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Abstract 

It has been known for three decades that tunneling 
experiments should be explained by the electronic 
structures of both electrodes. Scanning tunneling 
microscopy (STM) is no exception. Since the 
development of STM in the early 1980s, experimental 
facts have repeatedly shown the necessity to explain the 
STM images and tunneling spectra from a two-sided 
point of view. In other words, the STM images and 
tunneling spectra should be explained by the interaction 
of the electron density distributions of the tip and the 
sample (in energy and space). In the early years of 
STM, due to a scarceness of experimental data and 
conceptual difficulties, a one-sided view was commonly 
used, which attributed the STM images and scanning 
tunneling spectroscopy (STS) data to the electron density 
distribution of the sample only. As experimental findings 
accumulate and theoretical concepts develop, a consistent 
two-sided view of STM has been gradually formulated. 
This review article is a brief account of the two-sided 
view of STM in a conceptual and historical perspective. 

Key Words: Microscopy, tunneling, STM, atoms, 
electronic states, energy spectrum. 

281 

The Scanning Tunneling Microscope 

The scanning tunneling microscope (Binnig and 
Rohrer, 1982, 1987) is shown schematically in 
Figure I. A probe tip, usually made of W or Pt-Ir 
alloy, is attached to a piezodrive, which consists of 
three mutually perpendicular piezoelectric transducers: 
x-piezo, y-piezo, and z-piezo. Upon applying a voltage, 
a piezoelectric transducer expands or contracts. By 
applying a sawtooth voltage on the x-piezo and a 
voltage ramp on the y-piezo, the tip raster scans on the 
xy-plane. Using the coarse positioner and the z-piezo, 
the tip and the sample are brought to within a few 
Angstroms from each other. The electron 
wavefunctions in the tip overlap electron wavefunctions 
in the sample surface. A bias voltage, applied between 
the tip and the sample, causes an electrical current to 
flow by tunneling through the vacuum gap. The 
tunneling current is amplified by the current amplifier 
to become a voltage which is compared with a refer­
ence value. The difference is then amplified again to 
drive the z-piezo. The phase of the amplifiers is chosen 
to provide negative feedback. If the tunneling current 
is larger than the reference value, then the voltage 
applied to the z-piezo tends to withdraw the tip from 
the sample surface and vice versa. Therefore, an equi-
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Figure 1. Schematic diagram of a scanning tunneling 
microscope 
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librium z-pos1t1on is established through the feedback 
loop. As the tip scans over the xy-plane, a two­
dimensional array of equilibrium z-positions, repres­
enting a contour plot of the equal tunneling-current 
surface, is obtained and stored. During the last ten 
years since its debut, the STM has resolved details of 
local electronic structure of a large variety of 
conductive surfaces down to atomic scale, which is 
about 2 A (Quate, 1986). According to Rohrer (1992), 
the atomic resolution on rigid surfaces already becomes 
a must in all STM experiments. 

One of the motivations for Binnig et al. (1982) to 
pursue tunneling with a controllable gap was to achieve 
it in a configuration that allows simultaneously spa­
tially resolved tunneling spectroscopy. By fixing the 
position of the tip with regard to the sample, varying 
the bias voltage and recording the tunneling current, a 
local tunneling spectrum is obtained. By scanning the 
tip over the sample surface, a two-dimensional array of 
tunneling spectra is obtained. This technique, com­
monly called scanning tunneling spectroscopy (STS), 
was demonstrated by Feenstra and his coworkers 
(Feenstra and Stroscio, 1987; Feenstra et al, 1987). 
During the seven years of its invention, a large number 
of STS data has been accumulated. 

Tunneling Junction and the Bardeen Theory 

Tunneling spectroscopy with metal-insulator-metal 
(MIM) tunneling junctions was first demonstrated by 
Giaever (1960a, 1960b ), which provided a direct con­
firmation and measurement of the energy gap in super­
conductors, as shown in Figure 2. If both electrodes 
are normal metals, the density of states (DOS) of both 
electrodes are almost constant with respect to energy. 
The I - V curve is a straight line. If one of the metals 
is superconducting (that is, there is an energy gap and 
the DOS has a sharp peak), then the I - V curve shows 
a threshold. If both metals are superconducting (that is, 
energy gaps exist in the DOS of both), then there are 
two thresholds with an interval of negative differential 
conductance in between. To summarize, the observed 
tunneling spectrum is determined by a convolution of 
the electronic spectra of both electrodes. Although the 
experimental result contains information of both 
electrodes, it does not cause confusion. Actually, by 
using the same right-hand-side electrode and combining 
with different left-hand-side electrodes, the difference 
in the observed tunneling spectra should be a measure 
of the difference in the left-hand-side electrode. A 
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Figure 2. Tunneling spectroscopy in classic tunneling 
junctions. (a) If both electrodes are metallic, the I - V 
curve is linear. (b) If one electrode has an energy gap, 
an edge occurs in the I - V curve. (c) If both electrodes 
have energy gaps, two edges occur. A "negative differ­
ential conductance" exists. (After Giaever and 
Megerle, 1961 ). 

similar argument is valid for the right-hand-side 
electrode. In all cases, the origin of the observed 
tunneling spectrum is symmetric with respect to the 
two electrodes. 

Tip-State Effects in STM and STS 

A logical consequence of the Bardeen theory is that 
the STM images and the STS spectra are determined 
by the electronic states of the sample and the tip. 
Since the pioneering work of Binnig and Rohrer 
( 1982), numerous authors observed, reported, and ana­
lyzed tip-state effects in STM and STS. Following are 
some examples. 

Demuth et al. (1986) reported an STM image in 
which the corrugation undergoes a sudden change in 
the middle of a scan (see Figure 3). The top two-thirds 
of the image shows a large corrugation, while the 
lower one-third has a much smaller corrugation. The 
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Figure 3. Topographic image of Si(I I l)-7X7 surface. 

Due to a spontaneous tip restructuring, the corrugation 
undergoes an abrupt change from large (region I) to 
very small (region II). After Demuth et al. ( 1986). 

differences between regions I and II arise from a small 
change in the structure of the tip during scanning. The 
::::::4 A lateral shift and the 0.5 A change of the vertical 
position suggest an atomic-scale rearrangement of the 
tip. 

Demuth et al. (1986) also made an explanation of 
this phenomenon based on an educated guess. They 
argued that a cluster of tungsten (or silicon) atoms at 
the apex of the probe tip may have been atomically 

rearranged by a very slight contact to the surface or by 
the transfer of a chemically active atom which reacts to 
change the tip configuration. Actually, a similar obser­

vation was reported in an early paper of Binnig and 
Rohrer ( 1982). Their observation motivated Baratoff 

( 1983, 1984) to propose a theory of the contrast mech­

anism of STM. Baratoff proposed that the large 
corrugation observed by the STM is due to the pres­

ence of a dangling bond protruding from the tip apex. 

His proposal was based on the observation of a sudden 

improvement of experimental resolution accompanied 
by a retraction of the tip while the set tunneling current 

remains unchanged, as described by Binnig and Rohrer 
(1982). 

Klisner et al. (1990) reported and analyzed an inter­
esting observation. During the imaging of a 

Ge( 111 )-c2 X 8 surface, they observed a double-tip 

effect. Each feature on the surface was duplicated to 

283 

become a double feature. The tunneling spectra of each 

point on the surface with the two microtips were 

recorded. They observed that the two tunneling spectra 

originating from the two microtips at the same point of 

the surface were substantially different. Especially for 

the section of tunneling spectra between -0.5 V and -2 

V, a very large difference was observed. Clearly, the 

electronic structures of the two microtips on the same 

tip shank are very different. 

Klitsner et al. (1990) made the following analysis. 

From the point of view of tunneling theory, the infor­

mation obtained from STM is a convolution of elec­

tronic states in the sample with electronic states in the 

tip. Although the electronic structure of bulk metal tips 

usually resemble a free-electron metal, for atomically 

sharp tunneling tips, it could be very different. the 

electronic structure of a microtip made of a small metal 

cluster may be very different from that of a bulk made 

of the same metal atoms. In general, the sharpest, 

highest-resolution tips are the most likely to have 

highly structured electron energy spectra. They con­

cluded that tip electronic states must be taken into 

account in interpreting STM and STS data. 
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Figure 4. Effect of tip electronic states on tunneling 
spectra. Tunneling spectra of the same spot on the 
sample surface with two different microtips are shown. 
Those microtips are on the same tip shank, about 9 A 
apart. Especially on the negative-bias region, the 
tunneling spectra from two microtips are very different. 

Obviously, the electronic structure of the two microtips 
are very different. After Klitsner et al., ( 1990). 
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Similar observations have been reported few years 

earlier by Tromp et al. ( 1987) and Stroscio et al. 

(1987). Based on the observation that very sharp tips 

usually have highly structured electron energy spec­
trum, Feenstra et al. ( 1987) developed a method to 

generate tips with electronic structure that resembles a 

free-electron metal. It provides reliable tunneling 

spectra, albeit with low spatial resolution. 

To summarize, in STM and STS, the image resol­

ution and tunneling spectra are determined not only by 

the electronic states of the sample surface but also by 

the electronic states of the tip. The latter is determined 

by the configuration of a few atoms at the apex of the 

tip. A slight change of the chemical identity and 

geometrical structure of a few atoms at the tip apex 

would dramatically change the STM images and local 

tunneling spectra. At atomic resolution, the tip elec­

tronic structure usually deviates significantly from the 

electronic property of the tip bulk and seldomly resem­

bles a free-electron metal. 

The One-Sided View of STM 

In the early years of STM, a generally accepted 
theory was the s-wave-tip model, proposed by Tersoff 

and Hamann ( 1983, 1985). The s-wave-tip model attri­

butes the STM images and STS data to the electron 

density distribution of the sample only, independent of 

tip electronic structure. The motivation and spirit of 
this one-sided view of STM are clearly stated by an 

original author in the theoretical part of a well-known 

review article (Hansma and Tersoff, 1987): 

The theory of tunneling makes no dis­

tinction between the surface and the tip. 

However, in STM, this distinction is crucial. 

Ideally, one would like to relate the STM 

image directly to a property of the surface, 

whereas in any exact analysis the current 

involves a complicated convolution of the 

electronic spectra of surface and tip. 

Tersoff and Hamann observed that the tip 

properties can be taken out of the problem by 

considering a particular model of the tip, 

motivated as follows. The ideal scanning 

tunneling microscope would have the greatest 
possible resolution, and would measure an 

intnns1c properties of the unperturbed 

surface, rather than a property of the joint 

surface-tip system. These goals would be best 

achieved by a tip whose potential and wave 
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functions were arbitrarily localized. In this 

case, in the limit of small voltage, the 

tunneling conductance is 

(I) 

where r1 is the tip position, EF is the Fermi 

energy, and 

2 
p(rr, EF) - ~ I 'I' /r) I 8(£v - E) (2) 

V 

is the surface local density of states (LDOS) 

at point r and energy £. 

The primary promise of the s-wave-tip model is to 

predict the greatest possible resolution of STM. 

However, experimentally, the resolution of STM has 

greatly exceeded the predictions of the s-wave-tip 

model. Fermi-level local density of states (LDOS) is a 

familiar quantity in surface science. For many surfaces, 

its contours have been calculated from first-principles 

and measured by various methods, such as atom-beam 
scattering. For nearly free-electron metal surfaces, for 

example Al( I 11 ), at 3 A from the plane of the top­
layer nuclei, the corrugation amplitude of Fermi-level 

LOOS is less than 0.03 A.. It is impossible to place a 

tip much closer than 3 A from the nuclei of the Al 

atoms of the sample surface. Therefore, the s-wave-tip 
model predicts no atomic resolution on close-packed 

metal surfaces (Tersoff and Hamann, 1985; Hansma 

and Tersoff, 1987). 

Experimentally, atomic resolution has been observed 

on every clean close-packed metal surfaces, with 

nearest-neighbor atomic distance less than 3 A, such as 
Au( I I I), Au() I 0), Au(00 I), Al(! I I), Cu(] I 0), 

Cu(00I), Pt(00I), Pt(! I I), Ru(000I), Ni(] JO), Ni(00I), 

etc. (see the review article by Behm in Scanning 
Tunneling Microscopy and Related Methods, edited by 

Behm et al. (1990)). On Al() I I), corrugation as large 

as 0.3 A is routinely observed. The largest corrugation 

observed was 0.8 A, about 20 times greater than the 

greatest possible corrugation predicted by the 

s-wave-tip model (Wintterlin et al., 1989). In some 

cases, even the sign of corrugation is reversed from the 

predictions of the s-wave-tip model (Barth et al., 1990, 

Burne, 1992). In other words, the atomic sites appear 

as depressions (minima) on the topographic image, 

rather than protrusions (maxima). The amplitude of 

such inverse corrugation can be one order of magnitude 

greater than the greatest possible corrugation amplitude 
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predicted by the s-wave-tip model; thus it cannot be 

explained by a multiple s-wave-tip effect. 

The basic assumption in the original papers of 
Tersoff and Hamann (I 983, 1985) is that the tip can be 

described as a piece of free-electron metal with a 

hemispherical end. Experimental observations (see last 

section) have shown that when atomic resolution is 

observed, the electronic structure of the tip often does 

not resemble that of a free-electron metal. More pre­

cisely, the electronic structure of a tip with atomic 

resolution often does not resemble that of any bulk 

metal. 

Besides discrepancies with experiments, there is a 

theoretical difficulty in the s-wave-tip model: the 

Fermi-level LDOS contour is taken at a geometrical 

point which represents the tip. When atomic resolution 

is to be explained, the physical definition of that 

geometrical point becomes obscure. For a macroscopic 

free-electron-metal tip with a radius of curvature R, the 

position of the tip r1 is the center of curvature. It is 

well defined if the radius of curvature is large enough. 

For example, in their original paper (Tersoff and 

Hamann, 1983, 1985), the radius of curvature was 9 A 
and the distance from r1 to the sample surface was 15 
A. At such a distance, atomic resolution is impossible. 
If the radius is comparable to the size of an atom, the 
position of the tip, ri, becomes ill-defined. An alterna­

tive definition of the tip position is the position of the 
nucleus of the apex atom. In this case, the electronic 

states of the apex atom become important. If the apex 
atom is an alkali or alkali earth atom, such as Na or 

Ca, the tip state is almost a pure s-wave state, and the 
STM images would resemble that of the s-wave-tip 

model (Lang 1986). However, Tersoff and Lang 
( 1990) concluded that real tips do not have an elec­

tronic structure similar to that of Na or Ca. Rather, the 

tips are made of transition metals, probably contam­

inated with atoms from the surface (Si and C are 

common sample materials). For a Si-atom tip, the p 

state dominates the Fermi-level LDOS of the tip. For 

a Mo-atom tip, while the p contribution is reduced, this 

is more than compensated for by the large contribution 

from states of d like symmetry. Tersoff and Lang's 

calculations ( 1990) show that on an atomic scale, the 

STM images from a Si, C, or Mo tip can be dramat­
ically different from the images predicted by the 

s-wave-tip model. They show that while atom-sized 

features on the surface are imaged, the tip electronic 

structure cannot be taken out from the problem. 
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Tip Treatment 

The importance and the role of tip electronic states 
in STM are known to experimentalists through the 
process of tip treatment. From the beginning of the 
STM experimentation, Binnig and Rohrer (1982) real­
ized that the atomic resolution in STM was due to the 
existence of a few rather sharp microtips generated 
through the the tip formation process. The extreme sen­
sitivity of the tunneling current versus distance then 
selects the microtip closest to the sample surface for 
tunneling. They also reported (Binnig and Rohrer, 
1982) several in-situ tip sharpening procedures: by 
gently touching the tip with sample surface, the resol­
ution was often improved, and the tips thus formed 
were quite stable; by exposing the tip to high electric 
fields, of the order of 108 V /cm, the tips are often 
sharpened. 

On the contrary, tungsten tips, carefully prepared by 
electrochemical etching, with a perfectly smooth end of 
very small radius observed by scanning or transmission 
electron microscopy, would not provide atomic resol­
ution immediately. Atomic resolution might happen 
spontaneously by repeated tunneling and scanning for 
an unpredictable time duration (Demuth et al., 1988). 

Various tip sharpening procedures have been dem­
onstrated. The high-field treatment has been com­
monly used (Wintterlin et al ( 1989). During a scan, 
the bias is raised suddenly to -7 .5 V (at the sample) 
and left at this voltage for approximately four scan 
lines. The tip responds to the voltage jump by a 
sudden withdrawal by "'" 30 A. Subsequently the bias 
voltage is reduced to its initial value of -500 mV. The 
tip does not return to its former z position but remains 
displaced from that by about 25 A. It is obvious that 
the tip actually gets longer by about 25 A. This 
process turns out to be completely reproducible and in 
most cases results in tips achieving atomic resolution. 

• EB- ' 

~ 
• -6 ~20V · 

a b 

Figure 5. Mechanism of tip sharpening by an elec­
trical field. (a) W atoms on the tip shank walk to the 
tip apex due to the nonuniform electrical field. (b) A 
microtip is formed. 
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At the beginning, the mechanism of such a tip­
sharpening process was not well understood (Wintterlin 
et al., 1989). Two hypotheses were proposed: it is 
either a restructuring of the tip itself or a transfer of 
material from the sample to the tip. If the latter is the 
correct mechanism, its result should depend on the 
sample material. Later, the same tip sharpening proce­
dure was successfully applied on Ru(000l ), Ni( I 00), 
Ni Ai( 11 I), and Au( 111 ), indicating that this phenom­
enon is not specific for certain surfaces (Behm, 1990). 
Therefore, there must be a restructuring of the tip, that 
is, the W atoms move from the shank surface to the 
apex, as shown in Figure 5. 

Tip Electronic Spectrum 

The nature of the tip treatment procedure was 
studied under controlled conditions by Binh and Garcia 
( 1992), see Figure 6. By applying a strong electrical 
field to a moderately heated W tip, W atoms emit from 
the tip apex. The direction of the field is the same as 
in the in-situ tip treatment. The emitted W atoms form 
an image on the fluorescent screen, similar to those 
formed by inert gas atoms in the field-ion microscopy. 
As a result of this atomic metal ion emission process, 
tips ending with a single W atom are generated. 

(a) Temperature+ Field ( +) 

~";'~'•" 

-(b) Cooled at LN +Field(-) 

Figure 6. Atomic metallic ion emission and microtip 
formation. (a) By applying a high field (1.2-1.8 V/A.,), 
the W atoms move to the protrusions. The apex atom 
has the highest probability to be ionized and leave the 
tip. The W ions form an image of the tip on the 
fluorescence screen. A well-defined pyramidal 
protrusion, often ended with a single atom, is formed. 
(b) By cooling down the tip and reversing the bias, a 
field-emission image is observed on the fluorescence 
screen. The patterns are almost identical. (After Binh 
and Garcia, 1992). 
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Figure 7. Experimental field-emission spectra (FES) 
of a W tip with a single protruded atom. (a) The FES 
of a tip with single-atom protrusion. Well-separated 
peaks are observed. The position of the peaks vary 
with the applied voltage. (b) The FES of a 
macroscopic tip after the single-atom protrusion is 
destroyed by heating. The FES shows a free-electron­
metal behavior. The edge of the peak is always at the 
Fermi level, independent of the applied voltage. (After 
Binh et al., 1992). 

The electronic structure of the single-atom tips was 

studied by field-emission spectroscopy (Binh et al., 

1992). The results are shown in Figure 7(a). The major 

findings are: 

1. The spectra of the single-atom tips are composed 

solely of well-separated peaks. The actual posi­

tion and intensity of the peaks depends on the 

details of the atomic structure near the apex atom. 

For comparison, with a macroscopic tip, only one 

peak is observed right below the Fermi level, see 

Figure 7(b). 

2. The positions of the peaks shift· with applied 

voltage, as shown in Figure 7(a). For comparison, 

the edge of the single peak for a free-electron 
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Figure 8. A simplified model of field emission from 
single-atom tips. The lightly shaded bands signify the 
positions of two bands for ½bi, and the two darkly 
shaded bands are the same bands after they were 
shifted by increasing the applied voltage to v,\~i-After 
Binh et al. (1992). 

metal tip does not change with applied voltage, 

see Figure 7(b). 

The field-electron spectra of the single-atom tips 

strongly suggest that the electrons do not tunnel 

directly from the Fermi sea to the vacuum. Rather, they 

come solely from the localized states of the protruding 

atom. The shift of the peak positions can be understood 

by a model shown in Figure 8. The direction and the 

order of magnitude of energy level shift expected from 

this model are consistent with experimental observa­

tions. 

Table I. Electronic configurations of some 5d metals 

Atom z 

Lu 71 

Hf 72 

Ta 73 

w 74 

Re 75 

Os 76 

Ir 77 

Pt 78 

Ss Sp 

2 6 

2 6 

2 6 

2 6 

2 6 

2 6 

2 6 

2 6 

Sd 6s 

2 

2 2 

3 2 

4 

5 

6 

7 

9 

2 

2 

2 

2 

1 
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Finally, we make some remarks on the nature of 

these discrete electronic states. Table 1 shows the elec­

tronic configurations of eight atoms with adjacent 

atomic numbers. For W, the 6s levels are below some 

of the 5d levels. Four of the ten 5d states are occupied. 
When a W atom is brought to the vicinity of the tip 

end, the energy levels of the 5d states split, shift in 

energy, and are broadened. According to the details of 

the atomic structure, one of the 5d states (m=0, m= 1, 

or m=2) should dominate the Fermi~level LOOS. 

Tip Electronic States and STM Resolution 

As we have discussed in Section 1, experimentally, 

atomic resolution has been observed on a large variety 

of metal and semiconductor surfaces. In order to 

resolve single atoms, a lateral resolution of 2 A is 
required. The importance of the STM - the feature 

that sets it apart from other instruments - is that it 

can resolve details in the vicinity of a single atom, oth­

erwise it would not have created the excitement that 

now surrounds it (Quate, 1986). 

The atomic resolution in STM and the large variety 

of STM images observed for the same sample surface 

can be explained by the tip electronic structure. Based 
on the early STM experiments on Si(l 11 )-7 X 7 

(Binnig et al. 1982), Baratoff (1983, 1984) proposed 

that the atomic resolution in STM is probably due to a 
single dangling bond protruding from the tip. Many 

transition-metal surfaces, such as W(IOO), Mo(lO0), 

have a strong tendency to form highly localized surface 

TIP 

SAMPLE 

Figure 9. Microscopic view of STM imaging mech­
anism. An atomic state at the tip end, exemplified by a 
d,, dangling bond on a W tip, interacts with a two­
dimensional array of atomic states, exemplified by the 
sp3 states on Si surface. This results in a highly corru­
gated tunneling current distribution. 

-
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Figure 10. Electronic states on W clusters. The elec­
tronic states near the Fermi level on tungsten clusters, 
W 4 and W 5, calculated by Ohnishi and Tsukuda 
( 1989). At low bias, these d-like tip states contribute 
more than 90% of the tunneling current. 

states. (see Weng et al., 1978, and references therein). 
Especially, the d,,-like surface state on W(00I) surface, 
is located around the Fermi level. Those localized sur­
faces states were discovered experimentally by 
Swanson and Cruiser ( 1966, 1967) and studied exten­
sively by many authors in the seventies and eighties 
(see Postemak et al., 1980; Mattheiss and Hamann, 
I 984; Drube et al., 1986). 

To further investigate the STM imaging mechanism, 
Ohnishi and Tsukada ( 1989) made an extensive calcu­
lation of the electronic states for a number of W clus­
ters. From the calculations, they found that on the apex 
atom of many W clusters, there is a d,,-like state 
protruding from the apex atom, energetically very close 
to the Fermi level. Using Green's function methods, 
they also found that the tunneling current is 
predominately contributed by this d-state. Ohnishi and 
Tsukada ( 1989) proposed that such an orbital would be 
advantageous for a sharp STM image. Figure 10 
shows the electronic states near the Fermi level on W 4 
and W 5 clusters. 

Demuth et al. ( 1988) analyzed the effect of elec­
tronic states on the tip based on a number of exper­
imental facts. They emphasized that the tip is one half 
of the STM experiment and is more difficult to control 
than the sample surface. Even the best prepared clean 
tungsten tips usually do not immediately produce the 
highest resolution on Si surface. When there is no 
atomic resolution, an effective procedure to achieve 
atomic resolution is to mildly collide the tip with the Si 
surface. After such a controlled crashing, a crater is 
found on the Si surface, which shows that a Si cluster 
has been picked up by the tip. Atomic resolution is 
then often achieved. Demuth et al. ( 1988) proposed 
that at the end of the Si cluster, there is a p,-like dan-

gling bond protruding from the tip end, which provides 
atomic resolution. 

The effect of p, or d,, dangling bonds on STM resol­
ution can be understood in the light of the reciprocity 
principle, which is the fundamental microscopic sym­
metry between the tip and the sample: by inter­
changing the "acting" electronic state of the tip and the 
sample state under observation, the image should be 
the same. The discrepancy between the sharp STM 
image and the low corrugation of the charge density on 
Al( 111) can be intuitively explained in the light of the 
reciprocity principle. Figure 11 shows a qualitative 
explanation of the effect of a d,, tip state. For an 
s-wave tip state, the STM image of a metal surface is 
the charge-density contour, which can be evaluated 

. using atomic-charge superposition, i.e., as a sum of the 
charge densities of individual atoms, each made of 
s-states. According to the reciprocity principle (see 
Figure 11), with a d,, tip state, the tip no longer traces 
the contour of the Fermi-level LDOS. Instead, it traces 
the charge-density contour of a fictitious su,face with a 
d,, state on each atom. Obviously, this contour exhibits 
much stronger atomic corrugation than that of the 
Fermi-level LDOS. 
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The Modified Bardeen Approach 

Besides the scarceness of experimental data, the lack 
of a consistent tunneling theory also prevented the for­
mulation of the two-sided view of STM. First, because 
the tip-sample distance under normal operational condi­
tions of STM is very short, the original Bardeen 
approach (Bardeen, 1960) is no longer appropriate. 

TIP, dz2 TIP, s 

SAMPLE, s SAMPLE, dz2 

Figure 11. Origin of atomic resolution on metal sur­
faces. According to the reciprocity principle, the image 
taken with a d,, tip state (which exists on a W tip) on a 
free-electron metal surface is equivalent to an image 
taken with a point tip on a fictitious sample surface 
with a d,, state on each top-layer atom, which obvi­
ously has a strong corrugation. 



Contrast mechanism of STM 

Second, the tunneling matrix elements in three­

dimensional space must be evaluated explicitly. Third, 

systematic methods for calculating STM images have 

to be developed. After years of trial, a consistent the­

oretical approach for the two-sided view of STM was 

gradually formulated. 

In this section, we briefly describe a theoretical 

method for treating the combined effect of tip elec­

tronic states and sample electronic states in the imaging 

process. First, it is shown that by introducing proper 

modifications, the Bardeen approach of tunneling phe­

nomenon (Bardeen, 1960) can be extended to cases 

where a strong interaction between the tip and sample 

exist. A modified Bardeen approach was established. 

The tunneling current at a bias V is determined by the 

tunneling matrix elements IM I through the integral 

41Te f eV 2 
I= -h-

0 
p5(£F - eV + E) pfEF + E) IM I dE/3) 

where p5( E) is the DOS of the sample, and p-,{ E) is the 

DOS of the tip. Those matrix elements can be 

expressed as a surface integral, evaluated from the 

wavefunctions of the tip and the sample (with proper 

modifications) on a separation surface between them, 

h
2 f M = - - (x* v' l), - l), v'x* ) • dS, 

2m I 
(4) 

where \),µ is a wavefunction of the sample, modified by 

the field of the tip; and Xv is a wavefunction of the tip, 

modified by the field of the sample. By expanding the 

tip wavefunctions into its spherical harmonic compo­

nents, we obtain the tunneling matrix elements for all 

the tip states up to l=2, as shown in Table 2 (Chen, 

1993). 

The results can be summarized as the derivative 

rule: write the angle dependence of the tip 

wavefunction in terms of x, y, and z. Replace them 

with the simple rule, 

X-+ a . 
y-+ --Kay , z -+ (5) 

and, acting on the sample wavefunction, up to a con­

stant, the tunneling matrix element is obtained. 
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Table 2. Tunneling matrix elements 

Tip state Matrix element 

s Cl),(ro) 

p, al), 
C~(ro) 

Px al), 
C ax (ro) 

Py al), 
C ay (ro) 

du a2l), 
C azax (ro) 

d,y a2l), 
C azay (ro) 

dxy a2l), 
C axay (ro) 

d,,_1..,, [ a2

41 1 ] 3 C ---- K 2\j, (ro) az2 3 

d,,, - y' [ a2
l), a2

l), ] C ----- (ro) ax2 ay2 

The STM Images 

A one-dimensional case 

In this section, we discuss the simplest case: a metal 

surface of a one-dimensional periodicity a with a 

reflection symmetry at x = 0. The general formula for 
the electron charge density distribution is 

- az - ~z 2 p(x, z) = C0e + C1e cos (qx), (6) 

where 

(7) 

and g is the primitive reciprocal lattice vector (Tersoff 

and Hamann, 1985). The constants C0, C1, Cl', and 13 
are determined by fitting with results from first­

principles calculations. The uncorrugated term comes 
mainly from the r point in the Brillouin zone. The 

wavefunction, to the lowest Fourier component, is 
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- KZ l\JrOCe , (8) 

which makes the first term C0e-2Kz. Therefore, we 
identified the first decay constant in Equation (6), 

a= 2K. (9) 

The Bloch functions near the K points have a long 
decay length and contribute to the second term of 
Equation (6). The lowest-order symmetric Fourier 
component of the Bloch function near K is: 

ij,K oc e-~ z cos qx. (10) 

The charge density is proportional to I ij,K I 
2

. We then 
find the Fermj-Jevel LOOS 

£µ = EF (11) 

_ C -2Kz+ C -2~z 2 - o e I e cos qx. 

The corrugation amplitude of the Fermj-level LOOS 
for a metal surface with one-dimensional corrugation 
can be obtained directly from Equation ( I I), 

where 

--yz e , ( 12) 

Using the expressions of the tunneling matrix ele­
ments listed in Table I, theoretical STM images can be 
calculated. For an s-wave tip state, we recover the 
result of Tersoff and Hamann ( 1983, 1985): 

(14) 

The topographic image is 

C1 2 Liz(x) = -- e - -yz cos qx. 
2KCo 

(15) 

According to the derivative rule, the tunneling 
matrix element for surface wavefunction at f from a p, 
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WAVE VECTOR lkliK 

Figure 12. Corrugation enhancement due to p and d 
tip states. Solid curves, enhancement of tunneling 
matrix elements arising from l > 0 tip states. The 
tunneling current is proportional to the square of the 
tunneling matrix element. Therefore, the enhancement 
factor for corrugation amplitude is the square of the 
enhancement factor for tunneling matrix element, 
dotted curves. 

tip state is identical to that from an spherical-tip tip 
state. However, for a surface wavefunction at K, the 
tunneling matrix element from a p, tip state is: 

(I 6) 

and the topographic image arising from a p, tip state is: 

_ q C1 --yz 2 

( 
2 ) Liz(x) - I + -;1 2KCo e cos qx. ( 17) 

Therefore, the corrugation amplitude arising from a p, 

tip state gains a factor of [ I + (q2/K 2) J over that of the 
charge density contour, see Figure 12. 

Using the expression for the transmission matrix 
element of a d,, tip state, for a sample wavefunction at 
r, it picks up a factor 2/3, whereas for a sample 
wavefunction at K it picks up a factor 
[ (2/3) + (q2/K 2)]. Similar to the case of Pz tip state, we 
find the topographic image to be: 

_ ( 3/ ) 
2 

C1 - -yz 2 
Liz(x) - 1 + 

2
K2 2KCo e cos qx. (18) 

The enhancement for the tunneling matrix element is 
shown in Figure 12. The enhancement factor for 
corrugation amplitude, [ I + (3q2/2K2) ]2, could be sub-
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stantial. For example, on most close-packed metal sur­
faces, a~2.5A, which implies q~1.2sk 1

• An 
enhancement of 11.2 is expected. Most of the com­
monly used tip materials are d-band metals, for 
example, W, Pt, and Ir. As we have shown in Section 
5, localized d,, states often occur on the surfaces. 
These states can enhance the corrugation amplitude by 
more than one order of magnitude. 

Surfaces with hexagonal symmetry 

Probably, the most commonly encountered surfaces 
in STM experiments belong to the hexagonal lattice 
system (Chen, 1990, 1992). The close-packed metal 
surfaces and many cleaved surfaces of layered mate­
rials belong to this category. In Figure 13, the struc­
ture of a close-packed metal surface is shown. The 
large dots represents the atoms in the top layer. The 
circles represents the atoms in the second layer. The 
small dots are those in the third layer. However, 
experimentally, it was found that only the atoms in the 
first layer are observed. Therefore, the surface has a 
hexagonal symmetry, p6mm, which is the highest sym­
metry in all plane groups. The high symmetry makes 
the treatment much simpler, since the basic features of 
the images with the lowest non-trivial Fourier compo­
nents are determined by symmetry only. In this case, 
the charge density should have a hexagonal symmetry, 
i. e., invariant with respect to plane group p6mm (see 
Figure 13). Up to the lowest non-trivial Fourier com­
ponents, the most general form of surface charge 
density with a hexagonal symmetry is: 

EF 2 

p(r) = L IIJ,(r)I ~ao(z)+a 1(z)<!/6
)(kx), (19) 

EF-!J.E 

where x = (x, y) and k = 4'ITl✓3 a is the length of a 
primitive reciprocal lattice vector. A hexagonal cosine 
function is defined for convenience, 

2 

<j>(6)(X) _ + + ~ L cos un•X, 
n=O 

(20) 

where Do = (0, 1), u1 = ( - ½✓3, - l/2), and U2 = 
(½✓3, - l/2), respectively. By plotting it directly, it is 
clear that the function <j><6)(kx) has maximum value l at 
each atomic site, and nearly O in the space between 
atoms. The function [ l - <j><6)(kx) J has minimum 
value O at each atomic site, and nearly I in the space 
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between atoms, which describes an inverted 
corrugation (see Figure 14 ). 

The ao(z) term in Equation (19) comes mainly from 
the Bloch functions near f, whose lowest Fourier com­
ponent is: 

ll()(Z) CX: e - 2KZ (21) 

The Bloch functions near the K points have the longest 
decay length, which are the dominating contribution to 
the second term in Equation (19). In general, a 
surface Bloch function at that point has the form: 

LClf;e -✓ K2 
+ I k 1 + G 1

2 

z ei(k + G)•x (22) 

G 

with I k1 I = q = kl ✓3. By inspecting Equation (22) 
and Figure 13, one finds that the only slow-decaying 
symmetric Fourier sums of the Bloch functions near K 
are: 

2 
lj,1 = Be - ½j3z L cos(qUn•x), (23) 

n=O 

and 

2 

lj,2 =Be - ½j3z L sin(qUn•x), (24) 
n=O 

ll()(Z) CX: e - 2KZ (21) 

(a) y 

f--L-1 
• • 

• • 

• 
REAL SPACE RECIPROCAL SPACE 

Figure 13. Geometrical structure of a close-packed 
metal surface. (a) The real space. The top layer 
exhibits a sixfold symmetry. (b) The reciprocal space. 
The lowest non-trivial Fourier components of LOOS 
arise from Bloch functions near the r and K points. 
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• • • 
' • • •• • • . , - • 
Figure 14. The hexagonal cosine function and its 
complementary function. The hexagonal cosine func­
tion defined by Equation (20), <j:><6l(kx), has maximum 
value 1 at each atomic site, and nearly O in the space 
between atoms. The function [ 1 - <j:><6l(kx) J has 
minimum value 0 at each atomic site, and nearly 1 in 
the space between atoms, which describes an inverted 

corrugation. 

where Uo = (1, 0), U1 = ( - ½, ½✓3 ), U2 = 

( - ½, - ½✓3 ); B is a real constant; and 
13 = 2(K2 + q2) 112 is the corresponding decay constant. 
The charge density is the sum of Equation (21) and the 
sum of the charge density proportional to 
I 1V1 *411 I + I 1V2*~12 I. A straightforward calculation 
gives 

EF 2 

p(r) oc L i ljJ(r) I 
EF-t,.E (25) 

= !:l.E [ Coe - 2Kz + c,e - 13z <t>(6l(kx) J, 

where C0, C1 are constants. The corrugation charge­
density contour, /J.z, as a function of z, can be obtained 
from Equation (25) 

!:l.z(x) (26) 

Similarly, -y = 13 - 2K. The ratio (Ci/Co) can be deter­
mined by comparing Equation (26) with the charge­
density contours obtained from first-principle 
calculations or atom-scattering experiments. Following 
the procedure for the one-dimensional case, the STM 
image for the p, tip state is 

and the STM image for the d,, tip state is 
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/:l.z(x) 

A comparison of the theory with experiments is 

shown in Figure 15. For Al(l 11), a= 2.88 A, 
<t> = 3.5 eV, it follows that K = 0.96k 1

, 13 = 3.48k 1
• 

The slope of the In /J.z - z curve from Equation (26) 

through Equation (28) fits well with experimental data. 

The absolute tip-sample distance is obtained from 
curve fitting, which also fits well with the results of 

first-principle calculations and experimental measure­

ments. 

Corrugation inversion 

In this sub-section, we discuss the interpretation of 
the corrugation inversion, reported by Barth et al. 
(1990) and Brune (1992). On the images of clean metal 
surfaces obtained by STM, in many cases, the sites of 
metal atoms are minima rather than maxima. Often, 
with a sudden change of the tip, under the same tunnel­
ing conditions, the atomic corrugation switches abruptly 
from negative to positive. Furthermore, while the 
atomic corrugation is inverted, the average contour of 
the large reconstruction remains unchanged. We show 
that this phenomenon can be explained by the effect of 
m ;it. 0 tip states (Chen, 1992). 

TUNNELING CURRENT I (nA) 

40 16 6 2.5 

O 'Q dz2 TIP STATE 

Yi 
~ -I ERROR BAR o~f 
S z ESTIMATION~~--< 

~ -2 ~ ~I 
',,,/E MODEL "' 

-3 ' 

2.5 3.0 3.5 4.0 4.5 

TIP-SAMPLE DISTANCE z (/!.) 

5.0 

1.0.:;;; 

0.5 ~ 
:::, 
1-­

..J 
a.. 
::;: 

0.2 <t 
z 
0 

~ 0.1 <? 
:::, 
a:: 
a:: 
0 
u 

Figure 15. Interpretation of the STM corrugation 
observed on Al(l l l). The predicted corrugation ampli­
tude with a d,, tip state agrees well with experimental 
data (circles with error bars). The corrugation from an 
s-wave tip state (dashed curve), is included for compar­
ison (after Chen 1990). 
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First, we present a heuristic picture of the effect of 
m:;c0 tip states. For simplicity, we assume that the tip 
has an axial symmetry. In other words, the two m= I 
states, xz and yz, are degenerate. Similarly, the two 
m=2 states, xy and x2 - y2, are also degenerate. The 
LDOS of those tip states are shown in Figure 16. To 
describe the gold surface, we use the elementary 

picture of Tersoff and Hamann ( 1985) by assuming 
that each Au atom has only s-wave states near the 

Fermi level and that the tunneling current from each 
Au atom is additive. According to the reciprocity prin­
ciple, the tip state and the sample state are interchange­

able. Consider the current distribution from one Au 
atom on the sample and a certain tip state. Because the 
sample atom has s-state only, the tunneling current dis­

tribution is proportional to the tip-state LDOS, meas­
ured at the center of that Au atom. For a d,, tip state, it 
has a sharp peak centered at the Au atom site. The 
total current distribution is the sum of tunneling current 

for all the Au atoms at the surface. The sharpness of 
the tunneling current distribution for the d0, tip state, 
compared with that of the s-wave tip state (Figure I 6), 
again illustrates why the d,, tip state enhances image 
corrugation. The m=l and m=2 tip states exhibit a 
ring-shaped LOOS, as shown in Figure 16. The 
tunneling current distribution for a single Au atom 
should be proportional to the tip LOOS, which is ring-

0.3 0.3 
(/) (a) (b) 

8 
..J 0.2 0.2 · 
-0 

.~ 
0 0.1 E 0.1 
0 z 

00 
-5 

0.0 
0 5 -5 0 5 

0.10 0.10 
(/) (c) (d) 
0 
0 
..J 

-0 

-~ 0.05 0.05 
0 
E 
0 z 

0.00 '"""-~~L-)ll~~'---"'-'0.00~~~_,...'-'-~~~ 
-5 5 -5 0 5 

x-xo ($.) 

Figure 16. LDOS of several tip electronic states. 
Evaluated and normalized on a plane Zo = 3A from the 
nucleus of the apex atom. An axial symmetry is 
assumed. (a) s-state. (b) 1=2, m=0 state (d3,,_,,). (c) 
1=2, m= I states (dx, and dy, ). ( d) 1=2, m=2 states (d_,, _ 1 
and d,y). 
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shaped (Figure 16). The total current distribution is 

the sum of the tunneling current for all the Au atoms at 
the surface. Therefore, with an m;tO tip state, an 
inverted STM image for each Au atom should be 
expected. In other words, with an m;tO tip state, every 

site of Au atom at the surface should appear as a 
depression rather than a protrusion in the STM image. 

The general expression for the tunneling current can 

be obtained using the explicit forms of tunneling 
matrix elements listed in Table 2. To make the five 

d-states on the equal footing, normalized spherical har­

monics are used. The wavefunctions and the tunneling 

matrix elements are listed in Table 3. 
Up to a constant, the tunneling current is 

2 
I = 41 DoBo I e - 2Kz 

2 
+ 9 I DoB1 I e - 2

KiZ (3(K1IK)2 - I )2<1>(6)(kx) 

. 2 
+ 54 I D1B1 I e - 2

K 1z ( qK1IK
2)2( I - <j>(6)(kx)) 

(29) 

2 
+ (27/2) I D2B1 I e - 2

K1z (q/K)4( I - <j>(6)(kx) ). 

The first term in Equation (29) represents the 
uncorrugated tunneling current, which decays much 
more slowly than the corrugated terms. Therefore, if Do 
is not too small, the corrugation of the topographic 
image is 

OF [ ( ::l -+ )'-; I ~; I 2 ( q:,' )' 

- i I ~ I'( ~ l}io, 
where 

(30) 

(31) 

is the corrugation of the Fermi-level LOOS of the 

sample. The ratio I Bi/Bo I is determined by first­
principles calculations or independent experimental 
measurements, such as helium atom scattering. For 
Au(lll), a= 2.87A, q = l.46A- 1, K = 0.96A- 1, and 

Ki = l.74A- 1. From Equation (30), we obtain 
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Table 3. Wavefunctions and tunneling matrix elements for different d-type tip states. The 
tip is assumed to have an axial symmetry. For brevity, a common constant factor is omitted. 

State Tip wavefunction 

3z2 - r2 

xz D1 ki(Kr)✓3 sin 20 cos cp 

yz 

x2 _ y2 

xy 

The enhancement factor £, i.e., the quantity in the 
square bracket of Equation (32), is displayed in 
Figure 17. Because the corrugation amplitude depends 
only on the relative intensities of different components, 
we normalize it through 

2 2 2 
ID0 1 + ID1 I + ID2 1 = I. (33) 

Naturally, the results can be represented by a 
diagram similar to a three-component phase diagram, 
as shown in Figure 17. Several interesting features are 

worth noting. First, when the m = 0 or dz' state domi­
nates, a large, positive enhancement is expected. The 
condition for a substantial enhancement is quite broad. 

For example, when the condition I D0 I 2 > 
1.21 D1 I 2 + 0.2 I D2 I 2 is satisfied, the positive enhance­
ment should be greater than I 0, or a ful I order of mag­

nitude. It is about 15% of the total phase space. To 

have an enhancement of more than 5, one-third of the 
total phase space is available. Therefore, the exper­
imental observation of large positive corrugation 

enhancement should be frequent. Second, when m;tO 
states dominate, an inverted corrugation should be 

observed. Again, the probability for a negative image 
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Tunneling matrix element 

[ 
3 cP ] Do 7 oz2 - l t\J(r0) 

to occur is large. Actually, when the condition I Do I 2 < 
0.58 I D1 I 2 + 0.1 I D2 I 2 is fulfilled, the image corrugation 

is inverted. This is about 43% of the total phase space. 

To have negative corrugations with an enhancement 

factor of 5 or more, 14% of the total phase space is 

available. Third, from Equation (32) and Figure 17, it 

is apparent that the effect of m== l states in generating 

inverted cornigation is much stronger than that of m==2 

Figure 17. Enhancement factor E for different tip 
states. The shaded area near E==O is the area where the 
corrugation amplitude is within the limit of the Fermi­
level LDOS contours. In the hatched area near the 
bottom, the theoretical amplitude of the negative 
corrugation shows a spurious divergence. 
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t.OA 

Figure 18. Au( 111) topograph taken while a change 
in the tip state reversed the corrugation. The upper part 
exhibits a positive corrugation, whereas the lower part 
exhibits a negative corrugation. Individual Au atoms on 
both parts are clearly resolved. After Barth et al. 
( 1990). 

states. This is expected from Figure 16. The m=l 

states have a much sharper rim than the m=2 states. 
Finally, there is a small region in which an almost 
complete cancellation of the positive enhancement and 
the negative enhancement can occur, as indicated by 
the shaded area near zero corrugation. fn this case, the 
image is similar to the prediction of the s-wave model. 

The observed image corrugation in this case should be 
equal to or smaller than the corrugation of the Fermi­
level LDOS. From Equation (32) and Figure 17, the 
available phase space is about 2.8% of the total phase 
space. Therefore, the probability is small. Practically, 

when this situation occurs, an almost flat image is 
observed. The experimentalist explains it as a bad tip. 

A tip sharpening procedure is then conducted until a 
large corrugation is observed, which is explained as 
having a good tip. 

An experimental observation of the corrugation 
reversal during a scan is shown in Figure 18. Owing 

to a sudden change of the tip state, the image switched 
from positive corrugation to negative corrugation. An 

interpretation is that before the tip restructuring, an 

m=0 tip state dominates; after the tip restructuring, an 
m;t:O tip state dominates. 

The corrugation inversion due to m;tO tip states is a 
universal phenomenon in the STM imaging of low­

Miller index metal surfaces. For example, the same 

phenomenon was observed on Al(l 11) by Burne 

( 1992). For most metals (except several alkali and 
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alkali earth metals, which have rarely been imaged by 
STM), the nearest-neighbor atomic distance a:::::: 3A. 
Consequently, the numerical coefficients on 
Equation (32) are very close to those for Au( 111 ). 

The images of Si(111)2Xl 

The STM images of the Si(l 10)2 X I were obtained 
by Feenstra et al. (1987). The structure of the Si(] I I) 
2 X I surface is shown in Figure 19. The unit cell 
dimensions are a1 = 6.65A and a2 = 3.84A, in the 
[2 TT] and [ 0 l TJ directions, respectively. The lengths 
of the primitive reciprocal lattice vectors are 

(34) 

in the [2TT] direction, and 

21r l'- I 
b2 = C½:::::: 1.636A , (35) 

in the [0IT] direction, respectively. 
We now present a simple model for the Si( 111) 

2 X I surface. At a positive polarity, the electrons 
tunnel into the empty dangling bonds on the A atoms. 
On each A atom, there is a 3p, state. The origin of the 
coordinate system is set at one of the A atoms. Three 
tip states are considered: the s state, the p, state, and 
the d,, state. By keeping the leading exponential term 
only, simple explicit expressions for the Fourier coeffi-

Figure 19. The nascent Si(! I I) surface and its recon­
struction. (a) The nascent Si( 111) surface has a three­
fold symmetry, with nearest-neighbor atomic distance 
3.84A. (b) The Si(l 11) surface reconstructs imme­
diately at room temperature to a metastable Si(l 11) 
2 X I surface, which has a lower symmetry. Two 
rows of dangling bond states are formed: one is filled, 
another one is empty. 
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cients are obtained. The corrugation functions are then 

derived. 
For convenience, the following parameters are intro­

duced. The decay constant K of the average (uncorru­
gated) tunneling current depends on the average energy 
level of the empty dangling bond states. If it is higher 

than the Fermi level by 6.£, the decay constant is 

K= (36) 

In the following calculation, the value K ::::: 0.96 A-1 is 

taken. The decay constant (3 of the corruga,tion com­
ponent of the tunneling current in the [ 01 I] direction 
and that in the [2TT] direction are different. We 

denote them as 

(37) 

and 

(38) 

It is also convenient to introduce two more parameters, 

(39) 

and 

(40) 

For an s-wave tip state, the corrugation is 

(41) 

For a p, tip state, 

4 _..,, z 2 b1x 
6.z(x, y) = Tie '1 cos -

2
-

4 -'/2Z 2 bzY 
+Tie cos -

2
-. 

(42) 

And for a d,, tip state, 

- [211] -o<t ' " --d 
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Figure 20. Corrugation amplitudes of the STM images 
of Si(l l 1)2Xl surface. The dependence of corrugation 
amplitudes with tip-sample distances are calculated 
using the independent-state model. The corrugation in 
the [iTTJ direction is much easier and much less 
dependent on tip electronic states than the corrugations 
in the [011] direction. 
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The corrugation amplitudes in the [ 01 I] direction 
and in the [2TT] direction are displayed in Figure 20. 
Some general features are worth noting: First, the 
corrugation in the [ 2 TT] direction is much easier to 
observe and much less dependent on tip states than the 
corrugation in the [0IT] direction. Second, the decay 
constants for the corrugations in the two directions are 
quite different, but are independent of the tip state. 

Conclusions 

We have shown that in order to understand the con­
trast mechanism of STM with atomic resolution and 
the observed scanning tunneling spectroscopy, a two­
sided view must be taken. In other words, the tip elec­
tronic states must be considered as one half of the 
problem. We briefly present a theory of the contrast 
mechanisms of STM in terms of specific electronic 
states at the tip apex. It provides a quantitative under-
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standing of the observed atomic resolution in STM, and 
provides an insight to the conditions for the atomic 
resolution to occur. 

Acknowledgements 

The author wishes to acknowledge inspiring discus­
sions with A. Baratoff, LP. Batra, N. Garcia, R.J. 
Hamers, R.M. Feenstra, and J. V. Barth. 

References 

Bardeen J (1960) Tunneling from a many-body point 
of view. Phys. Rev. Lett. 6, 57-59. 

Baratoff A (1983) Theory of scanning tunneling 
microscopy. Europhysics Conference Abstracts 7b, 364. 
(Available from Alexis Baratoff, Univ. Basel, Inst. 
Physik, CH-4056 Basel, Switzerland). 

Baratoff A (1984) Theory of scanning tunneling 
microscopy - Methods and approximations. Physica 
(Amsterdam) 127B, 143-150. 

Barth JV, Brune H, Ertl G, Behm RJ (1990) 
Scanning tunneling microscopy observations on the 
reconstructed Au(l 11) surface: Atomic structure, 
long-range superstructure, rotational domains, and 
surface defects. Phys. Rev. B 42, 9307-9318. 

Behm RJ (1990) Scanning tunneling microscopy: 
Metal surfaces, adsorption and surface reactions. In: 
Scanning Tunneling Microscopy and Related Methods. 
Behm RJ, Garcia N, Rohrer H (eds.). Kluwer, 
Dordrecht, 173-210. 

Binh VT, Garcia N (1992) On the electron and 
metallic ion emission from microtips fabricated by 
field-surface-melting technique: experiments on W and 
Au tips. Ultramicroscopy 42-44, 80-90. 

Binh, VT, Purcell ST, Garcia N, Doglini J (1992) 
Field emission spectroscopy of single-atom tips. Phys. 
Rev. Lett. 69, 2527-2530. 

Binnig G, Rohrer H (1982) Scanning tunneling 
microscopy. Helv. Phys. Acta. 55, 726-735. 

Binnig G, Rohrer H, Gerber Ch, Weibel E (1982) 
Tunneling through a controllable vacuum gap. Appl. 
Phys. Lett. 40, 178-180. 

Binnig G, Rohrer H (1987) Scanning tunneling 
microscopy - from birth to adolescence. Rev. Mod. 
Phys. 56, 615-625. 

Brune H (1992) Structur, Reaktivitiit und elek­
tronische Eigenschaften von Adsorbaten auf einer 
Au(l 11) Oberfliiche (Structure, reactivity, and electronic 
properties of Adsorbates on an Au(lll) surface. 
Doctorate Thesis, Free Univ. Berlin, Germany. 

Chen CJ (1990) Origin of atomic resolution on 
metals in scanning tunneling microscopy. Phys. Rev. 
Lett. 65, 448-451. 

297 

Chen CJ (1992) Effect of m;=0 tip states in scan­
ning tunneling microscopy: the explanations of corruga­
tion reversal. Phys. Rev. Lett. 69, 1656-1659. 

Chen CJ (1993) Introduction to Scanning Tunneling 
Microscopy. Oxford University Press, New York. 

Ciraci S, Baratoff A, Batra IP (1990) Site-dependent 
electronic effects, forces, and deformations in scanning 
tunneling microscopy of flat metal surfaces. Phys. Rev. 
B 42, 7618-7621. 

Demuth JE, Hamers RJ, Tromp RM, Welland ME 
(1986) A scanning tunneling microscope for surface sci­
ence studies. IBM J. Res. Develop. 30, 396-402. 

Demuth JE, Koehler U, Hamers RJ (1988) The 
STM learning curve and where it may take us. J. 
Microsc. 151, 289-302. 

Doyen G, Kotter E, Vigneron JP, Scheffler M 
(1990) Theory of scanning tunneling microscopy. Appl. 
Phys. A 51, 281-288. 

Drube W, Straub D, Himpsel FJ, Soukiassian P, Fu 
CL, Freeman AJ (1986) Unoccupied surface states on 
W(00l) and Mo(00l) by inverse photoemission. Phys. 
Rev. B 34, 8989-8992. 

Diirig U, Ziiger 0, Pohl DW (1988) Force sensing 
in scanning tunneling microscopy: Observation of adhe­
sion forces on clean metal surfaces. J. Microsc. 152, 
259-267. 

Feenstra RM, Stroscio JA (1987) Real-space deter­
mination of surface structure by scanning tunneling 
microscopy. Physica Scripta T19, 55-60. 

Feenstra RM, Stroscio JA, Fein AP (1987). Tunnel­
ing spectroscopy of the Si(l 11)2 X l surface. Surface 
Sci. 181, 295-306. 

Giaever I (1960a) Energy gap in superconductors 
measured by electron tunneling. Phys. Rev. Lett. 5, 
147-148. 

Giaever I (1960b). Electron tunneling between two 
superconductors. Phys. Rev. Lett. 5, 464-466. 

Giaever I, Megerle K (1961) Study of superconduc­
tors by electron tunneling. Phys. Rev. 122, 1101-1111. 

Hansma PK, Tersoff J (1987). Scanning tunneling 
microscopy. J. Appl. Phys. 61, Rl-R23. 

Klitsner T, Becker RS, Vickers JS (1990) Observa­
tion of the effect of tip electronic states on tunneling 
spectra acquired with the scanning tunneling microscope. 
Phys. Rev. B41, 3837-3840. 

Lang ND (1986) Theory of single atom imaging in 
scanning tunneling microscopy. Phys. Rev. Lett. 56, 
1164-1167. 

Mattheiss LF, Hamann D (1984) Electronic struc­
ture of the tungsten (001) surface. Phys. Rev. B 29, 
5372-5381. 

Ohnishi S, Tsukada M (1989) Molecule orbital 
theory for the scanning tunneling microscopy. Solid 
State Commun. 71, 391-394. 



C.J. Chen 

Postemak M, Krakauer H, Freeman AJ, Koelling 
DD (1980) Self-consistent electronic structure of sur­
faces: Surface states and surface resonanceson W(00l). 
Phys. Rev. B 21, 5601-5612. 

Quate CF (1986) Vacuum tunneling: A new tech­
nique for microscopy. Physics Today, August 1986, 
26-33. 

Rohrer H (1992) STM: 10 years after. Ultramicros­
copy, 42-44, 1-6. 

Soler JM, Baro AM, Garcia N, Rohrer H (1986) 
Interatomic forces in scanning tunneling microscopy: 
Giant corrugations of the graphite surface. Phys. Rev. 
Lett. 57, 444-44 7. 

Stroscio JA, Feenstra RM, Fein AP (1987) Imaging 
electronic surface states in real space on the Si( 111 )2x 1 
surface. J. Vac. Sci. Technol. AS, 838-845. 

Swanson LW, Crouser LC (1966) Anomalous total 
energy distribution for a tungsten field emitter. Phys. 
Rev. Lett. 16, 389-392. 

Swanson LW, Crouser LC (1967) Total energy dis­
tribution of field-emitted electrons and single-plane work 
functions for tungsten. Phys. Rev. 163, 622-641. 

Tersoff J, Hamann DR (1983) Theory and applica­
tion for the scanning tunneling microscope. Phys. Rev. 
Lett. 50, 1998-2001. 

Tersoff J, Hamann DR (1985) Theory of scanning 
tunneling microscope. Phys. Rev. B 31, 805-814. 

Tersoff J, Lang ND (1990) Tip-dependent corruga­
tion of graphite in scanning tunneling microscopy. Phys. 
Rev. Lett. 65, 1132-1135. 

Tromp RM, Hamers RJ, Demuth JE, Lang ND 
(1988) Tip electronic structure in scanning tunneling 
microscopy. Phys. Rev. B 37, 9042-9045. 

Weng SL, Plummer EW, Gustafsson T (1978) Exp­
erimental and theoretical study of the surface resonances 
on the (100) faces of W and Mo. Phys. Rev. B 18, 
1718-1740. 

Wintterlin J, Wiechers J, Brune H, Gritsch T, 
Hofer H, Behm RJ (1989) Atomic-resolution imaging of 
close-packed metal surfaces by scam,ung tunneling 
microscopy. Phys. Rev. Lett. 62, 59-62. 

Discussions with Reviewers 

R.S. Becker: In the Introduction, which purports to 
quickly review the history of the STM, there are some 
historical inaccuracies which should be included and 
cited. First, the author should mention that important 
work with the Topografiner, the immediate ancestor of 
the vacuum STM, was carried out at NBS in the late 
60's by Russell Young and coworkers. In fact, in a 
1971 paper [Young, Ward, Scire, Phys. Rev. Lett. 27, 
922 (1971)] these workers reported the first observations 
of metal-vacuum-metal tunneling, a decade before the 
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refining work ofBinnig et al. The STM was not invent­
ed, but rather developed, by Binnig et al. 
Author: A complete disposition of its history is out of 
the scope of this review article. As a former science 
historian (1978-1979), I have looked into this question 
seriously. I have scanned through all the available liter­
ature, and discussed with several key scientists. The 
major findings are documented in Section 1. 8, Historical 
Remarks, of my recent book Introduction to Scanning 
Tunneling Microscopy (Chen, 1993). I started that sec­
tion with a general statement "All major scientific dis­
coveries have prior arts, and STM is no exception." l 
characterized the Topografiner as the "closest ancestor 
of the STM". I reproduced a Figure from a 1971 Physi­
cal Review Letter of Young et al. on page 47 of my 
book. Although Young and his co-workers did not con­
duct a tunneling experiment with a controllable gap thus 
to explore the exponential dependence of tunneling cur­
rent with gap width, and did not conduct tunneling with 
scanning, I concluded: "Their results indicate that the 
implementation of metal-vacuum-metal tunneling with 
scanning is feasible. It is regrettable that their project 
was discontinued at that time". However, the statement 
that "STM was invented by Binnig and Rohrer", which 
occurs very often in the literature, is still valid. Inven­
torship is a legal concept. Binnig and Rohrer are recog­
nized by the US Department of Commerce as the inven­
tors of US Patent 4,343,993, entitled "Scanning Tun­
neling Microscope", issued August 10, 1982. According 
to the US Patent Law, anyone may challenge the inven­
torship of a patent during one year of period after the 
patent is issued. Record shows that no one has chal­
lenged their inventorship during that time. Therefore, 
legally, their inventorship is valid. On the STM Patent, 
the 1970 paper of Young et al. (The Topografiner) is 
cited as the first reference. Obviously, both Binnig and 
Rohrer and the US Patent Bureau have scrutinized the 
work of Young et al. and recognized their contribution 
as the most significant prior art, but not as the inventors 
of STM. 

G. Doyen: The author explains the large experimentally 
observed corrugation amplitude on Al(l 11) by postulat­
ing tip-sample distances between 2.5 and 4.5 A (Figure 
16). At these distances tip-sample interaction must be of 
extreme importance. Also, at these distances, the tunnel 
resistance will be only slightly above the quantum limit 
of 12906 0, whereas in experiment, values between I to 
10 MO apply. There is ample evidence in the literature 
that tip-sample interaction can change the STM images 
qualitatively at those close separations. 
Author: A tunneling resistance of 1-10 MO and a re­
sistance of 0.013 MO are qualitatively different. Experi­
mentally, a mechanical contact between the tip and the 
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sample occurs at a tunneling resistance RT "" 0.1 MO 
(Durig et al., 1988). The tunneling resistance changes 
about one order of magnitude per A of tip-sample sep­
aration. The value 0.1 MO clearly divides the opera­
tional condition of STM into two regimes. As RT > I 
MQ, the STM is working in the tunneling mode. There 
is at least a displacement of 1 A away from a mechani­
cal contact. When RT < 0.1 MO, there is no STM, be­
cause the tip is in a firm mechanical contact with the 
sample surface. At a resistance RK = 0.013 MO, the 
tip pushes about 1 A into the sample surface. There is 
a large repulsive force between the tip and the sample. 
Because no scanning can be executed on a rigid surface 
as Al(lll), the phenomena in this regime are unrelated 
to STM experiments. 

In the tunneling regime, where RT > 1 MO, tip­
sample interactions should still exist. There are two 
kinds of interactions. First is the polarization (or van 
der Waals) interaction, which alters the wavefunctions of 
both parties. It is a long-range interaction which has 
little effect on atomic resolution. The effect of the van 
de! Waals interaction to the tunneling current can be 
adequately described by a constant multiplier. The 
second is the exchange interaction which generates an 
attractive force. It may cause a substantial deformation 
on soft surfaces. On metal surfaces, the effect of defor­
mation is much smaller than the effect of different tip 
states, and does not explain the observed corrugation 
(Ciraci et al., 1990). On soft surfaces, such as graphite, 
the deformation of the sample surface is the prime factor 
of corrugation amplification (Soler et al., 1986). The 
details of this topic are out of the scope of this review 
anticle. 
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