
2 Introduction 
to Scanning Tunneling Microscopy 

Scanning tunneling microscopy (STM) was invented by Binnig and Rohrer 
(see Fig. 2.1) (2,9). Using the combination of a coarse approach and piezoelec
tric transducers, a sharp, metallic probing tip is brought into close proximity 
with the sample. The distance between tip and sample is only a few angstrom 
units, which means that the electron wave functions of tip and sample start 
to overlap. A bias voltage between tip and sample causes electrons to tunnel 
through the barrier. The tunneling current is in the range of pA to nA and 
is measured with a preamplifier.1 This signal is the input signal of the feed
back loop, which is designed to keep the tunneling current constant during 
(x, y)-scanning. The output signal is amplified (high voltage amplifier) and 
connected to the z-piezo. According to the feedback output voltage and the 
sensitivity of the piezo (typically nm/V) the tunneling tip is moved backwards 
or forwards and the tunneling current is kept constant during acquisition of 
the image. This operation mode is called constant current mode. 

There exist other modes, such as the constant height mode, where the tip 
is moved at constant height and variations in the current are measured. The 
(x, y)-movement of the tip is controlled by a computer. The z-position (output 
of feedback loop) is measured at discrete (x,y)-positions. The data z(xi,Yi) 
can be displayed in several ways: line-scan image, grey-scale image or colour 
encoded image. 2 The line-scan image is the most natural way to represent the 
data, because each line represents the scan of the tip in the fast direction. 
However, grey-scale images or colour encoded images are more frequently 
used, because they are better adapted to human pattern recognition. Bright 
spots represent hillocks or protrusions and dark spots represent valleys or 
depressions. 

1 I-V converters are used to convert the tunneling current into a voltage. A pos
sible realisation consists of an operational amplifier (e.g., Burr Brown OPA 111) 
and a resistor R, where the output voltage is given by Vout = Rlt. With a resis
tor of the order of R = 100 MQ-1 GQ, currents of the order of nanoamperes, 
It ~ 1 nA, are measurable. Smaller currents of the order of 0.1 pA are more 
difficult to measure. Field-effect transistors are needed very close to the tip. 

2 Selection of the number of data points is user-defined, e.g., 400 x 400, 500 x 500 
or 1000 x 1000. If fast fourier algorithms are to be used, powers of two, 2N, are 
favourable, e.g., 256 x 256, 512 x 512 or 1024 x 1024. 
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Fig. 2.1. Schematic diagram of the scanning tunneling microscope. An xyz
piezoelectric scanner moves the tip over the surface. A feedback loop can be used 
to keep the tunneling current constant 

Scan areas are limited by the choice of the piezoelectric scanner and the 
maximum output voltage Vmax of the high voltage amplifier. With a typical 
sensitivity of 3 nm/V and Vmax = 250 V, a maximum scan range of 750 nm 
can be achieved. Some commercial scanners are designed for ranges of up 
to 100 IJ.m. However, these large scanners are often inadequate for atomic
scale imaging. Thus, the maximum scan range of high resolution STMs is 
in the range 1000 nm = 11J.m. Whether the microscope can achieve atomic 
resolution depends on the stability of the instrument and the vibrational 
isolation. In Chap. 1 the design of these components is explained in more 
detail. Generally, the mechanical construction of the STM should be rigid 
with a high resonance frequency (~ 1 kHz) and the vibrational isolation 
should have a low resonance frequency(~ 1Hz) with low Q-factor (Q ~ 1). 

2.1 Tunneling: A Quantum-Mechanical Effect 

According to quantum mechanics, a particle with energy E can penetrate 
a barrier ¢ > E (see Fig. 2.2). In the classically forbidden region, the wave 
function 'l/J decays exponentially, viz., 

·'·( ) ·'·(O) J2m(¢- E)z 
'f/z ='f/ exp- 1i , (2.1) 

where m is the mass of the particle and 1i = 1.05 X w-34 J s. In STM 
the barrier is given by the vacuum gap between sample and tip. Then the 
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Fig. 2.2. One-dimensional tunneling junction. The wave functions of tip and sample 
overlap. When a bias voltage is applied, electrons can flow from the tip to the sample 
(tunneling into empty states of the sample) or from the sample to the tip (tunneling 
from filled states of the sample). The barrier height is approximately determined 
by the work function. However, the barrier height also depends on other effects, 
such as image forces . At very small distances the barrier may collapse 

tunneling current It can be calculated by taking into account the density of 
states of the sample, Ps(EF ), at the Fermi edge: 

It <XV Ps(EF) exp [ -2 y'2m(~- E)z] <XV Ps(EF )e-1.025#z , (2.2) 

where the barrier height P is in e V and z in angstrom units. With a typical 
barrier height of P = 5 eV, which corresponds to the work function of gold, 
the tunneling current decays by an order of magnitude when the vacuum gap 
is changed by 1 A. 

Even though the theoretical prediction of vacuum tunneling was found 
in the 1930s [11], it took a long time to observe it experimentally. Young et 
al. [12, 13] presented the first evidence for vacuum tunneling. The current vs. 
voltage curves acquired with their topographiner, a predecessor of the STM, 
showed a transition from the field emission regime to the tunneling regime. In 
1982, Binnig et al. presented current vs. distance curves with barrier heights 
of the order of 0.6 to 3 eV [14]. In 1983, Binnig and Rohrer presented the 
first sucessful imaging of Au(llO) and Si(111)7 x 7. The latter surface yielded 
images of the arrangement of the Si adatoms [3]. It contradicted previous 
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models of the surface and constituted an important step towards the complete 
structure analysis of this complex surface, which was finally determined by 
Takayanagi et al. [15] with a UHV-transmission electron microscopy analysis. 
More importantly, the work of Binnig and Rohrer started the field of real
space microscopy, opening the door to the nanometer world for science and 
technology. In the beginning of STM, many scientists were very sceptical 
about this work, because it was not generally expected that atomic resolution 
could be achieved in real space. However, Binnig and Rohrer succeeded in 
convincing more and more groups to work in this field, until finally, STM 
became one of the most important tools in modern surface science. 

Fig. 2.3. Schematics of the Tersoff- Hamann 
model. The tip wave function is approximated 
by an s-wave. The tunneling current is pro
portional to t he local density of states of the 
sample at the Fermi level, LDOS(EF) , at the 
distance r0 = R + s, which corresponds to the 
center of curvature of the tip 

The model described above is valid for one dimension. However, STM 
corresponds to a three-dimensional geometry. It was Tersoff and Hamann 
[16, 17] who first showed that (2.2) is valid in three dimensions under the 
assumption that the tunneling tip wave function can be approximated by 
a spherical s-wave function and Ps(EF) is the local density of states of the 
sample (LDOS) at the Fermi edge at a distance s + R, where s is the distance 
between the apex of the tip and the sample surface and R is the radius of 
curvature of the tip. Thus, it is the LDOS of the sample at the center of the 
tip (see Fig. 2.3). This model also explained the high resolution on metals, 
such as Au(llO). However, the large corrugation heights on surfaces such as 
Al(111), Au(111) or Cu(111), could not be explained quantitatively.3 This 
topic will be discussed further in the following sections. The Tersoff- Hamann 
model is the standard model for STM, constitut ing an elegant first-order 
model of STM. 

2.1.1 Tersoff-Hamann Model 

The Tersoff- Hamann model [16, 17] is based upon the transfer Hamiltonian 
approach, which was introduced by Bardeen [18] to explain current vs. voltage 
curves of oxide barriers between superconductors. Bardeen showed that the 

3 In this context, the corrugation height corresponds to the height difference be
tween the hollow site and the top site in constant current operation. 
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tunneling current between two electrodes separated by an insulator is given 
by 

where 
1 

f(E) = 1 + e(E-Ep)/kBT (2.4) 

is the Fermi function, p8 , Pt are the density of states of the sample and tip, e is 
the electron charge, 1i = h/(27r), his Planck's constant and E is an integration 
variable. Bardeen showed that the tunneling matrix element M is given by 

M = !!_ 1 ('1/J: ENt - '1/Js EN;) dS , 
2m surface az az (2.5) 

where '1/Js, '1/Jt are the wave functions of the sample and the tip. Thus, the 
problem is solved for the sample and the tip separately and then the matrix 
element is determined according to (2.5). It is remarkable that the integral is 
to be calculated between the electrodes (surface integral). For low voltages, 
(2.5) simplifies to 

(2.6) 

In the case of a flat LDOS tip, which means that Pt is constant in the studied 
energy range, the energy dependent part of the tunneling current is deter
mined by the sample alone: 

(2.7) 

which leads us back to the statement that the tunneling current is essentially 
determined by the LDOS of the sample at the Fermi energy. Extensions of 
the Tersoff-Hamann model can be found in the literature. Baratoff presented 
wave-vector-dependent tunneling current calculations [19] and Chen extended 
the Tersoff-Hamann model to d-wave functions [20]. Furthermore, the Green's 
function formalism has been introduced by several authors (see [9]). 

2.2 Instrumental Aspects 

2.2.1 Tunneling Tips 

The preparation of tunneling tips is not a trivial subject and there are still 
many unknown parameters. The first recipe is to produce smooth tips with 
small curvature radius of the order of 100-1000 A by electrochemical etching. 
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Fig. 2.4. Examples of SEM pictures of tunneling tips. The tips were etched for 60 s 
with 12 V AC and then with 2 V AC until fracture occurred. Courtesy of A. Wetzel 
and V. Thommen 

The method was already developed in the 1950s for field ion microscopy [21]. 
A tungsten wire (about 0.25 mm in diameter) is immersed in 1 M aqueous 
solution of NaOH. The counterelectrode is a piece of stainless steel or plat
inum, typically with a ring geometry. A positive voltage of 2-12 V is applied 
to the wire. Etching occurs at the liquid-air interface. As soon as the neck of 
the wire becomes thin enough, the weight of the lower part of the wire pulls 
the neck and finally fractures it. Both tips (falling part and fixed part) can be 
used. Some authors have controlled the cutoff time [22], which is the time for 
the etching current to cut off after the tip has fractured. An electronic circuit 
that measures the current and switches off when the wire fractures can reduce 
the cutoff time and the radius of curvature. After electrochemical etching, the 
tip has to be rinsed thoroughly with water in order to remove NaOH resid
uals. It is even advisable to use boiling water. Although these tips look very 
smooth in a scanning electron microscope (SEM) (see Fig. 2.4), they do not 
always yield atomic resolution. One problem is the formation of a surface 
oxide during etching, which has to be removed before tunneling. One way is 
to remove the oxide by resistive heating or electron bombardment [9]. 

Other mechanical preparation methods produce rougher tips. For exam
ple, Ptlr tips can be mechanically cut or W tips can be mechanically grinded 
to provide immediate atomic resolution. However, the aspect ratio is rather 
poor and imaging of step sites or hillocks is not possible without tip convo
lution. 

Several methods have been developed in field ion microscopy to produce 
tips with well-defined atomic structure. Fink developed a field evaporation 
procedure that yields single-atom tips [23]. Binh and Garcia produced nano
tips in high fields [24] . 

Finally, there are some in situ tip preparation methods. Controlled col
lision has been introduced by Binnig and Rohrer on Si(111)7 x 7 [2]. High
field treatments have been mentioned in the literature [25, 26]. The process 



2.2 Instrumental Aspects 21 

is probably related to field enhanced diffusion of tungsten, which leads to 
a restructuring of the tip. 

2.2.2 Implementation in Different Environments 

The STM can be operated in different environments such as ultrahigh vac
uum (UHV), liquids, or ambient pressure. Most STM work has been dedi
cated to UHV, because the preparation of conductive surfaces is often limited 
to this environment. Exceptions are gold, highly oriented pyrolitic graphite 
(HOPG) and other layered materials, such as transition metal dichalco
genides (e.g., TaS2), which can be measured in ambient pressure. Active 
fields of application are electrolytes and low current STM on organic molecules. 
Another important parameter is the temperature. At low temperature, the dif
fusion of atoms is reduced, and this gives the opportunity to manipulate single 
physisorbed atoms [27]. Alternatively, high temperature gives the opportunity 
to observe dynamical processes [28, 29]. Room temperature experiments are 
sometimes disturbed by temperature variations, which lead to thermal drift. 

2.2.3 Operation Modes 

The STM can be operated in the constant current mode or in the constant 
height mode (see Introduction of Sect. 2). Furthermore, there exist a number 
of spectroscopic modes which are described in this section. 

Constant Current Mode 

The experimental setup is shown in Fig. 2.5. The first stage of the electronics 
is the preamplifier. As described in Sect. 2, gains of 108-109 are selected by 
the appropriate choice of resistor (108-109 Q) in the I-V converter. Since 
the current depends exponentially on the distance between tip and sample, it 
is advisable to linearize the signal with a logarithmic amplifier. The feedback 
loop of the STM is set to a certain value, the set point, which is compared 
with the instantaneous value of the current. A PI-feedback [30] is generally 
used, which means that the error signal is multiplied by a proportional gain 
(P-part) and integrated (I-part) with a characteristic time constant. The P
and I-parts are added together. The output of the feedback is then amplified 
(high voltage amplifier) and fed directly to the z-piezo. 

The STM user has to optimize the feedback parameters in each experi
ment, because the gain of the whole loop also depends on various factors, such 
as preamplifier gain, high voltage amplifier gain, probing tip characteristics 
(e.g., barrier height) and mechanical properties of the microscope. A simple 
way to optimize the feedback is the Ziegler-Nichols procedure [31, 32]. The 
P-part is increased until small oscillations of the current are observed. Then, 
the P-part is reduced to 0.45Pcrit· If the oscillation period (Tcrit) is deter
mined with an oscillograph, the I-part can be set to 0.85Tcrit· The higher 
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sample 

Fig. 2.5. Feedback loop of an STM consisting of a tunneling gap, preamplifier, 
logarithmic amplifier, PI-feedback, high voltage amplifier and z-piezo 

the selected gain, the better the feedback loop follows the contours of the 
constant tunneling current. The output of the feedback loop is digitized and 
gives the 'topography' image, z(x, y). Actually, the term 'topography' has 
to be used with some caution, because the contours of constant tunneling 
current are not identical with the contours of constant total charge density, 
which would be the ideal topography of a surface. Rather, they are related 
to contours of constant local density of states at the Fermi level (LDOS), as 
explained in Sect. 2.1.1. On an atomic scale, images often depend on the ap
plied voltage because of variations in the LDOS. Nevertheless, the constant 
current images are often very close to topography on a scale of a few nanome
ters where LDOS variations are small. Thus, step heights are relatively easy 
to interpret. Exceptions are inhomogenous surfaces, where surface states or 
variations in barrier height lead to strong variations in the current between 
the terraces [33] . 

Constant Height Mode 

In the constant height mode, the feedback loop is turned off and the tip scans 
at constant height over the surface. Variations in the tunneling current are 
digitized directly. The sample is often tilted and this has to be corrected 
electronically. The instrument is first operated in constant current mode and 
the tilt correction is performed. This means that x, y-signals are added with 
appropriate prefactors to the z-signal Zout = o:x + f3y + Zin. Then the tip 
is moved to a certain z-position and the feedback loop is turned off. The 
advantage of the constant height mode is that high scanning rates can be 
achieved, e.g., to observe dynamical processes. However, thermal drift limits 
the time of the experiment and there is an increased risk of crashing the tip. 
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Spectroscopic Modes 

Scanning tunneling spectroscopy (STS) experiments are important to deter
mine properties such as barrier heights or the LDOS as a function of voltage. 
There exist a variety of spectroscopic modes, which means that one externally 
adjustable parameter, such as the voltage or the z-distance, is varied and an 
experimentally available property is measured, e.g., the current I(V), I(z), 
or the derivatives of the current dJ jdV, di jdz. These curves can be mea
sured either at a fixed lateral position or at various lateral positions (xi,Yi)· 
A simple way to get spectroscopic information is to acquire several images at 
different voltages or distances. Because of thermal drift, this approach is not 
ideal, although it remains feasible. Alternatively, the tip can be stopped at 
different positions (xi,Yi), the voltage or distance is ramped, and then the tip 
moves to the next position. In an ideal STS experiment the tip DOS should 
be negligible, although this seems not always to be the case. Tip cleaning 
procedures for STS are described in the literature [9, 34]. 

An example is given in Fig. 2.6, which shows I vs. z curves from Binnig 
et al. [14]. The slope of the curve log(!) vs. z yields the barrier height: 

log(!)= -A#z + Const., (2.8) 

E 
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Fig. 2.6. Example of I vs. z curves from G. Binnig, H. Rohrer, Ch. Gerber and 
E. Weibel [2]. Curves show different slopes, representing different barrier heights. 
This was achieved by successive cleaning procedures. These measurements represent 
the first vacuum tunneling experiment through a controllable gap 
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where A = 1.025 A/ /eV. At the beginning of the experiment, barrier heights 
of 0.6-D.7 eV were found. By successive in situ cleaning procedures, barrier 
heights up to 3.5 eV were found, which is close to the expected value of 4-
5 e V. The small values at the beginning of the experiment were related to 
contamination of the tungsten tip, e.g., oxide layers or hydrocarbon/water 
layers. The curves represent the first observation of vacuum tunneling through 
a controllable gap. 

Tunneling Spectroscopy on Superconductors 

The superconducting gap can be observed by dl jdV spectra. According to 
the Tersoff- Hamann theory, the dJ jdV spectrum represents the LDOS of the 
normal, unbound electrons. For voltages lVI < Ll, the electrons are bound as 
Cooper pairs. Typical values for Ll are in them V regime (see Fig. 2. 7). Hence, 
the LDOS is zero within this energy range. Hess et al. [35, 36] measured lo
cal di/dV spectra on NbSe2 • A spectroscopic map revealed the Abrikosov 
flux lattice, where the superconductive areas could be distinguished from 
the vortex. Tunneling into the core of the vortex revealed enhanced differen
tial conductance (zero-bias peak). High-resolution spectroscopy data revealed 
a six-fold symmetry of the vortex core, which is related to the crystalline 
band structure. Later, tunneling spectroscopy was performed on high-Tc su
perconductors [37, 38], where the Abrikosov flux lattice was once again im
aged. Non-magnetic impurities were found to create zero-bias peaks which 
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Fig. 2.7. dljdV vs. bias voltage V for NbSe2 at 0 T applied magnetic field , used 
to determine the gap at 1.45 K. Inset : gap vs. temperature and the corresponding 
BCS fit. From [35] 



2.2 Instrumental Aspects 25 

were related to localized low-energy excitations. The latter are typical for 
non-magnetic scattering in a d-wave superconductor [39] . The influence of 
isolated magnetic adatoms on a conventional superconductor was studied by 
Yazdani et al. [40]. Excitations within the superconductor energy gap were 
observed around these impurities. 

Inelastic Thnneling 

One of the highlights in tunneling spectroscopy was the observation of in
elastic tunneling for acetylene (C2H2) molecules adsorbed on Cu(lOO) [41]. 
An increased tunneling conductance was observed at energies which corre
sponded well to the C-H stretch mode. An isotope effect was observed for 
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Fig. 2.8. Left: Current vs. voltage curves with elastic and inelastic tunneling. 
A kink is observed when the inelastic electron tunneling current channel opens up. 
This kink becomes a step in the first derivative and a peak in the second derivative. 
Right: (a) I-V curves recorded with the STM tip directly over the center of an 
acetylene molecule (1) and over the bare Cu(lOO) surface (2). (b) dl/dVon the 
molecule (1) and on the substrate (2) . (c) d/2 /dV2 on the molecule (1) and on the 
substrate (2). The difference spectrum (1)- (2) shows a peak at 358 mV. (3) is an 
average of 279 scans. From [41] 
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C2D2. The interesting aspect of vibrational spectroscopy is the availability of 
a database from other techniques such as infrared, Raman or electron energy 
loss spectroscopy. Hence, the molecules can be identified by their vibrational 
frequencies. The technique is also called vibrational spectroscopy. The prin
ciple of inelastic tunneling is relatively simple and is well established from 
experiments with planar tunnel junctions [42]. Figure 2.8 shows an idealized 
view of the mechanism. The current increases steadily due to elastic tun
neling. At a certain threshold hv I e an additional current channel is opened, 
which corresponds to inelastic tunneling through a molecule. The molecu
lar vibration of frequency v is excited and the electron loses the energy hv. 
Figure 2.8 shows the total current I, which is the sum of elastic and inelas
tic tunneling. A kink at V = hv I e is observed, which becomes a step in 
the dlldV curve and a peak in the d2IIdV2 curve. As shown in Fig. 2.8, 
the contribution of inelastic tunneling is very small and is best observed by 
difference spectra. 

2.2.4 Manipulation Modes 

STM can be used to move individual atoms (see Fig. 2.9) [27,43,44]. Vertical 
manipulation and lateral manipulation are the two modes of manipulation. 
Vertical manipulation is started by a transfer of the surface atom to the tip. 
The tip is retracted and moved to the desired position. The adsorbate atom 
is then deposited. The transfer of the adsorbate atom from the surface to 
the tip, or vice versa, is achieved by bringing the tip into contact or near
contact. The application of voltage pulses can be used to set the direction. 

Fig. 2.9. Modes for manipulating single adatoms. (a) Vertical manipulation. (b) Lat
eral manipulation. In case (a), the adatom forms a strong bond with the tip and 
is detached from the surface. It is then transported by the tip and redeposited on 
the surface. In case (b), the interaction has to be strong enough to overcome the 
corrugation of the interaction potential, which is closely related to the diffusion 
barrier 
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Fig. 2.10. Tip height curves during manipulation of a Cu atom (a), a Pb atom 
(b,c), a CO molecule (d), and a Pb dimer (e)-(g) along [ITO] on the Cu(211) 
surface. The tip movement is from left to right and the tunneling resistances are 
indicated. Vertical dotted lines correspond to fcc sites next to the step edge. The 
initial sites of the manipulated species are indicated by small sphere models. STM 
images of the different ad particles are shown on the right-hand side. Arrows indicate 
the direction of tip movement. From [43] 

Eigler et al. [45] found that Xe atoms moved in the same direction as the 
tunneling electrons, which was related to heat-assisted electromigration. 

In the lateral manipulation mode, the adsorbate is kept adsorbed to the 
surface and only moved laterally along the surface. The tip is moved to the 
initial point and the set point is increased by about 2 orders of magnitude, 
which corresponds to a decrease in the distance by several angstrom units. 
The tip forms a weak bond with the adsorbate atom or molecule. The tip is 
then moved along the line of manipulation. Typical threshold resistances to 
slide an adsorbate are 5 MQ to slide Xe along rows of Ni(llO), 200 kQ to 
slide CO along Pt(lll), and 20 kQ to move Pt adatoms along Pt(lll) [44] . 

As shown in Fig. 2.10, the tip height during manipulation can be recorded, 
which gives some insight about the manipulation process. Alternatively, the 
variations in the tunneling current can be used to monitor the manipulation 
process. The tunneling current signal can be transformed into an acoustic 
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signal, which can be very helpful for the experimentalist [27]. Several modes 
have been identified [43] : 

• pulling, where the adparticle performs hops from one equilibrium position 
to the next to follow the attractive tip discontinously, 

• sliding, observed at low tunneling resistance, where the tip- adsorbate dis
tance remains nearly constant, and a continous movement of the adsor
bate is observed, 

• pushing, where the adsorbate is repelled by the tip and the adsorbate 
particle performs hops from one adsorption site to the next in front of 
the tip. 

The hop distances depend on the size of the particles. Single atoms normally 
perform hops from one adsorption site to the nearest site. Dimers of Pb 
were observed to perform hops over multiple adsorption site distances. The 
presence of defects affects hopping barriers. 

Fig. 2.11. A 40 x 40 nm2 image of a Si(100)(2 x l):H surface imaged at 11 K after 
threshold STM patterning of a series of parallel lines. From [46] 

Alternative modes of manipulation were described by Lyding et al. [46,4 7]. 
The hydrogen passivated Si(lOO) surface was exposed to electronic currents 
with bias voltages above 5 V, which leads to the desorption of a few hydrogen 
atoms in the vicinity of the tip. Line widths as small as one nanometer were 
achieved (see Fig. 2.11). The authors related the manipulation to inelastic 
tunneling, which may increase the local vibrations of the adsorbate and lead 
to desorption. Hydrogen plays a special role, since its vibrational frequencies 
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are high due to its small mass. Corresponding decay times of vibrational 
oscillations as large as 10-8 s were observed. Therefore, local heating and 
consequent desorption appears possible. 

Another way to modify surfaces locally on the nanometer scale is to utilize 
large electric fields [44]. The field is inhomogeneous and is concentrated in the 
vicinity of the tip. These large field gradients parallel to the surface can lead to 
field-assisted directional diffusion. This method can also be used to measure 
dipole moments and polarizabilities of adatoms, as has been demonstrated 
by field ion microscopy (FIM). 

2.3 Resolution Limits 

2.3.1 Imaging of Semiconductors 

In 1983, Binnig and Rohrer presented the Si(111)7 x 7 surface with atomic 
resolution [3] . This is one of the most spectacular surface reconstructions 
(see Fig. 2.12). In terms of resolution, the spacing between the adatoms is 
about 9 A. Later, Feenstra and Stroscio presented the Si(111)2 x 1 surface 
with spacings of 2-3 A [34]. Voltage-dependent imaging showed that the 
protrusions depended on the polarity and did not represent the positions of 
the atoms, but rather maxima of the LDOS, which were related to localized 

Fig. 2.12. STM image of the Si(111)7 x 7 surface in t he constant current mode. 
Terraces are separated by steps of height 1.25 nm. The protrusions on the terraces 
correspond to the arrangement of the adatoms. From [48] 
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surface states. On GaAs(OOl), Feenstra et al. [49] were able to present atom
selective images by changing the bias voltage polarity.4 Positive polarity of 
the bias voltage showed the unfilled states of the surface, where the maxima 
coincided with the position of the Ga+ ions, whilst negative polarity showed 
the filled states, where the maxima were at the sites of the As- ions. The 
lateral resolution of the instrument on these semiconductors is in the range 
of 1 A. The corrugation height in the z-direction is typically a few tenths of 
an angstrom unit, which is consistent with expectations from local variations 
of the LDOS. Furthermore, spectroscopic measurements ( dl / d V vs. V) are 
in good agreement with the Tersoff- Hamann model. 

2.3.2 Imaging of Metals 

In 1982, the first metal surfaces, the Au(110)2 x 1 and Au(110)3 x 1 recon
structions, were resolved by Binnig and Rohrer [50]. Individual atoms were 
not observed at this early stage. In 1987, Hallmark et al. [51] presented the 
first atomic resolution image of a close-packed metal, Au(111)22 x J3. Later, 
Wintterlin et al. were able to present atomic resolution on Al(lll) [25]. To
day, a large number of clean metal surfaces can be resolved, such as Cu(lll) 
(see Fig. 2.13), Cu(llO), Cu(OOl), Pt(lll), Pt(OOl), Ru(OOOl), Ni(OOl) and 
Ni(llO) [26] . The spacing between the atoms of the close-packed surfaces is 
2-3 A. The corrugation heights are found to be rather large, of the order of 

Fig. 2.13. STM images of the Cu(lll) surface in constant current mode. (a) Over
view image with monatomic steps. (b) Atomic resolution on Cu(lll) . The spacing 
between the protrusions is 2.5 A 

4 The bias voltage is applied to the sample side. Therefore, positive bias voltage 
means positive voltage on the sample and 0 Von the tip side. The I - V converter 
keeps the tip virtually grounded. The high gain of the operational amplifier keeps 
the potential of the positive and negative input at the same voltage. 
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Fig. 2.14. STM image of the (111) surface of a Pt25Nh5 single crystal. A voltage 
of 5 m V and a current of 16 nA were applied. A rather strong 'chemical' contrast 
is observed, where the dark species is attributed to Pt and the bright features to 
Ni. The contrast is related to the interaction between tip adsorbates and surface. 
The image size is 125 Ax 100 A. From [52] 

a few tenths of an angstrom unit. This contradicts helium scattering exper
iments and calculations, which predict corrugations heights of the order of 
0.01 A. (Here the corrugation height corresponds to the difference between 
the maximum and minimum of contours of constant LDOS.) Wintterlin et 
al. [25] proposed that small clusters of the sample material are important 
for the rather large corrugation heights. These clusters are deformed due to 
the rather large tip- sample interaction, which may lead to large corrugations. 
Alternatively, Chen et al. [9] proposed that d-states of the tip may contribute 
significantly to the tunneling current. These states are more localized than 
the s-states and may explain the high resolution. An impressive example of 
resolution capabilities is given by Schmid et al. [52], where Pt atoms and 
Ni atoms were distinguished on a Pt25Ni75 (111) surface (see Fig. 2.14). The 
best resolution was observed with small tunnel resistances of (50- 300 kQ). 
This was attributed to the interaction between adsorbates at the tunneling 
tip and surface atoms. 

2.3.3 Imaging of Layered Materials 

A number of layered materials, such as graphite or MoS2 , have been resolved. 
In particular, graphite has attracted a lot of attention because of the giant 
corrugation heights. Forces between tip and sample are considered to play an 
important role [53]. Other interesting examples are transition metal dichalco
genides, such as 1 T-TaS2 or 1 T-TaSe2, which exhibit both atomic structure 
and charge density waves (CDW). A review of STM work on layered materials 
with CDW has been published by Coleman et al. [54]. 
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Fig. 2.15. Constant current STM image of Cu-tetra 3,5 di-t-butylphenyl porphyrin 
(Cu-TBPP) molecules on Ag(lOO) at low molecular coverage. The monatomic Ag 
substrate steps are decorated by the molecules. Image size 68 x 68 nm2 • It = 150 pA 
and U = 1 V. Courtesy of M. de Wild, S. Berner, H. Suzuki and T. Jung 

2.3.4 Imaging of Molecules 

One of the most exciting applications is the imaging of adsorbates and sin
gle molecules on surfaces. Foster and Frommer presented images of single 
molecules [55] . Later, liquid crystals [56] and hydrocarbons were imaged.5 

Chiang and coworkers presented a systematic STM study of molecules in 
UHV [57,58]. Their presentation of benzene coadsorbed with CO, showing in
equivalent sites of the benzene ring, is an impressive example of the resolution 
capabilities of STM. Porphyrin-like molecules have attracted a lot of atten
tion, because of their potential for molecular electronics (see Fig. 2.15) [59,60]. 

Generally, mechanisms for tunneling through molecules are rather compli
cated, e.g., resonant tunneling may occur. Adatoms or small molecules (e.g., 
benzene molecules) which lie flat on a surface can be imaged in most cases. 
Larger molecules can be more difficult to image, because of poor conductiv
ity. In particular, molecules which are oriented perpendicular to the surface 
may cause problems. For example, alkylthiols on Au(111) are best imaged 
with small currents of a few pA [61,62]. Larger currents lead to strong distor
tions of the film. Heim et al. [63] showed that DNA and other biomolecules 
can be imaged with very small currents ( < 1 pA) in high humidity, but are 
distorted when higher currents are applied. An overview of SPM work on 
organic materials, including STM measurements on molecules, has been pub
lished by Jane Frommer [64] and preparation procedures are given in [65]. 
The prospect of imaging and manipulating single molecules is probably one 
of the most interesting future aspects of STM. Manipulation experiments by 

5 Both liquid crystals and hydrocarbons are oriented flat on the surface. 
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Eigler et al. (27] with single adatoms at low temperature show interesting 
aspects for fundamental science, e.g., the study of particles in a box. Ma
nipulation experiments with individual molecules at room temperature have 
been achieved by Gimzewski et al. [59,60,66]. 

2.3.5 Imaging of Insulators 

Although in principle STM measurements are not possible on insulating ma
terials, STM can be performed on thin insulating films grown on conductive 
substrates. Examples are STM studies of thin metal oxide films, such as 
Ab03 [67,68], CoO [69], NiO [70], FeO [71], or thin films of ionic materials, 
such as CaF2 [72] or NaCl [73]. At low sample voltages tunneling is accom
plished by the substrate electrons. For higher voltages, the electronic states 
of the film contribute to the tunneling. Therefore, the height of islands is 
sensitive to the applied bias voltage. In some cases (low bias voltage), islands 
can even appear as depressions. Hebenstreit et al. [73] compared the experi
mental results with calculations of the LDOS and found that the STM results 
for NaCl films on Al(100) agree with the Tersoff-Hamann theory. This is in 
contrast to metal surfaces, where calculated LDOS corrugations are signifi
cantly smaller than experimental values, and additional mechanisms, such as 
tip-sample interactions are needed to explain the results. 

2.3.6 Theoretical Estimates of Resolution Limits 

Right at the outset, Binnig and Rohrer estimated the resolution limits of 
STM [74]. With tip radii of 1000 A, a relevant tunneling current region with 
diameter about 45 A was estimated. Stoll derived a formula for the corruga
tion height ~z on simple metals, depending on the atomic periodicity a [75]: 

[
-7r2 (R + s)] 

~z = h8 exp t;,a2 , (2.9) 

where t;, = i-2m(U- E)/fi is the decay constant of the tunneling current, 
typically 1 -1, hs is the corrugation height of the metal surface, d is the 
distance between the sample surface and the apex of the tip (gap spacing) 
and R is the radius of curvature of the tip. The relevant distance is R + s, 
which is the distance between the surface and the center of curvature of the 
tip. The Stoll formula was found to be in good agreement with the results 
from Binnig and Rohrer [50] on Au(110)2 x 1 and Au(110)3 x 1. However, 
deviations were found for small separations s. The high resolution on close
packed metal surfaces could not be explained by this model. Other effects, 
such as tip-sample interaction forces, influence of the tip on the electronic 
structure of the sample, and more complex tip wave functions have to be 
taken into account (see Sect. 2.3.2). Nevertheless, the Stoll formula, which 
was confirmed by the Tersoff-Hamann theory up to a constant factor [17], 
gives a good estimate for corrugations with large gap resistance. 
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2.4 Observation of Confined Electrons 

Since STM probes the local density of states at the Fermi energy, it is an 
ideal tool for studying confined electrons, which interact with surface steps or 
adatoms. The electrons occupying surface states on the closed-packed faces of 
noble metals, such as Cu(111), Ag(111) and Au(111), form a two-dimensional 
nearly-free electron gas [76]. These surface states were first observed by pho
toemission studies [77] and later by Everson et al. [78, 79] with STM on 
Au(111) at room temperature. A direct visualization of these surface states 
on Cu(111) forming standing wave patterns in the vicinity of steps and de
fects was acquired with a low temperature STM by Crommie et al. (80]. The 
wavelength A is related to the length of the k-vector, k = 21r /A, and to the 
momentum p by the de Broglie equation p = nk = h/ A. Therefore, this ex
periment is an instructive example of the wavelike nature of electrons, as 
predicted by elementary quantum mechanics. In analogy to water waves, the 
confined electrons form circular patterns in the vicinity of point defects and 
extended 1D waves in the vicinity of step edges. A more quantitative analysis 
of these standing waves will be given in subsequent sections. 

2.4.1 Scattering of Surface State Electrons at Steps 

The energy of electrons confined in 2 dimensions is given by 

n2k~ 
E=Eo+-2-, 

m* 
(2.10) 

where k11 = J ki + k~. The wave function of an unscattered, delocalized state 

is described by 
(2.11) 

where r = (x, y, 0) and f(z) is a function. This indicates that the state decays 
exponentially perpendicular to the surface. Next, the scattering by a potential 
barrier, such as a surface step or an array of adatoms, is considered. The 
incident wave will encounter this barrier with reflectivity R = 1Riei7J. The 
reflected wave interferes with the incident wave, creating a standing wave. In 
one dimension, the density of states is given by 

LDOS(E, x) ex 1 + IRI 2 + 2IRI cos (2kxx - ry) . (2.12) 

In two dimensions, the calculation is more complicated (80, 81]. Assuming 
that the step edge extends infinitely along the y-axis and behaves like a hard 
wall, the standing wave function is given by 

(2.13) 

Then we calculate the total number of states N ( E, x) with energy :-::; E at 
distance x from the step: 
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N(E,x) ex 1isk \'¢k 11 \2dk.,dky (2.14) 

1 . 2 rrk~ [ J1(2k11 x)J 
ex sm (k.,x)dk.,dky ex - 2 1- k , 

d~k ux 

where the disk is defined by the condition k11 :::; y'2m*(E- E0 )jn. The LDOS 
is then proportional to dN/dE: 

LDOS(E,x) = Lo(l- Jo(2kux)] . (2.15) 

In these formulas, Jo and J1 are Oth and 1st order Bessel functions and 
L 0 = m* frrn2 is the LDOS of a 2D electron gas in the absence of scattering. 
At large distances x, Bessel functions have the asymptotic form 

{I_ ( 2m+l ) Jm(2k11 x) ex V ~cos 2k11 x- 4 1r • (2.16) 

Consequently, LDOS(E, x) decays as 1/ ..fii, or more explicitly, 

LDOS(E,x) ~ L0 [1- /Jicos (2kux- 2m4+ 1 w)] , (2.17) 

where 

k _ J2m*(E- Eo) 
u- n . (2.18) 

The oscillation of the LDOS decays, unlike the lD case, because of the inte
gration in k-space, as can be seen from (2.14). 

Figure 2.16 shows fits of (2.15) to the di/dV line scans in the vicinity 
of a step. Apart from small discrepancies very close to the step, the fit is 
accurate and yields values of k11 for different voltages and different energies 
E relative to the Fermi energy EF. The k11 data for different energies E- EF 
(inset of Fig. 2.16) are fitted with (2.10), which allows one to determine the 
effective mass m* = 0.38 ± 0.02me, where me is the mass of the electron, and 
a band edge Eo= -0.44 ± 0.01 eV below EF. 

Hasegawa and A vouris have studied the scattering of surface states on the 
Au(lll) surface at room temperature [82]. They observed an energy disper
sion E(ku) which deviates from photoemission data. A value of m* = 0.15me 
was determined by STM compared to a photoemission value of m* = 0.28me. 
The discrepancy is not yet understood, but may be related to the fact that the 
total charge density near the step exhibits an oscillatory behaviour, the so
called Friedel oscillation, with a period determined by the Fermi wave number 
kF: f>n ex cos (2kFx). According to Hasegawa and Avouris, the effective poten
tial of the confined electron should also have a component U cos 2kFx, which 
then yields a modified dispersion relation with a wave number k ~ (kF+ku) /2. 
This modified dispersion is found to be in good agreement with the data of 
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Fig. 2.16. Spatial dependence of dljdV across a step edge on Cu(lll) at 4 K. For 
details see text. From [80] 

Hasegawa and A vouris. Furthermore, the authors determined phase shifts 
along steps with different crystallographic orientations. For steps perpendic
ular to the (II2) directions they found a phase shift of -7r which corresponds 
to a hard wall (R = 1). Along steps perpendicular to the (112) directions 
a phase shift of -1r /2 was measured, which corresponds to a reflection coef
ficient of R = 0.9. The reason might be related to the open structure of the 
(112) steps, which has (001) facets. 

2.4.2 Scattering of Surface State Electrons at Point Defects 

The scattering of surface state electrons at point defects, such as adsorbed 
atoms or vacancies, can be calculated in close analogy to the previous section. 
Since the wavelength of the electrons is much larger than the dimensions of 
the scatterer, isotropic scattering is found. The wave function in the asymp
totic form is given by 

"'' {I_ im.P [k 2m + 1 ( )] 'f/m,k u = y ?Tki~Te cos ur- 4 7r + 7Jm ku ' (2.19) 
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where m is the angular momentum quantum number and "lm ( k11) is the k
dependent phase shift. The LDOS in the vicinity of a point defect is then 
given by 

2 +oo 2 [ 2m + 1 ] 
LDOS(E, r) ex 7fk r L cos k11r- 4 1r + TJm(ku) . 

II m=-oo 

(2.20) 

The phase shifts are characteristic of the point defect. Ideally, the phase shifts 
would fulfill the Friedel sum rule: 

+oo 1rZ L TJm(ku) = 2, (2.21) 
m=-oo 

where Z is the charge of the point defect. 
Equation (2.20) can be simplified for long wavelengths compared to the 

dimensions of the defect: 

LDOS(E, r) ex 1 + 7r~llr [cos2 ( kur- ~ + TJo) - cos2 ( k11r- ~)] . (2.22) 

Only the m = 0 component is relevant, and this is called s-wave scattering. 
Crommie and Eigler found a phase shift of ry = -66° for point defects on 
Cu(l11) [80]. This value corresponds to a repulsive potential. 

Avouris et al. [81] point out that imaging of the LDOS around point 
defects at positive and negative bias voltage visualizes the screening of the 
charge of the defect. When occupied states (negative bias voltage) are imaged, 
the LDOS at a defect site has a sharp peak and the surrounding waves are 
relatively weak. Imaging of unoccupied states (positive bias voltage) shows 
a hole at the defect site, but the surrounding waves are more pronounced, 
which is consistent with screening of a negatively charged defect such as an 
adsorbed sulfur atom. 

2.4.3 Electron Confinement to Nanoscale Boxes 

If electrons are confined in a potential well, discrete energy levels are formed. 
The simplest case is a one-dimensional square well, as shown in Fig. 2.17 . 

.. 
Energy 

,..------IV• 

L-------~o-----+L ______ _L __ x~ 

Fig. 2.17. A one-dimensional square well 
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Bias potential (V) 

Fig. 2.18. Experimental (solid line) and theoretical (dashed line) voltage depen
dence of dl / d V, with the top of the STM located at the center of an 88.7 A 
diameter, 60-atom circle of Fe atoms on a Cu(lll) surface. From [83] 

According to elementary quantum mechanics, the energy levels of an infinitely 
high well (Vo ----> oo) are 

(2.23) 

where n = 1, 2, 3, ... and L is t he width of t he well. The corresponding wave 
functions are 

'lj;n = If sin n~x (2.24) 

for the region within the well ( 0 :::; x :::; L). The wave function is equal to 
zero in the outer regions. A well of finite height has a finite number of energy 
levels. In addit ion, the wave function has non-zero, exponentially decreasing 
values in the outer region. 

The most spectacular observation is the confinement of electrons within 
artificial nanoscale structures [83, 84]. Crommie et al. [84] positioned 60 Fe 
atoms on Cu(111) in the form of a circle, forming a so-called quantum corral, 
which confines electrons in the inner area. A standing wave pattern, which 
resembles water waves in a circular pool, was observed within the corral. 
dl j dV vs. bias voltage curves showed that the energy levels of t he confined 
electrons are discrete. Good agreement with quantum mechanical calcula
tions was found, as shown in Fig. 2.18. The finite width of the peaks implies 
a finite lifetime for the confined electrons, viz., lltn ~ n/ !lEn , dominated by 
scattering into bulk states. 

In a second experiment , a 76-atom stadium was created by Heller et al. 
(see Fig. 2.19) [83]. Apart from the beauty of t hese structures, addit ional 
information about the scattering mechanism was found. By comparison with 
theory, it was determined that the Fe atoms reflect only about 25% of t he 
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Fig. 2.19. Local density of states (LDOS) near EF for a 76 Fe atom 'stadium'. 
Courtesy of D. Eigler 

incident wave, whilst 25% are transmitted and 50% absorbed ('black dots'). 
Absorption is related to scattering into bulk states. For future investigations 
of phenomena such as quantum billiards or for applications such as semicon
ductors with tailored band gap, it will be important to find a substitute for 
Fe that yields higher reflection rates. 

Other examples of confinement of surface state electrons were given by 
Avouris and Lyo [81]. n = 1, n = 2 and n = 3 states were observed on a 36 A 
wide terrace of Au(111). It was found that reflection of electrons from the side 
of the upper terrace is stronger than reflection of electrons incident on the step 
from the lower terrace [82]. The reflection was found to be sufficient to detect 
confined electrons on these terraces. A second experiment confined electrons 
on 45 A wide Ag islands on Au(111). In this case, a standing wave pattern 
was found which resembles the mechanical oscillation pattern of a clamped 
membrane, e.g. , a drum. Avouris and Lyo used the model of a circular box, 
where the analytical solutions of the wave functions are given by 

( r) { cosn8} '1/Jn l CX Jn Uj- · $ · ' a smn 
(2 .25) 

Here Jn is the nth order Bessel function. The energies of the circular box 
states are given by 

(2.26) 

where Un ,l is the l th root of the nth order Bessel function and a is the radius 
of the box. With an energy of 110 meV above the bottom of the surface state 
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Table 2.1. Summary of the results from STM, angle-resolved photoemission (ARP) 
studies and LDA calculations for noble-metal (111) surfaces 

Cu(111) Ag(111) Au(111) 

Eo [eV] (ARP) [77] 0.39(1) 0.12(1) 0.41(1) 

Eo [eV] (STM) 0.44±0.01 [80] 0.072 [85] 0.45 [82] 

Eo [eV] (Calc.) [77] 0.58 0.19 0.26 

m* [xme] (ARP) [77] 0.46(1) 0.53(1) 0.28(1) 

m* [xme] (STM) 0.38±0.02 [80] 0.37 [85] 0.15 [82] 

m* [Xme] (Calc.) [77] 0.37 0.24 0.17 

(Eo), they found a mixture of 80% of then= 2, l = 1 state and 20% of the 
n = 0, l = 2 state. 

A systematic study of variously-sized hexagonal Ag islands on Ag(111) 
has been presented by Li et al. [85]. Numerical calculations were performed to 
calculate the energy levels and spatial distribution of the modes. Eigenvalues 
scale with the inverse of the area of the hexagon. Fits of the energy levels 
for different areas show that the effective boundary of bound states is about 
0.5 nm beyond the edge atoms. n = 1 to n = 5 modes were identified and 
compared to theoretical calculations for a 94 nm2 island. 

Other examples of confined electrons have been observed on aluminium, 
where Ar bubbles were surrounded (a 3D case), and for semiconductors, where 
Si dopants were screened [86, 87]. An example of giant oscillations has been 
given by Sprunger et al. on beryllium (0001) [88]. In this case the wavelength 
was found to be much smaller (>. ~ 3.2 A) and the coupling to the bulk 
appears to be much weaker, representing a nearly ideal 2D system which 
may be of interest for future confinement experiments. 

2.4.4 Summary of Dispersion Relations 
for Noble-Metal (111) Surfaces 

The results of the effective mass from STM and angle-resolved photoemission 
(ARP) studies seem to differ systematically, but show the same tendency: 
small for Au(ll1) and larger for Ag(111) and Cu(111) (see Table 2.1). Some 
agreement between STM and LDA calculations is found, with the exception 
of Ag(111). The energy minima of the surface states determined by STM 
and ARP are quite close: 0.1 eV for Ag(111) and about 0.4 eV for Au(111) 
and Cu(111), but the differences are not within the estimated errors. ARP 
and STM may not yield the same results, since the potential of the electrons 
in the vicinity of steps may be modified by Friedel oscillations, as pointed 
out by Hasegawa et al. [82]. However, the step density is rather high, which 
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should also affect the averaging ARP method. Thus, there may exist other 
unknown reasons for the discrepancy. 

2.5 Spin-Polarized Tunneling 

STM can yield information about magnetic properties by the use of spin
polarized tunneling. Magnetic tunneling tips, such as Fe tips, are used. The 
spin-valve effect [89, 90], which was investigated for planar tunneling junc
tions, predicts that the tunneling current depends on the relative orientation 
of the magnetic moments of the tunneling electrodes. The consequence for 
STM is that the tunneling current has a contribution which depends on the 
relative orientation of the magnetic moment of the probing tip and the ori
entation of the magnetic moment of the imaged sample area. 

Wiesendanger et al. [92] have explored this effect with Cr02 tips on an an
tiferromagnetic Cr(001) surface. They operated the STM in constant current 
mode and found alternating step heights, which were related to the antiferro
magnetic structure. These early experiments represented a mixture of topog
raphy (constant LDOS) and spin dependent contrast. Later, Bode et al. [91] 
studied the Gd(0001) surface with Fe tips by spectroscopy. Gd(0001) has an 
exchange-split surface state and the Fe tip was assumed to have a constant 
spin polarization. Using local scanning tunneling spectroscopy, the surface 
states were clearly identified and showed an asymmetry when the magneti
zation of the sample was switched by an external field. Figures 2.20d and e 
show a dl jdV image of the Gd film at bias voltages of -0.2 V and +0.45 V, 
respectively. Figure 2.20f shows the asymmetry image (difference between the 
signals from Figs. 2.20d and e divided by the sum), where domain walls are 
observed on the Gd islands. The resolution was estimated to be about 10 nm. 
A quantitative analysis indicates that the spin polarization of the majority 
(minority) part was P ~ 0.45 ( -0.24). Bode et al. also observed [91] that 
Fe tips with film thickness < 10 ML do not influence the sample magnetiza
tion, whereas Fe tips with film thicknesses > 100 ML do modify the sample 
magnetization of the Gd film. Recently, Heinze et al. [93] have presented 
spin-polarized tunneling experiments on a Mn monolayer. These indicate 
that the antiferromagnetic structure can be observed on the atomic scale. 
A non-magnetic tip shows all Mn atoms in an equivalent way, whereas a fer
romagnetic tip reveals a superstructure, which is related to the orientation 
of the spins of the Mn atoms. 

An alternative approach is to combine spin-polarized tunneling with op
tical techniques, where the polarization of the circularly polarized light is an 
additional parameter to control the experiments. Alvarado and Renaud [94] 
performed experiments where the light emission of a tunneling junction was 
analyzed. Spin-polarized electrons were ejected from a Ni tip into a GaAs 
sample. The recombination of these electrons led to the emission of polarized 
light, which was analyzed with a linear polarizer. A spin polarization of about 
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Fig. 2.20. (a) Principle of spin-polarized STS using a sample with an exchange 
split surface state, such as Gd(OOl) and a magnetic Fe tip with constant spin polar
ization. Due to the spin-valve effect, the tunneling current of the surface state spin 
component parallel to the tip is enhanced at the expense of its spin counterpart. 
(b) Expected reversal of contrast of the d/ / dU spectra at the surface state peak 
position upon switching of the sample magnetization. (c) Experimental tunneling 
spectra above a Gd island (see arrow in the inset) . (d)-(f) dl/dU images: at the 
majority U = -0.2 V (d) and minority U = 0.45 V (e) surface state peak posi
tion. The arrow indicates a tip change. (f) In the asymmetry image, the contrast 
is enhanced and tip changes are less visible. From [91] 

30% was deduced for the electrons extracted from the Ni tip. Spin-polarized 
tunneling from a ferromagnetic Ni sample to a non-magnetic STM tip (Pt-Ir) 
was observed by Wu et al. [95] by detecting polarized light emission from the 
tunneling junction. An elegant way to select the spin orientation of the elec
tron source is to use optically pumped GaAs tips. Here, the spin orientation 
is selected by the polarization of the light. Prins et al. [96] performed exper
iments on Pt/Co multilayers, which revealed spin-polarized contributions to 
the tunneling current. Suzuki et al. [97] presented images of Co films which 
indicate that the magnetic structure was observed. However, low contrast 
and unintended optical contrast appears to be a problem so far. 

Another approach for deconvoluting topography from magnetic informa
tion was introduced by Johnson and Clarke [98] . Both the sample and the 
tip magnetization were modulated. Preliminary experiments in air indicated 
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the existence of a modulated tunneling current, which could be related to 
spin-polarized tunneling. Later, Wulfhekel [99] performed spin-polarized tun
neling experiments using tips with low coercivity, vanishing magnetostriction 
and low saturation magnetization under ultrahigh vacuum conditions. They 
changed the magnetization of these tips rapidly (40- 80 kHz) and detected 
the modulated tunneling current. Magnetostriction effects were excluded by 
measurement on non-magnetic surfaces. 

Fig. 2.21. Quantum mirage. STM topographs of an elliptical corral with a Co 
atom at the focus (a) and a Co atom moved off the focus (b). (c) Corresponding 
d/ /dV difference maps showing the Kondo effect projected to the empty right 
focus, resulting in a Co atom mirage. (d) Corresponding d/ / d V without mirage. 
From [100] 
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In summary, spin-polarized STM has been established under ultrahigh 
vacuum conditions. Tunneling spectroscopy, modulation of the magnetiza
tion or the combination of tunneling with optical techniques are methods for 
disentangling topography from magnetic information. So far, spin-polarized 
STM is still a laboratory technique, which has not yet been applied to tech
nological studies. The reader is also referred to Chap. 4, where magnetic 
force microscopy (MFM) will be discussed. MFM has already become a valu
able tool for applied science and technology problems related to magnetism. 
In future, spin-polarized STM might become an important tool to study 
the ultimate limits of magnetic storage devices or the optimization of giant
magnetoresistance. Experiments in the field of quantum computing, where 
individual spins are to be manipulated, have been proposed recently [101]. 

2.6 Observation of the Kondo Effect 
and Quantum Mirage 

Impurities with a magnetic moment are screened by conduction electrons. 
The resulting many-body singlet state is a low energy excitation, called the 
Kondo resonance, with a characteristic width 8 = ksTK, where TK is the 
characteristic Kondo temperature and ks is the Boltzmann constant. The 
Kondo effect was observed macroscopically by an increased electrical resis
tance at low temperature. On the microscopic level, local STM spectroscopy 
can be used to resolve these electronic resonances at the Fermi energy. Li et 
al. [85] observed Ce impurities on Ag( 111), where characteristic differences 
in the line shape were found for single Ce atoms compared to Ce clusters and 
continuous Ce films. A similar study was performed by Madhavan et al. on 
Co impurities on Au(111) [102]. Unexpected structures of the Kondo reso
nance were found, which were related to quantum mechanical interference of 
tunneling between the d-orbital and conduction electron channels. 

A spatial map of the Kondo screening of Co atoms on Cu( 111) was mea
sured by Manoharan, Lutz and Eigler [100]. The Co atoms were arranged 
within an elliptical quantum corral. In the case where the Co atom was 
positioned at one focus of the ellipse, a quantum mirage was observed in 
the other empty focus (see Fig. 2.21). Ellipses have eigenmodes which have 
strongly peaked probability amplitudes near the classical foci. The experi
ments reveal that the strongest mirages are observed for states close to the 
Fermi energy, such as the Kondo resonance. In future, the observation of 
quantum mirages may become a useful spectrocopic tool for probing atoms 
and molecules remotely, while the perturbing influence is minimized. 


