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How Much Force Does it Take to Move 
an Atom on a Surface?
Stephen W. Carmichael1 Mayo Clinic

It was demonstrated 18 years ago that atoms could be manipulated, 
one at a time, on a surface.  Yet only recently has the force required to 
move an atom been determined.  Markus Ternes, Christopher Lutz, Cyrus 
Hirjibehedin, Franz Giessibl, and Andreas Heinrich, in a technical tour de 
force, have engineered a microscope that incorporates features of the scan-
ning tunneling microscope (STM) and atomic force microscope (AFM) 
to accurately quantitate the lateral and vertical forces needed to move a 
single atom on a surface.2

The STM was a breakthrough in the 1980’s when it ushered in a new 
era of scanning probe microscopes.  Of these new microscopes, the AFM 
is perhaps the most widely used these days.  Each instrument has its advan-
tages and limitations, but the best features of both have not previously been 
combined into a single instrument.  At the “heart” of this new instrument 
is a small quartz tuning fork, with one fixed prong and the free end with a 
sharp tip.  The free prong acts as a stiff cantilever in an AFM; variations in 
its longitudinal bending can be detected by measuring tiny piezoelectric 
currents that result when the quartz deforms.  The stiff cantilever allows 
stable, small amplitude oscillation close to a surface.  It was used in the 
frequency modulated mode with the oscillation amplitude constant.  A force 
detected between the tip and surface produces a quantifiable variation in 
the resonant frequency of the cantilever.  Under the conditions of these 
experiments, this variation approximates the force gradient between the 
tip and surface.  To allow comparisons with STM manipulations, Ternes 
et al. also measured the tunneling conductance between the tip and the 
surface.

Ternes et al. derived the force to move an atom from the measure-
ment of the vertical stiffness of the junction between the tip and sample.  
By computing this as a function of both vertical and lateral tip position, 
they could derive the force to move an atom in either direction.  They 
found that moving a cobalt atom (Co) on a special surface of platinum 

[Pt(111)] requires a lateral force of 210 picoNewtons (pN) and this force 
is independent of the vertical force.  Interestingly, the lateral force varied 
substantially with the underlying surface as it required only 17 pN to move 
a Co atom on a copper surface [Cu(111)].

Essentially, Ternes et al. measured the lateral force by pulling on a Co 
atom with the probe until it “hopped” from its initial binding site (a small 
depression in the surface) to the next binding site.  This was reproducible 
and the force required was consistently in the same range (± 5%).  The 
vertical force was determined by integrating the lateral force along the verti-
cal axis in a series of line scans.  They interpreted the vertical force as the 
sum of a background force (including van der Waals and other long range 
forces) and a short range force between the bound atom and the surface.  
The lateral force was determined by integrating the vertical force again 
along the vertical axis and differentiating the resulting potential laterally.  
The vertical force exerted on the moving atom was much larger than the 
lateral force, and could be varied within a wide range whereas the lateral 
moving force stayed constant.  This suggested that the lateral force is the 
key for manipulation of metal atoms on flat metal surfaces.

The lateral force needed to move a symmetrical (spherical) Co atom 
was an order of magnitude less than that required to move an asymmetrical 
molecule (carbon monoxide).  The spatial dependence of the forces was 
also found to be markedly different.

The methods developed by Ternes et al. provide important informa-
tion about the manipulation process of individual atoms and molecules 
based on direct observations.  This opens the way for exploration of atomic-
scale friction and atom and molecule diffusion on surfaces.  It will also lead 
to a deeper insight into controlled assembly mechanisms from the bottom 
up.  The driving mechanism to create future nanoscale devices can now be 
explored in a quantitative manner.
1 The author gratefully acknowledges Dr. Markus Ternes for reviewing this article.
2 Ternes, M., C.P. Lutz, C.F. Hirjibehedin, F.J. Giessbl, and A.J. Heinrich, The 

force needed to move an atom on a surface, Science 319:1066-1069, 2008.  See 
also Perspectives article by O. Custance and S. Morita, How to move an atom, 
Science 319:1051-1052, 2008
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