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Abstract: The atomic-scale phenomena at surfaces and interfaces influence, and often even 
dominate, the properties of materials and their functioning in nanoscale devices. This contribution 
discusses recent results of applying the surface science method, where systems are investigated 
under idealized conditions. Such experiments directly relate to first-principles calculations and 
provide insights into mechanisms and processes at a level that cannot be achieved in any other way. 
The review discusses recent developments with a main emphasis on metal oxides, a versatile and 
extremely useful class of materials.  
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1. Introduction 

Scanning probe microscopy with atomic resolution provides a direct view at atomic and local 
electronic structure, and can even be used to follow molecular processes dynamically in real time. 
This works best under stringent control of the environment and the sample purity, i.e., under 
ultrahigh vacuum (UHV) conditions and using single crystals.  

The surface chemistry of many materials, most prominently of metal oxides, is often defect-
dominated. Atomically-resolved scanning tunneling microscopy (STM) lends itself perfectly to 
investigate such point defects and directly shows the various types, including isolated oxygen 
vacancies, single adatoms, and cation deficiencies in the near-surface region [1]. Recent developments 
in UHV-based non-contact atomic force microscopy (ncAFM), where piezoelectric sensors are 
combined with the metal tips usually used in STM [2], appropriately functionalized with a single 
molecule [3], or negatively or positively charged atoms [4], have opened a new way of examining the 
atomic-scale structure and properties of such systems [5]. 

2. A Case Study in Surface Chemistry: Adsorption of O2 on Semiconducting Metal Oxides 

Molecular O2 on semiconducting metal oxides shows a surprisingly rich surface chemistry with 
obvious ramifications in the chemical sensing and catalysis. With recent ncAFM measurements, we 
showed how the charge state of individual adsorbed molecules can be controlled [6], and how 
different adsorption configurations can be identified based on imaging combined with experimental 
and theoretical force–distance curves [7].  

3. Combing Surface Science and Pulsed Laser Deposition: An Unusual Approach  

The industry standard for growing complex metal oxides is pulsed laser deposition (PLD) under 
epitaxial control with reflection high-energy electron diffraction (RHEED). We will discuss 
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experiments performed in a setup where we combine a state-of-the-art PLD chamber with a fully 
developed, UHV-based surface science chamber that includes STM with electron spectroscopies and 
diffraction [8]. Here, the growth can be followed pulse by pulse, which allows a disentanglement of 
the various parameters (sample temperature, laser fluence, gas pressure, and step density) that affect 
film morphology [8]. For ternary metal oxides such as SrTiO3, the surface structure is sensitively 
controlled by the surface stoichiometry. We have quantitively mapped out the phase diagram of 
SrTiO3(110) [9]. This provides the basis to relate atomic-scale surface reconstruction to the surface 
composition, but also to reproducibly and reversibly adjust the surface structure on the same bulk 
material. This capability was used for devising a novel method to determine the cation flux in PLD 
with unprecedented precision [10], to understand the influence of surface structure on the evolving 
growth morphology [11], and to understand how the surface reconstructions control the 
incorporation of oxygen in model cathodes for solid oxide fuel cells [12]. 
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