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We present a theory of the atomic resolution in scanning tunneling microscopy (STM) in terms of
localized surface states on the tip. The tunneling matrix elements arising from these tip states are
evaluated with the derivative rule. For example, a p, surface state on the tip generates a tunneling
matrix element proportional to [dy/0dz] at the nucleus of the apex atom, and ad,, . tip state
generates a tunneling matrix element proportional to [3d°¢/dz* — k*¢], (¥ is the sample wave

function, « is the decay constant of surface wave function, x = \/2m_¢ /#). To obtain analytic
results of theoretical STM images, we further developed a simple independent-orbital model to
describe the wave functions of the sample surface. With this model, we present qualitative and
quantitative explanations of the observed atomic resolution on metals and semiconductors, the
spontaneous switching of instrument resolution during imaging, and various tip-sharpening

procedures.

. INTRODUCTION

To the science community, the value of scanning tunneling
microscopy (STM) lies in its unique capability to visualize
individual atoms and individual localized electronic states
on solid surfaces. Since its invention by Binnig and Rohrer,'
STM experimentalists have observed atomic details of liter-
ally every kind of conducting solid surfaces,? including the
“smoothest” ones.* The physics of its imaging mechanism is
an intriguing scientific puzzle by itself, as Binnig and Rohrer
wrote in 1982 :
The STM graphs are not simply reproductions of sur-
face—atom corrugation. They rather reflect the corruga-
tion of the electron wave functions near the Fermi level,
roughly in the middle of the vacuum gap. To make a
quantitative connection with the corrugation of the sur-
face cores, a detailed tunnel theory on the atomic scale is
required, ...

The experimental observation of sharp atomic images
with STM is infrequent. It requires an extraordinary “sharp
tip,” whose formation is not completely reproducible, and
whose nature is not well understood.* Immediately after the
first STM experiments, Baratoff remarked that its atomic
resolution is probably due to a single localized surface state,
or dangling bond, at the apex of the tip.> For example, tung-
sten, the most important tip material, has a strong tendency
to form highly localized &, dangling bonds on its sur-
faces.*” On the sample side, it is known that on each top-
layer atom at clean silicon surfaces, there is an sp® dangling
bond.® Therefore, the atom-resolved STM image on silicon
is a result of an interplay between a single dangling bond at
the tungsten tip and the two-dimensional array of dangling
bonds on the silicon surface, as shown in Fig. 1. In principle,
the STM image can be calculated based on this concept. For
simple crystalline surfaces, the image can be expressed as a
product of a profile function which depends on the structure
of the surface, and a corrugation amplitude Az which is a
function of the tip-sample distance z (Fig. 1).

In spite of the attractiveness of this concept, its quantifica-
tion takes several years to work out due to the conceptual
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and mathematical difficulties.” In this paper, we will discuss
the concept of localized surface state at the tip, and develop a
simple formalism to calculate the theoretical STM images,
which can be used as a connection between first-principle
calculations of surfaces of interest and experimental STM
images. Details are presented for an elemental surface with
hexagonal symmetry, probably the most frequently encoun-
tered surface structure, such as close-packed metal surfaces,

many layered materials, Si(111), Si(111)-Al3 X3, etc.

Il. LOCALIZED SURFACE STATES ON THE TIP

Every experimentalist knows that atomic resolution in
STM is infrequent. Even if the most careful preparation of a
tip is made, for example, by chemical etching or mechanical
methods, atomic resolution is not guaranteed. In addition,
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F1G. 1. Microscopic view of STM imaging mechanism. A tip with a dan-
gling-bond state scans over the sample surface, composed of a two-dimen-
sional array of atomiclike states. The overlap of the tip state with the atom-
ic-like states on the sample generates a tunneling conductance, which
depends on the relative position of the tip state and the sample state. By
keeping the tunneling conductance constant, a topographic image is genera-
ted. The atomic corrugation depends on the spatial distribution and the type
of atomiclike states on the tip as well as on the surface.
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from the very beginning of STM experiments, it was found
that the STM resolution undergoes unexpected switching for
no obvious reason.*’ Sometimes, the corrugation suddenly
changes by a factor of two, four, or even one order of magni-
tude during a single scan. In earlier years, a STM experimen-
talist may have waited for several hours or even days for a
“good tip” to occur and a “good image” to be observed. This
phenomenon, the spontaneous switching of instrument reso-
lution, is characteristic of STM. The frequency of such reso-
lution flipping indicated that a very subtle change in the tip
would induce a tremendous difference in instrument resolu-
tion. In terms of localized surfaces state, this behavior can be
easily understood, because the conditions for localized sur-
face states to occur is equally subtle.

In the recent years, many STM experimentalists have re-
ported tip-sharpening procedures.™* In the following, we
will show that these procedures can be interpreted as meth-
ods to form localized surface states on the tip.

First case is the tip-treatment procedure reported by
Wintterlin et al.> As emphasized by the authors, “the most
significant single parameter for the observed corrugation ap-
parently related to the specific procedure of tip preparation”
was to raise the bias voltage to — 7.5 V (at the sample) and
to leave for approximately four scan lines. The tip responded
to the voltage and jumped by a sudden withdrawal by ap-
proximately 30 A. After that, atomic resolution was fre-
quently achieved. An important observation is that this tip
sharpening only works with a positive bias at the tip. An
explanation of this fact is shown in Fig. 2. In the bulk, the
positive tungsten ions are imbedded in a negative electron
cloud. By applying an electrical field in the metal, the ions
feel a force aligned with the electrical field intensity vector.
However, the electron cloud exerts an “electron wind force”
of equal magnitude but opposite direction. Therefore, the
tungsten atoms in the bulk feel a zero net force.” For tung-
sten atoms on the surface, the situation is different. Because
the electron density is more diluted, the electron wind force
is reduced, the tungsten atoms exhibit a net positive charge.
Therefore, the electrical field in the gap, with polarity as
indicated in Fig. 2, attracts tungsten ions towards the apex.
As aresult, a tungsten cluster is formed on the tip, often with
a single atom at its apex. Another way of explaining this
phenomenon is to conceive the gap under a strong electrical
field as a miniature plasma. The electrons and positive metal

Fi1G. 2. Tip sharpening by applying a high-voltage bias. (a) tungsten atoms
migrate to the end of the tip, 2(b), a tungsten cluster with a d, dangling

bond at the apex atom.
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ions are the carriers. The W * ions move towards the sample,
and the electrons move towards the tip. The possibility to
form negative aluminum ions is very slim, so a flow of alumi-
num to the tip is unlikely. The cluster thus formed should
not be very stable, which is consistent with the experimental
observations.” The electronic states of tungsten clusters
have been calculated using first-principle methods’ by Oh-
nishi et al. They show that at the apex atom of tungsten
clusters W, and W, there is a localized metallic dangling
bond state which can well be described as a d , state. Using
Green’s function methods, they have also shown that by tak-
ing this tungsten cluster as the tip, the tunneling conduc-
tance is predominately generated by that d , state protruding
from-the apex atom.

Another case is the tip-sharpening procedure reported by
Demuth eral.,* asshown in Fig. 3. By gently colliding the tip
with silicon surface, they observed that the tip picked up a
silicon cluster, as evidenced by a hole on the silicon surface at
the contact location, and atomic resolution is frequently
achieved. Demuth ez al.* also proposed that an sp® dangling
bond is formed at the apex silicon atom thus to make the tip
probably even sharper than a geometrical point. Numerous
first-principie calculations and STM/STS experiments have
shown the existence of that dangling bond. The energy levels
of those dangling bonds are shown to cross the Fermi level.®

lll. CONCEPTUAL BACKGROUND

In spite of the attractiveness of this model of STM imaging
(in terms of localized surface states on the tip and on the
sample), in the early years, there had been a number of con-
ceptual and mathematical difficulties preventing the estab-
lishment of a tractable and consistent theory. We now ad-
dress these issues briefly as follows.

First, the tip—sample distance under normal STM oper-
ation is very short. As determined by direct measurements, it
is 1-4 A before a mechanical contact.'® In this range, the
potential barrier between the tip and the sample is often low-
er than the Fermi level. The transport process is no longer
tunneling. Tunneling theories, such as Wentzel-Kramers—
Brillouin (WKB) and transfer-Hamiltonian, are no longer
adequate.'' New theories to calculate the current are need-
ed. One solution to this problem is as follows.'? In STM, the

FiG. 3. (a) Tip sharpening by mildly colliding the tip with silicon surface,
(b), asilicon cluster with a p, dangling bond is formed, leaving a hole on the
silicon surface.
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potential barrier is always thinner than the nominal de Brog-
lie wavelength, as a consequence of the uncertainly princi-
ple, the distinction between tunneling and channeling disap-
pears. After the distortion of the sample wave function due
to the existence of the tip is taken into account, Bardeen’s
surface integral for tunneling matrix element, '’

2
% f[)(*Vtﬁ—l/JV)(*]'dS (N
2m,

M= —

becomes valid even if the barrier becomes lower than the
Fermi level.'”” In Eq. (1), ¢ and y are the corrected (or
distorted) sample and tip wave function, respectively, and
the integral is carried over a separation surface roughly in
the middle of the gap. To be exact, it is a transmission matrix
element. The distortion correction to the free sample and tip
wave functions, for metals, is a constant over the entire range
of normal STM operation. Therefore, except for special
cases such as graphite, we don’t have to worry about it too
much.?

Second, the mathematical problem of evaluating the Bar-
deen integral between two sets of localized surface states is
not trivial. Actually, even if a single dangling bond at the tip
is considered, at least the nine lowest components (s, p.., p,,
Pdiy 2 dy,d.,d,,andd,_ ) have to be included.
Recently, it was proved that the transmission matrix ele-
ments are determined by the derivatives of the sample wave-
function # at the center of the tip r, following an extremely
simple derivative rule.’> For example, a p, tip state generates
a transmission matrix element as

Meak = 'dP(ry)/0z (2)

andad,, . tip state generates a transmission matrix ele-
ment as

Mok=29%(r,) /92 — (1/3)9(x, ). (3)

The decay constant « is determined by the work function ¢

K=+2m,p/%. (4)

Based on this derivative rule, an interpretation of the
atom-resolved images observed on Al(111) is made, using
surface Bloch wave methods.'* In this paper, we will present
a simple model of STM imaging following the intuitive con-
cept of the interplay between one localized surface state at
the tip and a two-dimensional array of localized surface
states on the sample.

IV. IMAGING A LOCALIZED SURFACE STATE

In this section, we present an approximate method of de-
scribing the localized surface states on the sample, and cal-
culate the tunneling conductance distribution for a single
localized surface state on the sample. The Slater functions'*
are used to describe the localized surface states

¢n1m :CrnileigrYlm‘ (5)

Here, n is the principle quantum number, / and m are angu-
lar quantum numbers, and £ is the orbital exponent. In this
paper, we deal with m = O states only. The spherical har-
monics Y,,, reduces to Legendre polynomials, P, (cos 8),
where cos @ = z/r. For example,
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Py(cos 0) =1, (6)
P, (cos 8) = cos 6, (7
P, (cos ) = 1[cos* 8 — 1/3]. (8)

For surface states near the Fermi level, £ equals to the decay
constant « we introduced in Eq. (4).

The spirit of Slater’s approximate atomic wave function is
to use a single power factor r* ~ ! to represent the entire alge-
braic factor in the hydrogen-like wave functions. The reason
is that except for the very center of the atom, only the highest
power of 7 in the algebraic factor is significant. In treating
STM-related problems, we are only interested in the values
of atomic wave functions a few angstroms away from the
nucleus of the atom, not the values in the core. Therefore, the
Slater functions should provide an adequate theoretical de-
scription. For the same reason, we can derive all the Slater
functions from a single function

¢000:C"_lewm 9

through differentiation acting only on the exponential factor.
This rule conforms exactly to the spirit of Slater’s approxi-
mation. Actually, any differentiation to the algebraic factor
with r creates a term with »” %, which is appreciable
only near the center of the atom, so it can be neglected. For
example, using Egs. (6)—(8), it is easy to verify that:

n— 1

Yoo = — /91" Pop0, (10)
V0= (—3d/kdz)[ — 3 /] Yoo, (11)
¢,,20:~_%[3((9/K(92)2—1][—3/5K]"¢000. (12)

The sign ~ indicates that the differentiation is acting on the
exponential factor only.

Now, we use the derivative rule to calculate the tunneling
matrix elements from these Slater wavefunctions. The tun-
neling conductance g(r) is proportional to the square of the
tunneling matrix element'" :

gr) < |M|% (13)

Because the equal-conductance contour is independent of an
overall constant, we neglect it for convenience. Table II lists
the results for three types of m = O tip states, and three types
of sample states. The relevant quantity for predicting experi-
mental images is the apparent size of the atom. By apparent
size we mean the apparent radius of the image of the sample
state of interest. It is convenient to define the apparent radius
by

R %) (ch(r))*1
0z ox* '

For a spherical distribution, this definition coincides with
the actual radius. As shown in Table I, the apparent radius is
reduced for p and d states on the tip as well as on the sample.
In other words, with p and d states, the images of an atom
looks much sharper than s states, which is expected. The
images for mixed states, e.g., sp’ states, can be treated using
the same method.

Not surprising, we observed the reciprocity principle
again:'? by interchanging the tip state and the sample state,
the conductance distribution, and consequently, the appar-
ent size of the image, is unchanged.

(14)
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TABLE L. Conductance distribution function g(r) for different tip states and sample states (as single localized
surface states). For the definition of the apparent radius of the atom, see the text. A relation cos 8 = z/r is

implied.

Tip Sample Conductance Apparent
state state distribution radius

K s exp( — 2«r) z

s p cos® @ exp( — 2«r) z/[1 + 1/kz]
s d [cos* 8 — (1/3)]% exp( — 2kr) z/[1 + 3/kz]
P s cos® B exp( — 2«r) z/[1 + 1/kz]
P P cos* @ exp( — 2«r) z/[1 + 2/kz]
p d [cos® @ — (1/3)]% cos® B exp( — 2«r) z/[1 + 4/kz]
d s [cos® 8 — (1/3)]* exp( — 2«7) z/[1 + 3/kz]
d P [cos? 8 — (1/3)]% cos® O exp( — 2«r) z/[1 + 4/kz]
d d [cos® 8 — (1/3)]* exp( — 2«r) z/[1 + 6/«z]

V. IMAGING CRYSTALLINE SURFACES

In this section, we present an analytic model for crystal-
line surfaces by assuming that the localized surface states on
different atom sites are independent. In other words, we as-
sume that the total tunneling current can be approximated as
the sum of the tunneling currents from individual orbitals.
This Ansatz is not always valid. For example, it does not
work for solids exhibiting charge density waves. However,
for many metal and semiconductor surfaces, it provides an
adequate description.

As shown in Fig. 4, the total conductance G of a crystal-
line surface, considered as a two-dimensional array of local-
ized orbitals, is a periodic function with primitive vectors a,
and a, . Therefore, it can be expanded into a two-dimensional
Fourier series,

0

G(r) = Z g(r+ na, + ma,)

= Y Gu(2exp[i(b, +kby)]. (15)
Jk= —
The Fourier coefficients are
Gy (2) = [a,0a,]
X szx G(r)exp[ — i(jb, + kb, )x], (16)
a y ky
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F1G. 4. Elemental surface with hexagonal symmetry. (a) real space, (b)
reciprocal space. The length of the primitive reciprocal vector is
b=4w/3a.
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where x = (x,p), and the integration extends to the entire
surface.

In the following, we will concentrate on the case of ele-
mentary crystalline surfaces with hexagonal symmetry, in
other words, simple structures belonging to plane group
p6mm.'® Only the lowest nontrivial Fourier components are
considered. An inspection into Fig. 4 reveals that only the
Fourier components at k = 0 and the six equivalent points
are significant. Because of the axial symmetry of the conduc-
tance function g(r) on each s1te, the Fourler coefﬁc1ents at
these six points, i.e., Glo(z) G_ 10(2), Go,1(2), Gy, 4 (2),
G1 ,(2), and G_1 _, (2), are equal. We denote it as G, (2).
Up to this term,

G(r) =Gy (2) + (9/2)G, (2) (bx), an
where b is the magnitude of the primitive reciprocal vectors,

b, and b,. An inspection to Fig. 4 gives b = 47/\3a. A hex-
agonal cosine function is defined for convenience as

+£E cos o X,

where  ©, = (0,1), o, =( —13,-1),
= (% V3, — 1) , respectively. It is easy to show that the
function ¢‘© (bx) has maximum value 1 at each atomic site,
and minimum value O at the center of each atomic triangle.
[The constant 1/3 in Eq. (18) is introduced for conven-
ience. It makes a slight shift of the origin of z, which is negli-
gible in this approximation. ]

Now, we look for a theoretical expression of the topologi-
cal STM image in the form:

z =z, + Azg'® (bx). (19)

Since the second term in Eq. (17) is much smaller than the
first term, it is easy to show that:

9G, (2,)
20G, (z,)/0zy
Therefore, the problem of calculating the topological images
reduces to the problem of evaluating the Fourier coeffi-
cients, Eq. (16). From Table I, we observed that what we

need to calculate are the Fourier coefficients for the func-
tions

flry=r-—

¢ (X)=— (18)

and o,

Az(zy) = — (20)

' cos™ @ exp( — 2«r). 2D
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We start with the mathematical identity

Ef f dx dy r~ 'exp( — 2«r)exp{iax + iBy)

Yexp( — y2), (22)

where r?> = x? + y* + 2> and y* = 4x* + a* + B %. A proof
of this mathematical identity is given in the Appendix.
By taking d /d« on both sides of Eq. (22), we obtain:

=27y~

J f dx dy r" ' exp( — 2«r)exp(iax + iBy)

=27( —3/20k)" [y~ "exp( —y2)]. (23)

By taking derivatives with respect to z, a factor x/r = cos 81is
generated. Within the same approximation of the Slater
atomic wave functions, the differentiation acts on the expo-
nential factor only. Therefore,

JJ dx dy r"~'cos™ 0 exp( — 2«r) exp(iax + iffy)

=27( — 8/2k)"( — 3/2k3z)™ [y~ ' exp( — y2)].

(24)

Using Egs. (20)-(24) and the conductance distribution
functions listed in Table I, the corrugation amplitudes for an
elemental hexagonal surface with different tip states and sur-
face states are obtained, as shown in Table II. As shown,
with p and d states on the tip as well as on the sample, sub-
stantial corrugation enhancements should be observed. In
the last column of Table II, the ratios of the corrugation
amplitudes with respect to the s-wave case are given for a
surface with atomic distance a = 2.88 A and work functlon
é =3.5 eV. The relevant quantities are: x = 0.96 A-
b=252A"" and y=13.17 A ~'. For many cases, the en-
hancements can be greater than one order of magnitude. In
TableII, only cases with n = 1 and m = O arelisted. It is easy
to extend the results for n#>1 and m >0 cases, as well as
mixed states, such as sp3 states.

Figure 5 is a comparison of the above results with the first-
principle calculation of the Al1(111) surface'” as well as the
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FIG. 5. Theoretical corrugation amplitude foransandad, . . tip states,

on a close-packed metal surface with a = 2.88 A and ¢ = 3.5 V. The orbi-
tals on each metal atom on the sample is assumed to be 1s type. Measured
STM corrugation amplitudes are from the data of Wintterlin et al. (Ref. 3).
First-principle calculation of Al1(111) is taken from Ref. 17.

experimental results of STM images on Al(111) by Wintter-
linetal.® A very simple model of Al(111) surface is used: on
each surface Al atom, there is an independent ls state near
the Fermi level. The charge density contour, i.e., the image
with an s-wave tip state, agrees with the extrapolated corru-
gation amplitudes of the first-principle calculation.'” The
theoretical STM image with a d_, tip state agrees well with
the “best” observed STM image on Al(111 ).* The tip-sam-
ple distance is taken from the measured tip-sample distance,
1 A from a mechanical contact,'® and the calculated dis-
tance'® of a mechanical contact of a Al-Al system, 2.3 A.
Considering that there should be a p, component on each Al
site, the theoretical curve should be moved up slightly, and
the fitting can be further improved.

TaBLE I1. Corrugation amplitude Az(z) of a simple crystalline surface with hexagonal symmetry for different
tip states and sample states. The last column shows the ratio of Az vs the s/s case with the following parameters:
atomic distance a=2.88 A, work function ¢ =235 eV. Quantities involved: decay constant
k=+2m,é/fi=0.93 A length of primitive reciprocal vector b= 2w/\3a=2.52 A Y, and

Y=V + b =317A "

Tip Sample

state state Corrugation amplitude Az(z) Ratio
s s [9x/9*] exp { — [y — 2«]z} 1

s P [7/26}2[9x/9*] exp { — [y — 2x]z} 2.73

s d {3/ [(726)* — (/)P [9x/7] exp {— [y — 2«12} 12.9
P s [7/2«12[9x/9*] exp { — [¥ — 2x]z} 2.73

P P Ly/261*(9x/7*] exp { — [y — 2«]z} 7.45

p d [y/261H(372) [ (v/26)* — (1/3) 112 [9x/¥*] exp { — [¥ — 2]z} 35.2
d 5 {32 [(w26)? — (1/D]1P[9%/¥] exp { — [y — 2x]z} 12.9

d p L7261/ [(7726)* — (/DY [9/7°] exp { = [y —2«]z} 352

d d {372 [(9726) — (1/3) 1 [9x/¥°] exp { — [y — 2«]z} 166
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VI. DISCUSSIONS

Shortly after Baratoff® proposed the dangling-bond tip-
state concept, Tersoff and Hamann'® proposed the s-wave
model, which asserts that the STM image is simply a contour
of the Fermi-level local density of states (LDOS).'>** In
this section, we will make a comparison between the present
theory and the s-wave tip-state model or Fermi-level LDOS-
contour model, in terms of agreement with basic experimen-
tal facts as well as internal logical consistency.

Theoretically, the Fermi-level LDOS-contour model is a
macroscopic model.'® The tip is modeled as a spherical po-
tential well with local radius R. Obviously, the model might
be valid only with a radius much greater than the size of an
atom, such that the atomic details of the tip can be neglected.
With R = 9 A and a distance (from the center of the tip to
the top-layer nuclei of the sample) 15 ;X, at low bias, Tersoff
and Hamann show that the center of curvature of the tip
follows the contour of the Fermi-level LDOS of reconstruct-
ed gold surfaces.'® “In any case,” they emphasized, “the s-
wave treatment here is not intended as an accurate descrip-
tion of a real tip, but rather as a useful way of parametrizing
the effect of finite tip size.” The crucial approximation of the
Fermi-level LDOS-contour model, i.e., evaluating the ma-
trix element only for an s-wave tip wave function, requires a
stringent condition, as stated clearly in Tersoff and Ha-
mann’s original papers:'’

(1+q2/k2)1/2:1, (25)

where g is the wave vector of a relevant Fourier component
of surface wave function. In terms of a characteristic wave-
length or feature size L = 27/q, Eq. (25) means

L>27h(2m,$) ~ > =12.3¢~ *(A), (26)

where the work function ¢ is in electron volts. Taking a typi-
cal value for the work function, ¢ ~ 3.5 eV, Tersoff and Ha-
mann’s condition means L> 6.6 A. For large features on
reconstructed surfaces, e.g., Au(110) 2% 1 and 3x 1, the
typical feature size is 8-12 A, Tersoff and Hamann’s condi-
tion is satisfied. For atom-scale features, where the typical
length scale is 24 A, Tersoff and Hamann’s condition is not
satisfied. Therefore, the absence of atomic resolution in the s-
wave model is a premise, a postulate.

Although the absence of atomic resolution is an assump-
tion in the s-wave model, it claims a theoretical conclusion
that true atomic resolution in STM is impossible. ““As such,”
the authors concluded,'” STM “can resolve isolated steps,
defects, and impurities. ... Conversely, STM provides little
information for relatively smooth low-Miller-index surfaces,
the only kind which are presently susceptible to accurate
calculation of the vacuum charge.” For the observed atom-
scale images on Si(111)2 X 1, layered materials, and graph-
ite, the s-wave model asserted that these images are but an
electronic effect: ‘“The image_has no direct relation to the
positions of atoms within the unit cell. ... Thus the image in
this case contains no information whatsoever on the posi-
tions of individual atoms.”*® Interestingly enough, the va-
lidity criterion as well as the predicted resolution of the s-
wave model is exactly the resolution limit of some
commercially available scanning electron microscopes.”' As
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is well known, the value of STM lies in its ability to resolve
true atomic details beyond the resolution limit of scanning
electron microscope.

Therefore, the starting point and conclusion of the present
theory, that atomic resolution in STM is possible, but de-
pends on the existence of orientated localized tip states,'* are
qualitatively different from the starting point and conclu-
sions of the Fermi-level LDOS-contour model.'**° In
words, it is a microscopic or atomic point of view versus a
macroscopic or continuum point of view.

Recently, Lawunmi and Payne®> made a careful analysis
of the Fermi-level LDOS-contour model, especially for the
case of graphite.” They concluded® that the Fermi-level
LDOS-contour model “cannot be correct.”

VIil. CONCLUSIONS

We have established a microscopic theory of STM imag-
ing mechanism in terms of a localized surface state on the tip
and a two-dimensional array of independent localized states
on the sample. We show that with p and d states on the tip as
well as the sample, the corrugation amplitudes of STM im-
ages can be orders of magnitude greater than the Fermi-level
LDOS, which is the origin of atomic resolution in STM.
Analytic expressions for the apparent sizes of atoms as the
image of a single atomic state on the sample as well as the
corrugation amplitudes of a crystalline surface are given.
The theory provides a quantitative interpretation to the
atom-resolved images observed on close-packed metal sur-
faces.
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APPENDIX: PROOF OF AMATHEMATICAL IDENTITY

Equation (22) is a direct consequence of two well-known
identities:

* dx 5 5
———exp( — kyx~ + )
_[, w 2 157
Xexpiax) = 2K, (Wi + a?)
and
=] [ 2 2
J dx K, (aJx* + y*)exp(ifx) _7exp( —Wa +57) )
These identities, in terms of trigonometric functions, can
be found from, e.g., in Ref. 23.
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