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How ice grows on calcite
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Ice nucleation is ubiquitous in nature and technology and decisive for a wide range of fields, including

biology, geochemistry and environmental science. In most cases, ice nucleation occurs heterogeneously

due to the presence of an ice nucleating material. Despite its importance, we still largely fail to reliably

predict the ice nucleation efficacy of a given material. A particularly puzzling example is calcite, a major

constituent of rocks in the Earth’s crust. Although calcite possesses a high hydrophilicity, it is basically

inactive in ice nucleation. Here, we combine non-contact atomic force microscopy with temperature

programmed desorption measurements to investigate water multilayer formation and ice growth on

calcite’s (10.4) surface in ultrahigh vacuum. Adsorption of water results in the formation of up to four water

layers. Interestingly, the fourth layer is observed to be metastable, as it shrinks as soon as crystalline ice

nucleates. The molecular structure of the water layers is governed by the underlying calcite lattice,

highlighting the strong impact of the surface. This strong templating effect of the substrate prevents the

water from adopting an ice-like structure even in the fourth layer. Our results, thus, provide an explanation

for the poor ice-nucleating efficacy of calcite and underscore that ice nucleation efficacy cannot be

predicted based on a single descriptor.

1. Introduction

Nucleation plays a decisive role in a multitude of natural as well
as technological processes. Prominent examples include
biomineralization1 or the crystallization of active substances in
pharmacy.2 A very common and exceedingly important nuclea-
tion process is the freezing of water. Due to the high kinetic
barrier of homogeneous ice nucleation, pure water can be
cooled down to about 236 K without freezing.3,4 A vast variety
of particles ranging from biological material5 to mineral
dusts6,7 are known to reduce this kinetic barrier by inducing
heterogeneous nucleation. The ice nucleation efficacy of several
types of particles has been quantified with droplet freezing
experiments.6–9 Moreover, the effect of surface morphology has
been investigated with optical microscopy10–12 and scanning
electron microscopy,13 revealing the importance of steps and
pores in enhancing ice nucleation on the micrometer scale.14

These mesoscopic experiments have been expanded by
studies that systematically tune the nanoscale surface mor-
phology using a wide range of materials,15 including adsorbed
gold nanodots,16 metal–organic frameworks,17 and DNA

origami.18 Collectively, these studies indicate that increasing
nanoscale roughness results in a lower ice nucleating efficacy.
Further, nanoscopic investigations of water coverages ranging
from single molecules up to bulk ice on (noble) metal surfaces
have been performed under ultrahigh vacuum conditions.19–21

Depending on the specific metal, the binding energy of water on
metal surfaces has been calculated to span the range from 0.1 eV
to 0.4 eV.22 Thus, the strength of the water–metal interaction
is comparable to that of the hydrogen bond between two
water molecules, which ranges between 0.1 eV and 0.3 eV.23

Optimizing the subtle balance between these two interac-
tions allows the formation of a broad variety of adsorption
structures.20

However, despite these efforts, our ability to predict the ice
nucleation efficacy of a given material is still rather limited.24,25

The influence of surface parameters such as symmetry, lattice
constant and binding energy on the ice nucleation efficacy of a
given surface has been systematically investigated with theore-
tical simulations.26–28 These investigations have shown that no
single descriptor is sufficient to predict the ice nucleation
efficacy.26 Instead, a combination of these parameters is neces-
sary due to their complex interplay. For immersion freezing
Davies et al. proposed that the interfacial structure of water, as
a single descriptor, is sufficient to predict ice nucleation.25

However, the interfacial structure of water does depend on more
than one surface property, as it reflects several factors such as
symmetry, lattice parameters and binding energy.
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A particularly interesting example is calcite, which strongly
interacts with water but is known for its surprisingly low ice-
nucleating efficacy.8,29–32 The most stable cleavage plane of
calcite, namely calcite (10.4), has been studied intensively. The
clean calcite surface undergoes a (2 � 1) reconstruction in
ultrahigh vacuum (UHV).33–36 This reconstruction manifests
itself in the rotation of every second carbonate row. The adsorp-
tion (and desorption) of water on (and from) calcite has been
investigated by temperature-programmed desorption (TPD)37

and atomic force microscopy (AFM) measurements.38–40 These
studies have revealed that water preferentially adsorbs on top of
the unreconstructed carbonate rows. This preference is strong
enough to gradually lift the reconstruction at coverages higher
than half a monolayer. These UHV investigations of water
coverages up to one monolayer have been complemented by
several studies at ambient conditions, investigating the hydra-
tion layers of bulk water on top of calcite.41–44

However, the intermediate regime of water multilayer cover-
age has rarely been studied, but this regime is essential to
understand the low ice-nucleating efficacy of calcite. Here, we
combine AFM measurements following the layer-by-layer growth
of water layers at low temperatures with TPD measurements to
determine the stability of these layers. High-resolution imaging
reveals that, although all layers are commensurate to the calcite
surface lattice, each water layer adopts a different superstructure.
Only after the completion of the fourth layer, ice crystals nucleate
and then grow at the expense of the fourth layer, suggesting that
the water molecules in the fourth layer are metastable with
respect to ice. In contrast, the first three water layers remain
intact after ice crystal formation, implying that the water mole-
cules in the first three water layers are more stable than the

formed ice crystals. The formed ice crystals are randomly
oriented, indicating a poor lattice match with the underlying
water layers that are governed by the calcite surface dimensions.
Thus, the strong binding of multilayer water to calcite in a
structure significantly different from ice provides an explanation
for calcite’s poor ice-nucleating efficacy.

2. Results and discussion

Previous research of water on calcite at low temperatures has
focused on the first water layer, which adopts a (1 � 1) super-
structure with two water molecules adsorbed per bulk-truncated
unit cell.40 The adsorption energy of the water molecules in the
first layer is about 1 eV,37,40 which is significantly larger than
the binding energy of water molecules within hexagonal ice
(B0.6 eV45,46). For two reasons, we expect that this first water
layer is not involved in ice nucleation. First, the water molecules
are arranged in a geometry that deviates from that of ice, and, thus
does not provide binding sites for water molecules to arrange in
an ice-like manner. Second, the water molecules are bound more
strongly to the surface than water molecules in hexagonal ice,
which prevents them from rearranging into an ice-like structure.27

Nevertheless, this aspect alone is not sufficient to explain
calcite’s poor ice-nucleating efficacy as nucleation can also be
promoted by further water layers.28 Hence, we performed
density-functional theory (DFT) calculations to investigate the
adsorption of water molecules on top of the first monolayer. As
a starting point, we reproduced the adsorption geometry of the
first monolayer from Heggemann et al.,40 which is shown in
Fig. 1A. The potential energy surface of a single water molecule
adsorbed on top of this first layer is shown in Fig. 1B. It features

Fig. 1 (A) Adsorption geometry of the first monolayer on calcite calculated by DFT. (B) Potential energy surface of a single water molecule above the first
water layer. The displayed molecules constitute the first water layer. (C) Adsorption geometry of a single water molecule on top of the first layer. (D)
Calculated (see SI S1 for details) configuration diagram: Solid curves represent water chemical potential values at which phase transitions occur. Each
stable phase corresponds to a surface with different water coverage and is labelled accordingly. The inset shows the narrow region where additional
water molecules on top of the first layer are stable before the second layer forms. On the vertical dashed line at 146 K the vapor pressure measurements
for different water coverages are shown: a second layer (yellow), b third layer (green), c fourth layer (blue), and d ice crystals (purple). We are not able to
determine the vapor pressure of the first layer at 146 K as it is below the base pressure of our experimental setup. The dashed black curve is the vapor
pressure of ice according to Murphy and Koop.52
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two adsorption sites per bulk-truncated unit cell. The corruga-
tion of this potential energy surface is rather small, suggesting
a high diffusivity of the water molecules in the second layer.
Top and side views of the optimal binding geometry of a single
water molecule on top of the first layer are shown in Fig. 1C.
Configurations with up to four water layers are observed in the
experiment but not calculated here. The energetics of water
adsorption (see SI S1 for details) are summarized in the
configuration diagram shown in Fig. 1D. In a dry environment
at low water pressure and high temperature (i.e. low water
chemical potential), the bare CaCO3 surface without adsorbed
water is the most stable configuration. At higher water pres-
sures and/or lower temperatures, configurations with water
molecules adsorbed on the surface are thermodynamically
favoured. Calcite with adsorbed water forming one full mono-
layer (1 ML) is the stable phase above DmH2O = �0.93 eV
(calculated here with respect to bulk water). This configuration
is the most stable one for a wide range of temperatures and
water pressures. At a chemical potential of DmH2O = �0.66 eV† a
second layer configuration with one water molecule per (2 � 1)
unit cell adsorbed on top of the first water layer (see Fig. 1C), is
the most stable configuration. Configurations including a full
second layer of water are the most stable at chemical potentials
above DmH2O = �0.65 eV.† Since the vapor pressures of config-
urations with first- and second-layer water molecules are smal-
ler than the vapor pressure of ice these configurations are
thermodynamically more stable than ice.

In a first AFM experiment, we investigated the water structures
that form at a sample temperature of 118 K, where water is
expected to form amorphous ice upon condensation from the
vapor phase. Further, we performed TPD measurements to deter-
mine the relative stabilities of the observed water structures. In a
second AFM experiment, we repeated the water deposition experi-
ment at a sample temperature of 146 K. In the latter case, the
temperature is high enough for crystalline ice to be formed.

2.1 Atomic force microscopy measurements at 118 K

To investigate the growth of the second water layer, we per-
formed AFM measurements at 118 K. At this temperature, the
sticking coefficient of water is expected to be close to one,
implying that each water molecule colliding with the surface is
expected to adsorb and remain on the surface. We adjusted the
water pressure in our vacuum chamber to about 2 � 10�10 mbar.
By simultaneous AFM measurements, we can to track the growth
process of water layers. After filling all adsorption sites on bare
calcite with first layer water, further water exposure results in the
nucleation of islands shown in Fig. 2A. These islands, which are
elongated along the [42

�
1] direction, gradually grow until they

coalesce into a continuous second-layer water film on top of the
first water layer (Fig. 2B–D).

Continued water exposure led to the growth of a third and
fourth water layer. While the dosage time needed to form the
second and third layer is about the same as for the first water
layer, filling the fourth water layer takes about twice as long.
Assuming a constant sticking coefficient, the second and third
layer each contain two water molecules per bulk-truncated unit
cell like the first layer, while the fourth layer contains twice as
much, i.e. four water molecules per unit cell. This finding
suggests that the fourth layer indeed consists of two mono-
layers and, thus, a total coverage of five ML is reached at the
end of the layer-by-layer growth regime. Note that the assump-
tion of a constant sticking coefficient is supported by our TPD
measurements (see below), revealing no desorption at 140 K,
i.e., a sticking coefficient of 1. Moreover, the integral of the
respective peaks strongly suggests the fourth layer to be a
double layer. Upon further water exposure, the nucleation
and growth of ice clusters on top of the fourth layer is observed
at 118 K.‡ Due to their undefined morphology and the sample
temperature being well below the glass transition temperature
of water (Tg = 136 K47–49), we expect that the formed clusters are
amorphous. Exemplary high-resolution images taken on each

Fig. 2 (A–D) Large-scale AFM images of the growing second layer. Each image corresponds to 350 s of acquisition time. The colour scale in (A) and
direction arrows in (D) apply to all images.

† By considering the obtained values, it should be kept in mind that they contain
approximations such as the neglect of vibrational entropy and nuclear quantum
effects.

‡ We also performed AFM experiments at 146 K, which we will discuss further
down. In these experiments we see the same water layers forming. However,
instead of amorphous ice crystalline ice is formed.
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of the grown layers are given in Fig. 3, while the full image
series is shown in SI Fig. S1.

In the AFM image in Fig. 3A, the known (1 � 1) structure of
the first water layer is shown as a reference. At first glance, the
second layer (Fig. 3B) appears less ordered and rather fuzzy. This
is in very good agreement with the less corrugated potential
energy surface of a single water adsorbed on top of the first layer,
as predicted by DFT (Fig. 1B). The corresponding fast Fourier
transform (FFT) of the AFM image reveals a (2� 4) superstructure
(Fig. 3F).§ The third layer is again well-ordered with a (2 � 1)
superstructure as shown in Fig. 3C and G. Finally, the fourth layer
has a (2 � 2) superstructure as shown in Fig. 3D and H. In
accordance with its longer growth time, the apparent height of
the fourth layer is larger than those of the previous layers as seen
in SI Fig. S4.¶ From these results we conclude that in total four
water layers grow in a layer-by layer fashion corresponding to five
ML, i.e., 10 water molecules per bulk-truncated surface unit cell.
All four layers are commensurate to the calcite surface.

2.2 Temperature programmed desorption measurements

To elucidate the relative stability of the water layers, we
performed TPD measurements. The measured desorption
curves are presented in Fig. 4. In these experiments, we observe
the formation of up to six desorption peaks, which we will refer

to as a, b, g, d, e and z starting with the peaks formed at the
smallest initial water coverages.37 As stated above, the first layer
water is bonded much stronger than the second layer water or
water in crystalline ice. A higher binding energy corresponds to
desorption at a higher temperature. Hence, we assign the
observed a,b-double peak at high temperatures, which forms
at the lowest initial coverages, to the first water layer.37 The
observed double peak structure is a consequence of the (2 � 1)
reconstruction of the bare calcite (10.4) surface, which results
in two distinct adsorption positions with different adsorption
energies.37 At water coverages above 0.5 ML, the (2 � 1)
reconstruction is gradually lifted.40 Thus, the (2 � 1) recon-
struction is not expected to influence the adsorption of further
water layers. At initial coverages above one monolayer, the g
peak is observed at about 165 K, followed by the d peak at about
164 K. These peaks can be assigned to the second and third
layer. In the coverage regime between three and five mono-
layers, the e peak is observed. This peak can be assigned to the
fourth water layer. At initial coverages beyond five monolayers,
the e peak evolves into a z peak. Next, we comment on the shape
of the leading edge. Below 156 K, the gradient of the desorption
curves with initial coverages above 5 ML matches that with
initial coverages between 3 and 5 ML. However, at 156 K, the
gradient of the desorption rate decreases, resulting in the
formation of a shoulder at about 158 K followed by the z peak
starting at about 164 K. This finding can be explained by the
phase transition from amorphous to crystalline ice, resulting in
a crystallization peak/shoulder (cf. Fig. 4B and C).50,51 The
existence of this crystallization peak/shoulder strongly supports
our previous assignment of the ice clusters grown at 118 K
being amorphous. The shift to higher temperatures between

Fig. 3 (A–D) High-resolution AFM images of the first (A), second (B), third (C) and fourth (D) water layer. (E–H) Fourier transformations derived from
large-scale AFM images (100 nm � 100 nm) of each water layer. The corresponding large-scale AFM images are shown in SI Fig. S2.

§ The extinction of several spots can be explained by a complicated basis. Further
details can be found in SI S2.
¶ We note that the apparent height of the fourth layer is more than twice the
height of the second or third layer. However, the apparent height is a result of
both the true topographic height and the different force on upper and lower layer.
Thus, the apparent height should be interpreted with care and is not sufficient to
differentiate single and double layers alone.
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the e and z peak indicates that the water molecules of the
fourth water layer are bound less strongly than water molecules
in ice. Consequently, the fourth layer is metastable with respect
to crystalline ice and, thus, shrinks as soon as crystalline ice
forms. Due to the equally shaped leading edge, water in the
fourth water layer is approximately as strongly bound as water
in amorphous ice.

2.3 Atomic force microscopy measurements at 146 K

To investigate how crystalline ice forms on the calcite (10.4)
surface, we performed AFM measurements at a sample tem-
perature of about 146 K. This temperature is above the glass
transition temperature Tg = 136 K of water.47–49 Hence, instead
of amorphous ice, crystalline ice should nucleate when the
water partial pressure is sufficiently high. At 146 K, hexagonal
ice becomes thermodynamically stable at vapor pressures above
p = 2.01 � 10�8 mbar.52 However, due to the kinetic barrier of
the nucleation process, higher pressures are required to initiate
ice nucleation. We gradually increased the water partial pres-
sure to determine the pressure needed for the formation of
each water layer and of crystalline ice. In these experiments we
used the aforementioned distinct superstructures of each layer
as finger print to unambiguously identify which layer has
formed. The second water layer is observed to form above
p E 3.1 � 10�9 mbar, the third water layer above p E 9.7 � 10�9

mbar and the fourth water layer above p E 3.2� 10�8 mbar (see
SI Fig. S5). These partial pressures are indicated in the configu-
ration diagram (Fig. 1D). The pressure needed to form the
second layer is well below the equilibrium vapor pressure of
hexagonal ice, in line with the TPD experiments demonstrating
that water in this layer is stronger bound than in ice. The third
layer forms at a pressure close to the equilibrium vapor

pressure of hexagonal ice. Based on this finding, the stability
of the third layer is comparable to that of crystalline ice. The d
peak (corresponding to desorption of the third layer) in our
TPD data is situated at slightly higher temperature compared to
the z peak (corresponding to desorption of crystalline ice). This
finding indicates that the third layer is more stable as compared
to ice. Alternatively, the third layer might be a kinetically trapped
configuration which is slightly less stable than crystalline ice.
The pressure needed to form the fourth layer is above the
equilibrium vapor pressure of hexagonal ice, just as expected
from its lower stability as compared to ice. We observed ice
crystal formation at pressures above p E 4.5 � 10�8 mbar.8
Freshly nucleated ice clusters are shown in Fig. 5A.53** Oval
shaped depressions around these ice clusters are seen in the
AFM images, which are holes in the fourth layer. These holes are
observed to grow in time which we interpret as consumption of
the fourth water layer by the ice crystals. High-resolution images
of the area around the clusters are shown in Fig. 5B. They reveal
the remaining water layer exhibits a (2 � 1) superstructure,
which is the finger print of the third water layer (cf. Fig. 3).

Fig. 4 (A) TPD curves with different initial coverages ranging from 0.4 to
12 ML. The curves corresponding to 1, 2, 3, 4, 5 and 6 ML are depicted as
thick lines. The inset shows a zoom into the multilayer temperature
window. The dashed lines indicate the peak evolution of the g to z peak.
(B) Schematic illustration showing four water layers with amorphous ice
clusters on top. This image describes the situation at the beginning of the
TPD experiment for high initial coverages (violet curves in A). (C) If the
temperature exceeds the crystallization temperature Tx the amorphous
ice clusters rearrange to form crystalline ice and the metastable fourth
layer vanishes. The shown illustration describes the situation in the TPD
experiments at about 158 K for high initial coverages (violet curves in A).

Fig. 5 (A) Large-scale AFM image of the beginning of cluster growth. Oval
holes (dark) inside the fourth water layer are seen around each cluster
(white). To reveal the true cluster shape, trace and retrace (image parts
marked by a blue rectangle) images are combined, following a strategy as
presented in ref. 53. (B) High-resolution AFM image of a cluster (bright,
lower half) and the surrounding water layer with the (2 � 1) unit cell
indicated by a white rectangle.

8 The pressures reported here match perfectly with what is expected from
thermodynamic numbers. We want to note, however, that both our temperature
and pressure measurements might have errors as we are not able to measure
these properties directly at the surface of our sample. The good match between
observed and expected pressure based on the vapor pressure of hexagonal ice
indicates that these errors are small and/or temperature and pressure measure-
ment errors cancel each other as a higher surface temperature results in a higher
vapor pressure of hexagonal ice.
** We want to emphasize that we had to find a compromise between the optimal
feedback-loop parameters to image flat surface areas with holes of a depth of a
few hundred picometres and the parameters to image clusters with heights of up
to 25 nm at the same time. This results in two image artifacts: firstly, the cluster
shape is elongated in the fast-scanning direction as the feedback-loop is too slow
to approach the flat surface at the end of the cluster fast enough (cf. SI Fig. S6,
showing trace and retrace). However, the true cluster shape can be revealed by
combining trace and retrace images in analogy to the strategy introduced by
Martin-Jimenez et al.:53 the right part of each cluster, which is correctly imaged by
the retrace image is shown as an overlay on top of the trace image, which correctly
images the left part of each cluster. Secondly, artificial vibrations are present in
flat surface areas (in particular in the center of the image).
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Consequently, the first three layers are observed to remain stable
upon cluster formation, while the fourth layer shrinks implying
that ice clusters are thermodynamically favored over the fourth
layer while the first three layers are more stable as compared to
the clusters. These findings suggest that the formed ice clusters
are crystalline. Fig. 6A shows ice crystals after 50 min of growth at
p E 8.3� 10�8 mbar. Ice nucleates somewhat randomly oriented
at the high saturation ratio of S = 4.1 in our experiment. One of
the observed ice crystals (marked by a white square in Fig. 6A)
grows with its basal plane parallel to the calcite surface. AFM
measurements on top of this particular crystal revealed layer-by-
layer growth of hexagonal ice. Under these conditions ice grows
fast as compared to our AFM scan speed. Hence, the layer-by-
layer growth is depicted in an AFM image by equally separated,
ascending steps along the fast-scan direction, as can be seen in
Fig. 6B.’’ The height profile along this direction is shown in
Fig. 6C. The observed step height is (0.392 � 0.029) nm, which
corresponds nicely to the length of half an elementary cell along
the c-axis of hexagonal ice and, thus, agrees with the separation
between two buckled bilayers.54 This finding, thus, provides
strong evidence for the fact that the formed clusters are indeed
crystalline hexagonal ice.

The observed ice crystals exhibit a large variety of orienta-
tions. This finding implies that the calcite surface does not
promote the nucleation of any particular facet of ice. Instead,
the water layer structure forming on calcite appears to provide a
hydrophobic surface for crystalline ice. The reason for this
hydrophobicity might be a combination of the non-ice-like
interfacial water structure which is templated by the calcite
surface and the strong binding of water within these layers
towards the calcite surface which prevents them from rearran-
ging into an ice-like structure.

3. Conclusions

In this study, we investigated the nucleation and growth of
water multilayers and ice on the calcite (10.4) surface. We
observed the growth of four well-ordered water layers with
distinct superstructures, followed by the nucleation of either
amorphous or crystalline ice depending on the sample tem-
perature. Each layer exhibits a superstructure commensurate to
the calcite lattice. Furthermore, up to three water layers are

thermodynamically more stable than crystalline ice, while the
fourth layer is metastable with respect to crystalline ice and
shrinks as soon as crystalline ice forms. The nucleated ice
crystals are randomly oriented, underlining the poor ice nuclea-
tion efficacy of calcite. The strong binding and consequently
low structural flexibility of the first three water layers on calcite,
together with their non-ice-like structure, provide an explana-
tion for calcite’s poor ice-nucleating efficacy.

4. Methods
4.1 Experimental methods

All experiments were performed under UHV conditions with a
base pressure well below 10�10 mbar. The calcite crystals (Korth
Kristalle, Germany) were mounted into a homebuilt sample
holder.55 The temperature was measured using a Type K thermo-
couple located as close as possible to the sample surface. The
orientation of each calcite crystal within the sample holder was
determined using the crystal’s birefringence. The transfer into
the UHV system included degassing the samples at 400 K over-
night. In the UHV system, the crystals were degassed at 750 K for
60 min and then cleaved in situ with a scalpel blade. To reduce
surface charges, the cleaved crystals were annealed at 500 K for
60 min before AFM measurements started. The liquid water
source was degassed through several freeze–pump–thaw cycles,
and then the water was introduced into the chamber via a leak
valve directed towards the sample inside the AFM.

AFM experiments. The AFM measurements were done in
frequency-modulation mode using an Omicron AFM VT XA
(Omicron, Germany) and cantilevers of type PPP-NCH (Nanosen-
sors, Switzerland). The cantilevers were glued onto a commercial
tip holder (Omicron, Germany) and degassed in the load lock at
400 K overnight. The cantilevers were sputtered with Ar+ ions
(2000 eV). The sample was cooled inside the AFM with liquid
nitrogen to either (118 � 1) K or (146 � 1) K and kept at this
temperature (measured on the sample holder) during measure-
ments. We note that due to calcite’s low thermal conductivity,
the sample temperature may differ. To compensate for linear
thermal drift, we corrected the AFM images using unDrift.56

TPD experiments. The TPD measurements were done on a
liquid-nitrogen cooled manipulator with a resistive heater. The
sample holder was cooled to about 120 K before each measure-
ment. At the start of each measurement session, we performed a
clean TPD measurement without prior dosing of any water.
During the TPD experiments, the sample temperature was
increased linearly at a heating rate of b = 1 K s�1 The desorbing
molecules were detected using a quadrupole mass spectrometer
(Hiden, U.K.) mounted inside a glass shroud. With its aperture, it
is positioned closer than 1 mm to the sample surface during the
measurement to minimize detection of molecules desorbing
from other surfaces.

4.2 Theoretical methods

DFT calculations are performed using the Vienna ab initio
simulation package (VASP).57 The electron–ion interactions

Fig. 6 (A) Large-scale AFM images of ice crystals after 50 min of growth at
p E 8.3 � 10�8 mbar. An ice crystal with its basal plane parallel to the
calcite surface is marked by a white square. (B) Zoom onto the marked
cluster. Each step corresponds to the epitaxial growth of a crystalline ice
layer. (C) Height profile along the light blue line shown in (B). The height of
each step is (0.392 � 0.029) nm.
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are described in the projector-augmented wave (PAW)58,59

scheme.
The electronic exchange and correlation interactions are

treated in the General Gradient Approximation (GGA) with the
PBE60 functional. The validity of the PBE functional has been
verified in previous studies as this functional has been shown
to constitute a good descriptor for both the calcite surface34

and water.61,62 The wave functions are expanded in plane waves
up to an energy cutoff of 520 eV, 30% larger than the recom-
mended value for oxygen to assure convergence.

London dispersion corrections are included through Grim-
me’s DFT-D3 approximation63 with the Becke–Johnson damp-
ing function.64 The calcite (10.4) semi-infinite surface is
modelled by a (2 � 1) slab of roughly 20 Å thickness consisting
of 7 layers adding to a total number of 144 atoms. The slab is
modelled within an orthorhombic cell with dimension 10.07 �
8.11 � 40.00 Å3 leaving approximately 20 Å of vacuum in the
normal direction to the surface. A dipole correction is used to
minimize spurious interactions across the vacuum originating
from the periodic boundary conditions and the non-equivalent
slab surfaces. The surface Brillouin zone is sampled with a G-
centered 3 � 3 � 1 k-point mesh. all structures are relaxed until
the forces acting on the ions are lower than 0.002 eV Å�1.
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35 J. Schütte, P. Rahe, L. Tröger, S. Rode, R. Bechstein,
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