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High-resolution microscopy





1.1 Intro







Example of an STM topography image 
(Source: Giessibl et al., Science 267, 68 (1995))





1.2.2



1.2.3





Source: Klein et al., Carbon 107, 536 (2016).

Example: Current-distance spectroscopy of tetrahedral amorphous carbon 
(ta-C) thin films. Two cases are considered: virgin ta-C film and electron-
irradiated ta-C film



1.3 Atomic Force Microscopy (AFM) / 

Scanning Force Microscopy (SFM)









-



Sample: Si(111)-(7x7) surface.
Source: Giessibl et al., Science 267, 68 (1995)

Early example of atomic resolution noncontact AFM image:



Science, 319, 1066 (2008)



Dear students, in our today’s lecture we had now time for two minor topics:
Magnetic Force Microscopy (MFM) as an example that makes use of AFM 
technology and Transmission Electron Microscopy as an example of electron-beam 
based microscopy.

Below please find corresponding short texts. Please read… In case of questions 
please do not hesitate to get in touch with me. 
If necessary I would talk to my colleagues Dr. Popov and Dr. Dufouleur who plan to 
give the upcoming lectures… in such case I could “steal” a bit of their lecture time… 



1.4 Magnetic force microscopy (MFM)

MFM is based on AFM. We only need a magnetic moment 𝑚𝑡𝑖𝑝 at the AFM/MFM 

tip, e.g. a thin magnetic film coating, a magnetic nano-particle, or a magnetic 

nanowire attached to the cantilever tip.

The magnetostatic interaction of the tip moment 𝑚𝑡𝑖𝑝 with the sample’s magnetic 

stray-field 𝐵𝑠𝑎𝑚𝑝𝑙𝑒 can be described by the Zeeman energy

𝐸𝑚𝑎𝑔 = −𝑚𝑡𝑖𝑝 ∙ 𝐵𝑠𝑎𝑚𝑝𝑙𝑒.

In static MFM we measure the cantilever deflection caused by magnetostatic

forces 

𝐹𝑚𝑎𝑔,𝑧 = −
𝜕𝐸𝑚𝑎𝑔

𝜕𝑧

In dynamic-mode MFM (compare to dynamic-mode AFM as mentioned above) 

we measure frequency shifts caused by magnetostatic force derivatives

𝜕𝐹𝑚𝑎𝑔

𝜕𝑧
= −

𝜕2𝐸𝑚𝑎𝑔

𝜕𝑧2



Example: MFM investigations of an array of perpendicular Nickel nanowires. 
Source:  Nielsch et al., JMMM 249, 234 (2002).

Fig.: (left) scheme of perpendicular Ni nanowires, (right hand side) MFM image. 
Bright and dark contrast is caused by repulsive and attractive magnetostatic tip-
sample interactions, respectively.



2. Transmission electron microscopy (TEM)
The minimal resolvable distance 𝛿 in optical microscopy is approximately

𝛿 ≈
1

2
𝜆

For visible light, e.g., green light 𝜆 ~ 550 nm, thus 𝛿 ~ 300 nm.

How to improve the spatial resolution of microscopy? Shorter wavelength 𝜆? x-rays?

x-ray microscopy exists but the development of x-ray optics is quite demanding.

Microscopy with e-beams?

Above, we already calculated the wavelength 𝜆 of electron beams for the case of STM. 

Here in TEM we use acceleration voltages of the order of 100 kV leading to electron 

energies of 100 keV and electron wavelengths in the pm range (10-12 m) which enable 

much higher spatial resolution as compared to that of conventional optical 

microscopy.



TEM setup (source: FEI company and Dr. Axel Lubk / IFW Dresden)



In TEM, magnetic lens systems are often used. In the lenses, the electrons are 

deflected by the Lorentz force Ԧ𝐹 = −𝑒 ∙ Ԧ𝑣 × 𝐵

Ԧ𝑣 = velocity of electrons

𝐵 = magnetic field provided by the magnetic lens

Advantages/potential of TEM:

• Ultrahigh spatial resolution (we can “see” atoms)

• Real space imaging and diffraction modes are available

• Scanning modes can be used (scanning transmission electron microscopy = STEM)

• TEM can be combined with analytical methods providing chemical information:

o Local x-ray spectrometry

o Local electron energy-loss spectroscopy (EELS)

• Extension to 3D imaging by tomographic approaches

Disadvantages/limitations of TEM:

• Slow sampling (60 years of commercial TEM allowed for the investigation of only 1 

cm3 sample volume worldwide!)

• e-beam irradiation may cause damage in the sample

• TEM is limited to thin-film samples (sophisticated sample preparation necessary)



Example: TEM of Au nano-particle (Thanks to Dr. Axel Lubk).



Thank you very much for participating.

Thomas


