electron correlation effect. To de-
scribe the electronic structures of metals, which comprise the
tip and sample in STM, electron correlations are expected to
be important even in the ground state. Therefore, the effect
of electron correlations on tunneling current calculations
should be examined. Since the formulation in Sec. II B is
based on the HF method, an extension to the correlated
method is straightforward.

We first show the method for calculating the tunneling
matrix element using the configuration interaction (CI) wave
function. With the CI method, the initial and final states of
the tunneling matrix element in Eq. (7) are expressed by

[wg)=2 Cis v, (14)

T y= E (o M b (15)

where |[WEF) is the HF wave function of the unperturbed
system defined by Eq. (8), C; is the CI coefficient, and S} is
the excitation operator. Using Eqs. (14) and (15), the tunnel-
ing matrix element is obtained from the CI wave functions as

MCI —<‘I’

m—n

|H|¥5)

m—n

—2 Crom CY WIS HST PR, (16)

Although the full CI method gives an exact solution of
the Schrodinger equation within a given set of basis func-
tions, truncated CI methods, such as single- and double-
excitation (SD)-CI, are often used for practical reasons.
However, truncated CI methods do not necessarily give a
good description of the excited state. On the other hand, the
symmetry adapted cluster (SAC) and SAC-CI methods, 14-16
which have been developed in our laboratory, give reason-
able correlation energies of the ground and excited states,
respectively. With the SAC/SAC-CI method, the initial and
final states in Eq. (7) are given by

I\I’gAC)=exp(2 C?S}L)I‘Ing), amn

1

|SAC =2 d,R} exp(E C?s;‘)l\lfff‘?, (18)
k J4

where C? and d, are the SAC and SAC-CI coefficients, re-
spectively, and S; and R{ are the symmetry-adapted excita-
tion operators. We can obtain the tunneling matrix element
from the SAC/SAC-CI wave functions as follows:
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FIG. 1. Geometrical structures of the model clusters used in the simulation
of the STM image. (a) Pd,—Ag, system; (b) Pd,—~C¢Hg system; (c)
Pd,—(CgH), system; (d) Li,—Li, system. The tips (Pd, and Li,) are placed
perpendicular to the sample surfaces [Ag,, C¢Hg, and (CgHg),] and the
distances between them are kept constant throughout scanning.

M SAC/SAC-CI_ < \IISAC'Cll H | \PSAC>

=> dZ‘(*PB*FIexp(E C;"SI) RH
k 1

X exp

; c,s,*) | W HFy, (19)

Since the energies of the initial and final states are obtained
using the CI or SAC/SAC-CI method, the energy difference
in Eq. (7) is calculated directly, rather than the orbital energy
difference €, — €, .

lll. APPLICATION TO SIMPLE TIP-SAMPLE SYSTEMS
A. Model clusters

In this section, we apply our model of STM presented
above to simple tip—sample systems such as Pd,—Ag,,
Pd,-C¢Hg, Pd,—(C¢Hg),, and Li,~Li,. The tips are modeled
by Pd, and Li,, and the samples are modeled by Ag,, C¢Hg,
(C¢Hg),, and Li,. As shown in Fig. 1, which depicts the
geometrical structures of the model clusters, the tips are per-
pendicular to the sample surfaces. The distances between
them are held constant throughout scanning, which corre-
sponds to the experimental constant-height mode. The M—M
(M=Pd, Ag, and Li) distances are fixed at the experimental
lattice constants 2.7511, 2.8894, and 3.039 A, respectively.!’
The geometrical parameters of benzene are fixed at experi-
mental values.'® For the benzene dimer, two Cg¢Hg planes are
parallel and separated by 3.0 A.

(X105)

Pd 8 55 (LUMO)

G@ 58 o (HOMO)
Ag

ddgyp
(next-HOMOs)

FIG. 2. Theoretical STM images for a Pd,~Ag, system with the geometry
shown in Fig. 1(a). The images are drawn as contour maps by plotting the
variation of |M,_, | about the tunnelings between two MOs shown below
the images. The values of contour lines are shown near the lines.

The Gaussian basis sets used for palladium and silver are
(353p4d)/[3s2p2d] sets, and the Kr cores are replaced by
the relativistic effective core potentials.!® A diffuse s func-
tion of @=0.0066 is adopted for Ag to examine the effect of
the Rydberg orbital. For carbon and hydrogen, we use the
(9s5p)/[4s2p] and (4s)/[2s] sets of Huzinaga—
Dunning.?*?! For the benzene dimer, we use STO-3G basis
sets.” The 6-31G set is used for Li*® The HF and SAC/
SAC-CI calculations are performed using HONDO8 (Ref. 24)
and SAC85 (Ref. 25) software, respectively. The SD-CI cal-
culations are performed using SAC85 software.

Simulated STM images are drawn for the Pd,-Ag,,
Pd,—C¢Hg, and Pd,~(C4Hg), systems as contour maps of the
transition matrices |M,,_,|* calculated by the HF method. In
this simulation, only a single-electron transition is taken into
account for simplicity. However, considering the band struc-
ture of the bulk solid, the STM image should be simulated by
mixing multiple transitions in this model.

B. Pd,—-Ag, system

First, we show STM images of the Pd,~Ag, system cal-
culated by the HF method. Figures 2(a), 2(b), and 2(c) show
the contour maps of the tunneling matrix elements |M,,_, ,|?
for three kinds of tunneling transitions; i.e. (a) HOMO of Pd,
to LUMO of Ag,, (b) HOMO of Ag, to LUMO of Pd,, and
(c) next-HOMO of Pd, to LUMO of Ag,.

There are two peaks in Fig. 2(a) near the Ag atoms, and
|M,,_,|? at the bisector of the Ag—Ag bond is zero. On the
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FIG. 3. Tip—sample distance-dependency of the tunneling transition prob-
ability |M,,_, ,|* calculated for the Pd,—Ag, system using two types of tun-
neling; one from the 4d o* HOMO of Pd, to the valence-type 5s* LUMO
of Ag, (white dots); one from the HOMO of Pd, to the Rydberg-type 6sa*
next-LUMO of Ag, (black dots).

other hand, Fig. 2(b) shows a peak of |M,,_, |? at the center
of Ag,. In this image, we observe the chemical bond of Ag,
instead of the positions of the atomic nuclei. This difference
is due to the characteristics of the orbitals observed by the
tunneling; i.e., the LUMO of Ag,, to which an electron trans-
fers in Fig. 2(a), is the 5s0* MO which has a node at the
center, while the HOMO of Ag,, from which an electron
transfers in Fig. 2(b), is the nodeless 550 MO. Since the
Hamiltonian in Eq. (11) is totally symmetric, the tunneling
matrix element between the orthogonal MOs is zero, which
corresponds to the center line in Fig. 2(a). Note that the two
peaks in Fig. 2(a) fall outside of the Ag atoms; mixing of the
5p, orbitals with the LUMO of Ag, expands the robe.

Figure 2(c) corresponds to tunneling from the degenerate
4dm* MOs of Pd, to the Ssa* MO of Ag,. Since the two
MOs are not orthogonal, even when Pd, is above the center
of the Ag—Ag bond, the calculated values of |M,,_,,|* are
always nonzero. This image has a peak at the center, which is
similar to that in Fig. 2(b). However, in this image we ob-
serve the antibonding MO of Ag,. The peak is not a simple
circle, but is distorted, which shows that the electronic struc-
ture of the tip strongly influences the image.

We next examine the effect of the Rydberg orbital on the
sample surface. As mentioned above, we add a diffuse s
function of @=0.0066 as the 65 orbital of Ag. The tunneling
matrix elements |M,,_, | are calculated at Pd—Ag distances
of 3-5 A, with the geometry of the Pd,—Ag, system illus-
trated in Fig. 3. Two kinds of tunneling are examined, i.e.,
from the 4do* MO of Pd, to the 5s0* MO and the 6s0*
MO of Ag,, the former being the valence-type vacant orbital
and the latter the Rydberg-type vacant orbital.

The value of |M,,_,,|? for valence-type tunneling de-
creases exponentially as the Pd-Ag distance increases,
which is consistent with various experimental findings. This
is expected from the distance-dependence of the two-center
overlapping integrals, and a similar result has been reported
by Tersoff and Hamann.? This result also shows that the tun-
neling current reflects the local nature of the tip and the
sample and supports that the top atom of the tip plays the

Fuijita, Nakai, and Nakatsuji: Model of scanning tunneling microscopy

most important role in the tunneling current.>~ This implies
that metal dimers are not a bad model for the tip, though the
tip-size dependence of the STM current would exist.

In contrast, the value of |M,,_,,|* for Rydberg-type tun-
neling decreases more gently as the Pd-Ag distance in-
creases. This behavior reflects the diffuse nature of the Ryd-
berg orbital. As seen in Fig. 3, the tunneling matrix element
through the valence orbital is larger than that through the
Rydberg orbital at shorter tip—sample distances. Therefore,
these results indicate that scanning with shorter tip—sample
distances should give a higher resolution than that using
greater separations because of the rigidity of the valence-type
vacant orbitals. When scanning is performed using larger
tip—sample distances, it may become difficult to analyze the
nature of the transitions because the Rydberg- and valence-
type transitions may become comparable.

C. Pd,—CgHg system

Next, we calculate the Pd,—C4Hy system using the HF
method. Figures 4(a)-4(d) show the contour maps of the
tunneling matrix element |M,,_, ,|? for four kinds of tunnel-
ing transitions; i.e., (a) HOMO of Pd, to LUMOs of C¢H,
(b) HOMO of C¢Hg to LUMO of Pd,, (c) next-HOMOs of
Pd, to LUMOs of C¢Hg, and (d) two next-HOMOs of C¢Hg
to LUMOs of Pd,.

Figure 4(a) shows six peaks corresponding to six carbon
atoms. These peaks are due to the existence of nodes at the
center of the C—C bonds, as in the Pd,—Ag, system. The six
peaks in Fig. 4(a) fall outside of the six carbon atoms. In this
case, this may be due to interaction between AOs with
phases that are different than the neighbor C atoms, since the
lobes of the LUMOs of C¢Hg are perpendicular to the C¢Hg
plane.

Figure 4(b) corresponds to tunneling from the degener-
ate HOMOs of C¢Hg to the LUMOs of Pd,. The image
shows a doughnutlike ring, which is due to the scarcity of
nodes in the HOMOs of C¢Hg and the diffuse nature of the
LUMOs of Pd, as compared to the C¢Hg ring. The peak is
placed outside of the carbon atoms for the same reason as in
Fig. 4(a).

Figure 4(c) shows the six peaks above the bonds. These
peaks appear just above the bonds, not outside the bonds as
in Fig. 4(a). Since both the MOs of the tip and sample have
nodes perpendicular to the C4Hg plane, the phases agree at
the bond centers.

Figure 4(d) corresponds to tunneling from a nodeless a; ,
orbital of C¢Hg to the LUMOs of Pd,. The image shows only
one peak at the center of the C¢Hg ring. This indicates that a
CgHg molecule appears as a single hemisphere.

Figure 4(a) shows some similarity to the experimental
STM image of benzene adsorbed on a Rh(111) surface.?® In
this experiment, the electron flows from the tip to the sample
at a low bias voltage, so that the STM image of benzene
shows a dip at the center and three peaks outside of the
benzene ring. This resembles Fig. 4(a), although the number
of peaks does not agree with the experimental image, prob-
ably due to the effect of the Rh surface layer.
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FIG. 4. Theoretical STM images of the variation of |M,,_,,|* for the
Pd,—C¢Hg system with the geometrical structure shown in Fig. 1(b). The
images are drawn as for the Pd,~Ag, system in Fig. 2.

An analysis of the values of |M,_,,|* in both the
Pd,—Ag, and Pd,—C¢Hg systems shows that tunnelings to the
antibonding orbitals of the sample have smaller values of
|M,,_,,|* than those to the bonding orbitals. This is likely
caused by distant AOs with opposite phases.

D. Pd,—(CgHg), system

Albrecht et al. reported an experimental STM image of a
graphite (0001) surface?’ shown in Figs. 5(a) and 5(b), where
we see only triangular peaks instead of the hexagonal peaks
of benzene rings. On the graphite (0001) surface, there exist
two types of carbon atoms, « and B3; the a-site carbon atoms
have the carbon atoms just below them and the B-site carbon
atoms do not.

We have tried to simulate the STM image of a graphite
(0001) surface using (C4Hg), as a model of the first and
second layers of graphite and compared the images of the a-
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FIG. 5. (a) Experimental STM image of the graphite (0001) surface cited
from Ref. 27. The peaks are arranged triangularly. The white line indicates
the lattice orientation. (b) The enlarged image of (a). (c) Theoretical STM
image of the Pd,—(C¢Hy), system using 1:0.9 sum of |M,,_,|? of the tun-
nelings from the HOMOs of Pd, to the LUMO and the next-LUMO of
(CeHe),.-

and B-site carbon atoms [see Fig. 5(c)]. Since the HF calcu-
lation shows that there is an energy gap between the LUMO
and the next LUMO of (CgHg),, which originate from the
degenerate LUMOs of C¢H, we calculate |M,,_,,|* as a sum
at a ratio of 1:0.9 from the HOMOs of Pd, to the LUMO and
the next LUMO of (C4Hg),. The calculated image shown in
Fig. 5(c) indicates that the peak at the B carbon atom is
larger than the peaks at the a carbon atoms. Previous theo-
retical studies”!! have shown similar results. Accordingly,
the experimental STM image shows the triangular peaks cor-
responding to the three carbon atoms of the six benzene-ring
carbon atoms. This is explained by the characteristics of the
LUMO and the next LUMO of (C¢Hg), shown in Fig. 6.
Since the B-site carbon atom has a larger coefficient than the
a-site one in the LUMO, a larger peak appears at the 3 site.
The inequality between the a- and B-site carbon atoms
caused by the interaction with the second layer leads to the
peaks only at the S sites, that is, the peaks of every other
carbon atoms of the graphite first layer.

E. Li,—-Li, system; electron correlations

Finally, we examine the effect of electron correlations on
STM images using a Li,—Li, system. The tunneling matrix
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FIG. 6. Characteristics of the LUMO and the next-LUMO of (C4Hg), . Their
orbital energies are also shown. The S carbon atom has a larger coefficient
than the a carbon atoms in the LUMO.

elements |M,,_,,|? are calculated using Eqgs. (16) and (18)
from the SD-CI and SAC/SAC-CI wave functions, respec-
tively. In the summation of Eq. (18), the unlinked parts of the
SAC and SAC-CI wave functions representing more-than-
three electron excitations are not included.

Figure 7 shows the contour maps of the tunneling matrix
elements |M,,_,,|* calculated by the SD-CI and SAC/
SAC-CI methods [Figs. 7(a), 7(b), 7(a), and 7(8)] and com-
pares these with the HF results [Figs. 7(c) and 7(y)]. The
calculations are performed for the two-way lowest-energy
transitions. The main configurations of the final states in the
SD-CI and SAC/SAC-CI calculations are the charge-

A
O

(X102)

ot @)

(7)

(X103)

G B

2s0 * 2s0
@ (HOMO)

(LUMO)

(X102)

FIG. 7. Comparison of the theoretical STM images drawn using the SD-CI
(a, @), SAC/SAC-CI (b, B), and HF (c, ) methods for two-way HOMO-
LUMO transitions (tip to sample; alphabetic notations, sample to tip; Greek
notations) of the Li,~Li, system in Tables I and II.
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FIG. 8. Comparison of the tip—sample distance-dependency of |M,,_,,|?
calculated by the HF, SD-CI, and SAC/SAC-CI methods.

transferred ones; i.e., from the HOMO of the tip Li, to the
LUMO of the sample Li,, and from the HOMO of the
sample to the LUMO of the tip.

Figure 7 shows that the maps of the correlated methods
have gentler slopes and smaller contour values than those of
the HF method. The orthogonality on the center line normal
to the bond in the case of the tip-to-sample transition is re-
tained in the correlated calculation. The difference between
the SD-CI and the SAC/SAC-CI methods is small because
the Li,—Li, system is likely little improved by considering
the triple and quadruple excitation configuration in the SAC/
SAC-CI calculation. '

Figure 8 shows the distance-dependency of the transition
from HOMO of the tip Li, to LUMO of the sample Li, using
the HF and correlated methods. In all cases, the values of
IM,,_,,|* decrease exponentially as the tip—sample distance
increases. The two curves of the correlated methods are simi-
lar to each other and are located below that of the HF
method.

IV. SUMMARY AND CONCLUSIONS

We have developed an ab initio model of STM. First, we
applied the HF method to Bardeen’s perturbative theory and
formulated the tunneling transition probability M ,,_,, , which
is calculated analytically in the present method. Second, we
obtained the correlated form of the tunneling transition prob-
ability using the CI and SAC/SAC-CI methods.

We also performed some calculations of the STM image
using the HF method on simple tip—sample systems;
Pd,-Ag,, Pd,—~C¢Hg, and Pd,—(C¢Hg),. By doing so, we
were able to offer some explanations for the inconsistency
between STM images and actual atomic arrangements, and
formulated some rules for determining the STM image, as
shown in Fig. 9. When the tip’s orbitals that are dominant to
the tunneling have no nodes vertical to the sample plane, the
STM image is easily analyzed. When the sample’s orbitals
are bonding and have no nodes, the STM image is indepen-
dent of the atomic arrangement of the sample’s orbitals, and
sometimes shows peaks at positions where there are no at-
oms (case 1 in Fig. 9). When the sample’s orbitals are anti-
bonding and have many nodes, the STM image reasonably
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FIG. 9. Rules regarding STM images deduced from the present simulations.
When the tip’s orbitals have no nodes vertical to the sample plane and the
sample’s orbitals are bonding and have no nodes, the STM image is inde-
pendent of the atomic arrangement of the sample’s orbitals, and sometimes
shows a peak where there are no atoms (case 1). When the sample’s orbitals
are antibonding and have many nodes, the STM image reasonably reflects
the atomic arrangement of the sample’s orbitals (case 2). When the tip’s
orbitals have nodes vertical to the sample plane, the STM image is too
complicated for analysis (case 3).

reflects the atomic arrangement of the sample (case 2 in Fig.
9). When the tip’s orbitals that are dominant to the tunneling
have nodes vertical to the sample plane, the STM image is so
complicated that it is difficult to understand what is actually
being observed (case 3 in Fig. 9). The effect of the electronic
state of the tip on the STM image is quite large, as demon-
strated using previous models.

Based on these considerations, we expect that, to obtain
a STM image that reflects the atomic arrangement, we
should adjust the experimental conditions so that the tunnel-
ing current flows from the sample to the tip. This corre-
sponds to flowing of the tunneling electrons from the occu-
pied states of the tip, which would be smaller and have less
nodes, to the vacant state of the sample, which would have
more nodes. An explanation for why the STM image ob-
served using a popular W tip has high resolution is that the
d,-type orbital is dominant to the tunneling. The effect of the
Rydberg orbital was also examined for the Pd,—Ag, system.
We recommend that the STM image should be observed un-
der conditions in which the valence-type transitions are
dominant to obtain a high-resolution STM image.

Using the SD-CI and SAC/SAC-CI methods, we exam-
ined the effect of electron correlations for the first time in the
Li,~Li, system. We found that electron correlations work to
decrease the values of |M,,_,|* due to occupation of the
antibonding MOs in the correlated wave functions. The tip—

2417

sample distance-dependency of |M,,_,,|> decreases due to
the effect of electron correlations.

The many factors related to a STM tunneling current are
expected to be very complicated. For example, although we
considered a tunneling electron flowing from the occupied
state of one conductor to the unoccupied state of another, if
in fact the electron stays at the surface of one conductor
temporarily before tunneling, then a tunneling electron
would flow from the unoccupied state of one conductor to
the unoccupied state of another.
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