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Abstract
Ultra-high vacuum dynamic scanning force microscopy (dynamic SFM) has been performed on
in situ cleaved and as-grown (001) surfaces of low-T, m = 18 and m = 20, antigorite from the Kovdor
Mine, Russia. The internal microstructure of the same crystal before cleavage has been checked by
conventional TEM on FIB-cut cross-sections. The structural wave is imaged by dynamic SFM with
a ~0.25 nm topographic amplitude (outcropping tetrahedral sheet) on cleaved and as-grown surfaces,
and with a ~0.5 nm topographic amplitude (outcropping tetrahedral + octahedral sheets) mostly found
on cleaved surfaces. Atomic resolution imaging was successfully applied on the cleavage surface
through imaging individual atomic features on the outer hexagonal net of the emerging (Mg, O, OH)
octahedra of the half-wave. The antigorite cleavage crack undulates through a single octahedral sheet,
thereby avoiding rupture of strong Si-O bonds. The two tetrahedral reversals, which form the edges
of the modulation repeat, are found to be strongly non-equivalent in structure: across <010>, one
reversal is sharp as expected from the standard models of the antigorite structure, whereas the other
reversal is unexpectedly “extended.” The latter suggests some scheme of anti-polar positioning of
silicate tetrahedra along <010> at the 6-membered ring reversal. High-resolution transmission electron microscopy (HRTEM) structure imaging of antigorite viewed down to <010> confirms spread
out electron densities at this reversal. Numerous step height measurements on (001) surfaces show
incremental results as integral multiples of 0.25 nm, the spacing between O,OH surfaces along c*.
Many of them differ in height from integral multiples of the unit cell repeat along c* and could be
explained from carving the bulk wave structure. For all surfaces and steps, local stoichiometry and
global electro-neutrality of the surface are satisfied.
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Introduction
Antigorite is a modulated serpentine mineral (e.g., Wicks
and O’Hanley 1988). It plays important roles in geotectonics
as one of the last water carriers in depth within subducting
plates (Ulmer and Trommsdorff 1995), in controlling the abundance and volume of arc magmas, as well as triggering the occurrence of intra-slab earthquakes at subduction zones (Peacock
1990; Kirby 1995; Hilairet et al. 2006). However, tackling the
important role of antigorite in geosciences and human safety is
hampered by an incomplete knowledge of its atomic structure.
This hampers confident calculations of its elastic and thermodynamic properties, critical data hard to get experimentally, which
are in high demand from geophysicists to analyze seismic wave
propagation in the oceanic crust and upper mantle.
The solution of X-ray refinements of large unit-cell structures
may not be unique. Also the interpretation of high-resolution
transmission electron microscope images of projected atomic
structures is not that straightforward, owing to complex electron
optics processes that distort contrasts from those expected from
true structure electron-density projections.
Imaging the surface of antigorite at near atomic scale might
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help to decipher the actual bulk structure of antigorite. Dynamic scanning force microscopy (dynamic SFM) is a suitable
technique that allows imaging of surfaces at the nanometer and
atomic scale (Meyer et al. 2004; Morita et al. 2002). This can
be done on surfaces of electrically insulating materials, as has
been shown for many oxide surfaces (Barth and Henry 2003).
Regarding antigorite, dynamic SFM results can be compared
to those from other structure imaging techniques to arrive at a
better understanding of the antigorite structures. High-resolution
transmission electron microscopy (HRTEM), on the other hand,
yields additional crystallographic and dimensional information
about the structure in the bulk as it has been shown previously
for large unit-cell and modular minerals like complex silicates
(e.g., Guggenheim and Eggleton 1988).
In this paper, it is demonstrated that HRTEM-assisted dynamic SFM can be useful in better understanding the surface
structures of complex oxides such as that of antigorite, which
involves geometrical and chemical modulations of its structure.
We report here on the structures of regular cleavage surfaces
and native (as-grown) basal surfaces of antigorite, and partly
on their atomic structure. In addition, height measurements of
steps found on these surfaces are made and interpreted in terms
of their local structure. The nature of various surface defects and
growth features will be reported in a second paper.

