
I n the quest to understand cloud forma-
tion, one mineral has been a central 
point of curiosity. Microcline is a 

potassium-rich type of feldspar, a class 
of minerals that accounts for 60% of 
Earth’s crust. More importantly for 
clouds, ice nucleation occurs unusually 
easily around microcline—and atmo-
spheric scientists don’t know why.

Ice nucleation doesn’t necessarily 
happen at the mineral’s surface, but to 
solve the mystery, researchers still 
needed to see what the atomic structure 
looked like at the surface. Researchers 
led by Ulrike Diebold of the Technical 
University of Vienna used a new tech-
nique to prepare their sample for micros-
copy.1 They found a honeycomb pattern 
of aluminum and silicon surrounding 
potassium ions that aligned with expec-
tations of the field. Angelika Kühnle of 
Bielefeld University in Germany and 
colleagues  found similar results using a 
different preparation technique.2 The 
two groups’ findings are an important 
stepping stone in understanding the 
complexities of ice nucleation on feld-
spar. The experiments also revealed that 
it is difficult to keep the mineral dry for 
imaging.

Break through the rock
For ice to form in the atmosphere, water 
molecules must first assemble into a 
seed crystal, a process called nucleation. 
Water molecules can be attracted to atmo-
spheric particulates of minerals, which 
facilitate that mode of ice nucleation. 
Many different minerals can help create 
ice clouds, but potassium feldspar— 
and microcline in particular—stands out. 
Ice nucleation on microcline has been 
observed to begin in environments ap-
proximately 20 K warmer than on most 
other minerals.3

Previous experimental research has 
been limited to studying the mineral’s 
macroscopic properties. Prior to Diebold 
and Kühnle’s studies, the role of the sur-

face chemistry—the details of the sur-
face at the atomic scale and its reactivity 
with water—had not previously been 
explored experimentally. Atomic force 
microscopy (AFM) is a tool that can map 
the surface with atomic resolution and 
determine whether there’s any surface 
reconstruction, the rearrangement of 
atoms into a structure different from that 
of the bulk. It is its sensitivity to short-
range forces that enables AFM to achieve 
atomic resolution. But obtaining a clear 
image is hard when the surface is wet or 
otherwise not atomically flat. (For more 
on AFM, see the article by Daniel Rugar 
and Paul Hansma, Physics Today, Octo-
ber 1990, page 23.)

To prepare the sample for study, Die-
bold’s team put microcline in a UHV 
chamber, which prevents any contami-
nation from reaching the surface after its 
preparation. The rock is then cleaved, 
exposing a pristine, dry surface. The 
splitting creates a strong charge at the 
surface, which interferes with the AFM 
measurement. Traditionally, the sample 
is annealed to dissipate the charge—that 
was the method chosen by Kühnle and 
her colleagues in their study of the min-
eral. On the other hand, Diebold’s group 
used a technique they had tried for the 
first time in a study published just last 

year: irradiating the sample with x rays.4 
Each group independently studied the 
atomic surface structure of microcline, and 
both were met by the same initial sur-
prise: The sample was immediately wet.

Just add water
“At the beginning it was really confus-
ing,” says Giada Franceschi, a postdoc 
who coordinated the project in Vienna. 
“Because we were breaking the mate-
rial apart, you would think the surface 
should be dry; we have such a perfect 
vacuum.” Multiple experiments con-
firmed that the sudden moisture on the 
surface wasn’t a fluke. Franceschi traced 
the hydroxyl groups to water that had 
been released from inside the rock 
when the sample was cleaved. The 
small amount of water was enough to 
immediately coat the mineral’s surface.

Although the surfaces were wet, both 
research groups were still able to use 
AFM to determine the underlying 
atomic structure of the microcline sur-
face. The images showed that the min-
eral did not exhibit surface reconstruc-
tion. Al and Si atoms bound to OH 
groups surrounded the potassium ions 
in a regular, buckled honeycomb pat-
tern. Franziska Sabath, a postdoc work-
ing with Kühnle, took the experiment 

Potassium-rich feldspar is a 
hydrophilic mineral that 
accelerates ice nucleation in 
the atmosphere. For the first 
time, the atomic surface 
structure has been observed.
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POTASSIUM-RICH FELDSPAR is a common mineral that significantly contributes to 
atmospheric ice nucleation. The mineral exhibits preferential cleavage planes, conveniently 
creating a flat surface to study at the atomic level. (Image by iStock/FokinOl.)

How a mineral that’s always wet gets wetter



one step further, imaging microcline 
with multiple layers of water molecules 
to get a 3D perspective of the interface 
between the solid and the liquid. “The 
first layer of water is really strongly 

bound, and the other layers are really 
mobile,” she says. Sabath suspects that 
the ease of ice nucleation could be at-
tributed to how the initial layer of OH 
groups connects to both the surface 

structure and the next layers of water, 
although details of the flat surface stud-
ied in the current work likely differ.

Although the immediate addition 
of OH groups to the surface was 
unexpected— the researchers were sur-
prised to see how little water was 
needed to hydroxylate the surface— 
the rapid bonding of OH groups did 
align with what atmospheric scientists 
expect happens in nature. Dust parti-
cles in the atmosphere are surrounded 
by water and would also start from a 
hydroxylated state before any ice nucle-
ation occurred. Establishing the pattern 
of the water bonds on the surface will 
improve the ability of atmospheric sci-
entists to model the nucleation process 
and give them greater confidence in their 
simulations.

Atomic ordering
Determining the surface structure of 
micro cline is only the first step to under-
standing ice nucleation on microcline. 
Ice nucleation requires more than an 
initial layer of water, and atmospheric 
particles are much smaller than lab 
samples. Sabath says she hopes to ob-
tain a precise 3D structure of multiple 
layers of water on a surface with step-
like defects.

Knowing the surface structure doesn’t 
completely solve the mystery of why 
micro cline is so efficient at ice nucle-
ation, but Franceschi thinks it might be a 
significant part of the story. As more 
water interacts with the surface, it en-
counters the Al– OH and Si– OH groups 
that have naturally formed bonds in 
specific orientations. “We think that the 
arrangement of these OH groups is re-
ally important to bind water in a precise 
way and then make periodic ice struc-
tures in the long term,” Franceschi says. 
The Vienna group is now studying other 
minerals that are less effective at ice nu-
cleation; initial findings are showing a 
more disordered arrangement of hy-
droxyl groups.

Jennifer Sieben
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POTASSIUM FELDSPAR’S SURFACE was observed by researchers at both the 
Technical University of Vienna and Bielefeld University in Germany. (a) Atomic force 
microscopy revealed the hexagonal structure connecting aluminum hydroxyl groups 
(darkest dots) to the silicon hydroxyl groups. The groups’ experiments confirmed 
predictions based on the bulk material structure. (b) A diagram of the observed 
structure: aluminum atoms and silicon atoms bonded to hydroxyl groups, with gaps 
filled in by potassium ions. (Adapted from ref. 1.)
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