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Was ist Oberflächenphysik?

Kanten-
länge

AtomeAtomeKanten-
länge Volumen Oberfläche

1 mm 3 x 1019 5 x 1013 0,0002%

1 nm ganz wenige 26 96%

„Gott erschuf die Festkörper, aber der Teufel die Oberflächen“

           Wolfgang Pauli

Eigenschaften von Nanostrukturen sind 

von Grenzflächen- und Oberflächen getrieben
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Struktur-Eigenschaft-Beziehung

Geometrische Struktur
elektronische Eigenschaften
vibronische Eigenschaften
katalytische Eigenschaften
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Geometrische Struktur
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Rastertunnel- und Rasterkraftmikroskopie (STM, AFM)

6 STM- und AFM-Apparaturen 
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Rastertunnelmikroskopie

Organische Moleküle 
auf Oberflächen

Sexithiophen
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Rastertunnelmikroskopie

Organische Moleküle 
auf Oberflächen

Sexithiophen

CoO-Inseln 
auf 

Ag(100)-Oberfläche

Strukturbildung in monomolekularen Sexithiophen-
Schichten auf einkristallinen Metallsubstraten 

Untersuchung von epitaktischen Oxid-
schichten mittels Rastertunnelmikroskopie 
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Mikroskopie - Spektroskopie

Spektroskopie 
an 

einzelnen Nanoteilchen
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Mikroskopie - Spektroskopie

Spektroskopie 
an 

einzelnen Nanoteilchen

Quantenmechanische 
Eigenzustände
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Beugungsmuster 
langsamer Elektronen:

Energieabhängigkeit der Intensität 
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FIG. 6: Experimental and theoretical LEED I(V) curves of
the Ag(001) surface at 87 K. The overall r-factor is 0.095.

tical direction has a considerably stronger contribution

than directions parallel to the surface.

In summary, a significant decrease in the Debye tem-

perature of atoms in the second layer from the bulk value

bas been determined. The results from an isotropic ap-

proach most likely does not resemble an average over all

three directions with equal weight. The mean square

displacement vertical to the surface contributes consid-

erably more to the effect than displacements parallel to

the surface. In order to fully address the anisotropy of

the Debye temperature it appears that on the experi-

mental part an even more extended set of data would

be required, such as data sets at additional temperatures

and with non-normal incidence of the electron beam. Ad-

ditional insight from vibrational spectroscopy would help

to give more precise quantitative statements. Regarding

the calculations it would be an advantage to take into

account the coupling of the mean square displacements

of neighboring atoms.

E. Final All Parameter Optimization

After the separate optimization of the three topmost

layer distances, the real part of the inner potential, and

the Debye temperatures of the two topmost layers, all pa-

rameters were optimized simultaneously, again for both

experimental temperatures. Figures ?? and ?? compare

experimental and calculated I(V) curves along with sepa-

rate r-factors for each curve. At 87 K the overall r-factor

is 0.095 indicating excellent agreement. At room temper-

ature the overall r-factor is 0.163, which is slightly worse,

FIG. 7: Experimental and theoretical LEED I(V) curves of
the Ag(001) surface at 296 K. The overall r-factor is 0.163

TABLE II: Results for relaxation of the surface layer distances

87 K 0% offset 5% offseta

Layer 1-2 -1.41%± 0.15% -1.47%± 0.19%
Layer 2-3 +0.41%± 0.11% +0.38%± 0.12%
Layer 3-4 -0.14%± 0.18% -0.09%± 0.18%
296 K 0% offset 5% offset
Layer 1-2 -2.05%± 0.37% -2.00%± 0.34%
Layer 2-3 +1.52%± 0.19% +1.22%± 0.26%
Layer 3-4 0.00%± 0.19% -0.06%± 0.31%
Debye temperature 1st layer 2nd layer

137 K 195 K

aoffset of Pendry Y-function, details see text

but still excellent. The values of the structural parame-

ters did not change in any significant way, confirming the

appropriateness of the separate optimization above.

It is tempting to attribute the differences between the

relaxation for low and room temperature to the anhar-

monicity of the potential. However, in previous investi-

gations at the Ag(111) surface such effects were only de-

tected at temperatures above 600 K [? ]. Another reason

for a smaller compression at low temperatures is actually

adsorption of small amounts residual gas. Despite care-

ful checks for the adsorption of residual were performed

(for example no additional spots were observed in LEED

and no additional emission lines were observed in XPS),

it cannot be ruled out completely.

Strukturbestimmung durch 
Vergleich mit berechneten Kurven
Beispiel: Ag(100)-Oberfläche
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but still excellent. The values of the structural parame-

ters did not change in any significant way, confirming the

appropriateness of the separate optimization above.

It is tempting to attribute the differences between the

relaxation for low and room temperature to the anhar-

monicity of the potential. However, in previous investi-

gations at the Ag(111) surface such effects were only de-

tected at temperatures above 600 K [? ]. Another reason

for a smaller compression at low temperatures is actually

adsorption of small amounts residual gas. Despite care-

ful checks for the adsorption of residual were performed

(for example no additional spots were observed in LEED

and no additional emission lines were observed in XPS),

it cannot be ruled out completely.

Strukturbestimmung durch 
Vergleich mit berechneten Kurven
Beispiel: Ag(100)-Oberfläche

Table 2: Ag(100) Surface Structure
Experiment temperature 87 K 296 K
Lattice constant 407.0 pm 408.6 pm
Layer 1-2, ∆d12 -1.41%±0.15% -1.69%±0.37%
Layer 2-3, ∆d23 0.41%±0.11% 1.08%±0.26%
Layer 3-4, ∆d34 -0.14%±0.18% 0.00%±0.3%
Debye temperature
1st layer 137 K
2nd layer 195 K
bulk 225 K

Figure 5: R-factor maps (agreement of calculated and experimental
curves) as a function of two respective layer distances at room tem-
perature and at 87 K.

of the Debye temperatures of atoms from the final opti-
mization of the Debye temperatures.

When comparing the result for the two temperatures
(see table 2), the difference in relaxations of the two top-
most layer distances is larger than the error bars. One
explanation could be the anharmonicity of the poten-
tial. However, in previous investigations at the Ag(111)
surface such effects were only detected at temperatures
above 600 K [19]. Despite careful checks for the ad-
sorption of residual gases were performed (LEED pat-
terns did not show any additional spots and XPS did not
show any additional emission lines), it could be that the
reduction of the surface relaxations at lower tempera-
tures is the result of the adsorption of small amounts of
a residual gas such as water below the detection limits.

4.4. Correlation of Layer Distances
The choice of parameters and their correlation play a

major role for the convergence of an optimization and
the errors of the best-fit parameters [22]. Fig. 5 shows
r-factor maps as a function of two layer distances.

For both experimental temperatures the maps show
valleys, which are elongated and tilted, which indicates
different sensitivities to parameters. The tilts of the val-
leys have a slope of -1, which means anticorrelation of
the two parameters, i.e. an increase in the distance be-
tween the 1st and 2nd layer (∆d12) can partly be compen-
sated by a decrease in the distance between the 2nd and
3rd layer. Similarly, an increase in the distance between
the 2ndand 3rd layer (∆d23) can partly be compensated
by a decrease in the distance between the 3rd and 4th

layer (∆d34).
Contrary to this finding, the correlation of changes in

the distance between the 1st and 2nd layer (∆d12) and the
distance between 3rd and 4th layer (∆d34) is negligible.

4.5. Parameter Transformation
A pronounced anticorrelation of parameters makes it

worth to consider the transformation of the set of param-
eters to a new one with less correlation. In the present
case, this is achieved easily by describing the structure
through the sum and the difference of the layer distances
between the top three layers, i.e. by the distance be-
tween the 1st and the 3rd layer and the deviation of the
2nd layer from the center position between the 1st and
the 3rd layer. This parameter transformation rotates the
image in Fig. 5 clockwise by 45◦. The analysis of the
map gives a distance between the 1st and the 3rd layer of
407.4 pm, which is an overall compression of -1.2 pm
(-0.3% of twice the layer distance). The analysis of the
curvature gives a precision of below ±0.2 pm. The dif-
ference value of ∆d12 and ∆d23 corresponds to twice the
deviation of the 2nd layer from the center position be-
tween the 1st and 3rd layer. The analysis yields a differ-
ence value of 5.7 pm ± 0.5 pm.
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