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ABSTRACT: The adsorption of water on mineral surfaces has a
decisive impact on processes in the geological, geochemical,
biological, and technological contexts. In this work, we
investigate the water/calcite(104)−(2 × 1) interface at the
single-molecule level by direct imaging with CO-tip-assisted
noncontact atomic force microscopy (NC-AFM) and by density
functional theory (DFT) calculations combined with NC-AFM
image simulations. For single water molecules, the adsorption
geometries within the (2 × 1) calcite unit cell are consistently
identified by experiments and simulations. The energetic
difference between the energetically most favorable adsorption
position next to a bulk-like carbonate row (QS water) and the
less favorable adsorption geometry next to a reconstructed
carbonate row (PR water) can be explained by the local relaxation of the calcite(104) surface nearby a PR water molecule that
locally restores the unreconstructed (1 × 1) surface structure. Different combinations of QS and PR water molecules yield a
variety of water dimer configurations. We find that the dimer adsorption energy is mostly identical to the sum of the individual
molecule energies. From successively raising the sample temperature up to 170 K at half monolayer coverage, we observe that
all water molecules move to the most favorable QS position. Overall, the first layer of water molecules on the calcite(104)
surface is strongly bound to the substrate in the absence of intermolecular hydrogen bonds.
KEYWORDS: calcite, water, reconstruction, noncontact atomic force microscopy, surface hydration

INTRODUCTION
Key geochemical processes such as the cycling of elements, the
storage of carbon dioxide, or the purification of potable water all
occur at mineral-water interfaces.1 Calcite, one of the most
abundant minerals in the earth’s crust, is particularly relevant in
this context as it forms a central constituent in dissolution−
precipitation and weathering processes.2 Naturally, the hydrated
calcite(104) surface has intensively been studied by theoretical
and experimental means.3−8 While the experimental focus has
often been set on in situ studies of the fully hydrated surface in
liquid environments,3−5 theoretical work has addressed in detail
both the adsorption of single water molecules6−8 and the
characteristics of hydration layers.9 Until very recently, studies
have been based on assuming a (1 × 1) calcite(104) surface
geometry, although compelling evidence has recently been given
that the pristine calcite(104) surface expresses a (2 × 1)
reconstruction10 that can influence molecular adsorption.11,12

Here, we investigate the water/calcite(104)−(2× 1) interface
at the single molecule level by a combination of high-resolution
noncontact atomic force microscopy (NC-AFM) experiments,

density functional theory (DFT) calculations, and NC-AFM
image simulations. We identify two different adsorption
geometries and thereby clarify the adsorption of single water
molecules on the (2 × 1)-reconstructed calcite surface. These
geometries appear globally different but are structurally locally
similar, yet with an energetic difference of about 0.2 eV. All water
molecules diffuse to the low-energy position when approaching
thermal equilibrium. From studying the structure and energetics
of water dimers, we furthermore do not find evidence for
intermolecular hydrogen-bonds within the first water layer.
Instead, the water structure is strongly templated by the
calcite(104) surface.
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RESULTS AND DISCUSSION
NC-AFM topography image data (see Figure 1a) acquired at 5 K
present an overview over the water and carbonmonoxide (CO)-
covered calcite(104)−(2 × 1) surface, representative for a
calcite(104) sample after deposition of submonolayer coverage
of water on a cooled sample and dosing of CO directly into the
cold scan head. Three characteristic features are identified in this
image: (i) the calcite surface lattice with atomic resolution (one
exemplary area marked by a dashed red arrow), (ii) single CO
molecules apparent as dark depressions with a bright rim10 (two
examples marked by green solid arrows), and (iii) single water
molecules imaged as bright features with a small depression (two
examples marked by blue circles).

The pristine calcite(104) surface expresses a (2 × 1)
reconstruction with a rectangular unit cell of size 1 nm × 0.81
nm, containing four calcium ions and four carbonate (CO3)
groups in the top layer; the DFT-optimized structural model is
shown in Figure 1b.10 Within the (2 × 1) surface unit cell, four
specific sites can be defined10 as shown in Figure 1b: two
carbonate group sites and two calcium ion sites. The (2 × 1)
reconstruction mainly modifies every second carbonate group
row along the [01̅0] direction; one exemplary group is marked
by “R” in Figure 1b. Compared to the bulk-like carbonate group
(marked by “S” in Figure 1b), which basically remains in the
bulk-like geometry, the reconstructed carbonate group is rotated
such that the top oxygen atoms are located on roughly the same
vertical height. Correspondingly, two calcium ion positions are

Figure 1. (a) Topography image of a water and CO-covered calcite(104)−(2 × 1) surface acquired with NC-AFM at 5 K (Δf = −0.9 Hz and
Usample = 10 V). Water was deposited in total for 80 s on the sample cooled to 125 K. CO was dosed into the cold scan head for 20s. Single CO
molecules are apparent as dark depressions (two examples marked by green arrows), while single water molecules appear as bright protrusions
with a small black spot (twomarked by blue circles). (b) Structuralmodel of the (2× 1)-reconstructed calcite(104) surface.10 Carbonate groups
(calcium atoms) are depicted by red and black (blue) spheres. The rectangular unit cell (blue rectangle) has dimensions of 1 nm× 0.81 nm. The
(2× 1) reconstruction is expressed by a rotation of every second carbonate (CO3) group along the [01̅0] direction,

10 leading to a reconstructed
(rec., R) and bulk-like (b.l., S) row and two calcium sites P and Q. Axes of glide reflection have been found to be located on the carbonate group
rows.10 Consequently, it is convenient to label the symmetry-equivalent carbonate group (calcium) sites in the upper unit cell half by Rm and Sm
(Pm and Qm). (c-h) High-resolution frequency-shift (Δf) images acquired in constant-height mode at the center of panel (a) with a CO-
terminated tip. The height is decreased before acquisition of each image with the relative position indicated at the top. (Experimental parameter
figure c−h: Utip = 10 V. Vertical stability ensured by active drift compensation.13)
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present which we herein denote by “P” and “Q” as marked in
Figure 1b. Furthermore, the surface belongs to the planar space
group pg that includes a glide-plane symmetry. As a consequence
of this surface symmetry property, the four sites Rm, Sm, Pm, and
Qm in the upper unit cell half are the glide-reflected analogons of
the four sites R, S, P, and Q with otherwise identical physical
properties. Therefore, it is sufficient to discuss one set of the
glide-plane related sites when investigating molecular adsorp-
tion, i.e., discussing the sites within the lower unit cell half.
Further details regarding the surface structure are given in ref 10.
Adsorption Properties of Single Water Molecules. By

building upon the recent success in submolecular imaging14,15

and atomic-scale mineral surface studies,10,16,17 we here study
water adsorption in detail with high-resolution NC-AFM
imaging. Constant-height frequency shift (Δf) data acquired
with a CO-terminated tip at the central area in Figure 1a
(marked by a black rectangle) and measured at different tip−
sample distances quantified by the tip position ztip

18 are
reproduced in Figure 1c-h. A tip−sample distance range of
about 170 pm is sampled (lowest image coordinate arbitrarily set
to ztip = 0 pm, relative separations are carefully checked by
comparison to Δf(ztip) data, see Supporting Information). In
these image data, the appearance of the calcite(104)−(2 × 1)
surface is identical to previous observations:10 the protruding
oxygen atoms of the surface carbonate groups appear as bright
repulsive features, connected by bright linkers, and the calcium
atoms are at the center of the dark pores within this lattice.
Furthermore, the checkerboard-like appearance at the Ca sites is
clearly apparent and the distance-dependent switch of the
bright/dark pores is reproduced (the same pore positions are
marked by white crosses and circles in Figure 1d,h). This allows
us to superimpose the structural DFT model in Figure 1e and
include the respective (2× 1) unit cell outline as a blue rectangle
in Figure 1d-h. The positioning of the unit cell vertices on the
carbonate group centers (see also Figure 1b) follows the
previous convention that is rooted in finding the glide reflection
axes to be located on the carbonate group rows.10

Single water molecules (one example marked by white arrows
in Figure 1c-h) within this data set express a very consistent
imaging pattern. Generally, we identify a single water molecule
at large tip−sample distances (Figure 1c) as a repulsive
(“bright”) feature with an asymmetric attractive (“dark”)
surrounding. This pattern is in agreement with the top-
ography-mode images (see Figure 1): a more repulsive
interaction with the water molecule leads to a closer approach
of the tip at the water center. When moving the constant-height
imaging plane toward the surface, four sharp filaments linking
the water molecule with the calcite lattice emerge, see also the
sketch included in Figure 1e.We find that these linking filaments
grow in sharpness, but otherwise remain at identical positions
when further reducing the tip−sample distance. One of these
filaments (illustrated by a thick white line with blue contour in
Figure 1e) is apparent at all tip−sample distances and will be
denoted “ridge” throughout this work.
The filament pattern representing a single water molecule is

found to exist with two orientations as indicated by the two
sketches (drawn by solid and dashed lines) in Figure 1e. From an
analysis of their position relative to the calcite (104)−(2 × 1)
lattice, it becomes clear that they are related by a glide-plane
reflection (axis of glide reflection included as a dashed line in
Figure 1e), in agreement with the existence of the glide plane
symmetry element within the calcite(104)−(2 × 1) surface
geometry.10 Therefore, their physical properties are identical as

given by symmetry and we instead now focus on the adsorption
at the two different sites within the (2 × 1) unit cell.
We have previously conducted an extensive search for the

optimum adsorption geometry for a single water molecule on
the reconstructed calcite(104)−(2 × 1) surface using DFT,12

whereby the water adsorption energy Ewater has been calculated
from the difference

=E E E Ewater total slab single (1)

between the total energy Etotal of the combined water/calcite
system and the energy Eslab (Esingle) of the calcite slab (of a single
gas phase water molecule).
The energetically most favorable configuration has been

found with an adsorption energy of EQS = −0.98 V and with the
geometry shown in Figure 2a.12 This adsorption geometry is

stabilized by an ionic bond between the water oxygen atom
(Owater) and a surface calcium atom (Casurf) at site Q as well as by
a hydrogen bond (indicated by an orange line) between water
hydrogen atom 1 (H1) and the protruding oxygen atom (Osurf)
of the adjacent (bulk-like or unreconstructed) carbonate group
at site S. Due to this binding situation, this adsorption
configuration is denoted as QS water. We calculate bond
lengths of 2.4 Å (Owater−Casurf), 1.8 Å (H1−Osurf), and 2.19 Å
(H2−Osurf). This adsorption geometry is in excellent agreement
with previous, theoretical literature findings for water adsorption
on the unreconstructed calcite(104)−(1 × 1) surface.6,7,19,20 In
particular, previous DFT studies6,7,19 determined a Casurf−Owater
bond length of about 2.4 Å, while the hydrogen bond has been
found to express a Osurf−H1 distance around 1.7 Å. The second
Osurf−H2 distance has previously been found19,20 to be between
2.3 Å and 2.4 Å. Although the Osurf−H2 distance in our model is
slightly shorter than the literature results, it is still too long for a
hydrogen bond. Therefore, we understand that the second
oxygen−hydrogen bond has mostly a weak dispersive character.
We found a general tendency of the water oxygen atom to

bind to a calcium surface ion in our DFT calculations, which we
directly understand from the electronegativity of the water
oxygen atom. This allows us to identify the calcium P site as a

Figure 2. DFTmodels for (a) a single QS12 and (b) a single PR water
molecule adsorbed on the reconstructed surface. Side views are
given in the bottom panels. Hydrogen atoms of the water molecule
are indicated by H1 and H2. Outline of the reconstructed carbonate
groups next to the PRwater are included as dashed circles in (b), see
Supporting Information for atomic shifts.
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possible second water adsorption position within the (2 × 1)
unit cell. Among the water/calcite(104) structures with an
oxygen binding to the P-site calcium ion, the geometry of the
model with the lowest binding energy of EPR = −0.79 eV,
denoted as PR water, is shown in Figure 2b. The bond lengths
Owater−Casurf (2.42 Å) and H1−Osurf (1.87 Å) of this
configuration are only slightly elongated when compared to
the QS water geometry. Instead, the difference of the adsorption
energy to the QS geometry is explained by the significant
modification of the R carbonate groups adjacent to the water
molecule (dashed outlines of the reconstructed carbonate
groups in absence of water are included in Figure 2b; see
Supporting Information for atomic shifts). As is apparent from
Figure 2b, this modification brings the calcite surface structure
locally close to that of the unreconstructed surface�a clear
difference to the QS water geometry, where only minor shifts
within the surface layer are found.12

Very recently, NC-AFM experiments performed at 140 K
revealed that water exclusively adsorbs at the QS sites at
coverage up to 0.5 monolayer (ML) and that the adsorption
energy per water is reduced at coverage between 0.5 ML and 1
ML.11,12 As water is herein deposited on a cooled sample and the
system is imaged at 5 K, the PR−QS transition is kinetically
limited and both the QS and PR water adsorption geometries
can be observed. As the main difference between QS and PR
water lies in the positioning of the water molecule relative to the
calcite lattice, we use this criterion to extract in Figure 3 one

representative case for each water type from Figure 1 at the areas
marked by white rectangles in Figure 1d.
First, the QS adsorption geometry is investigated with

experimental data reproduced in the row “exp.” in Figure 3a.
The numbers given at the top of each image denote the vertical
tip position ztip identical to Figure 1. Image data in the row “sim.”
in Figure 3a are simulation results using the probe particle model
(PPM)21 for the optimum QS geometry that was previously
shown in Figure 2a. PPM data are generated using the two-atom
flexible CO tip-apex configuration with a flexible oxygen and
carbon atom as well as twoCu atoms resembling the tip apex, see
ref. 10 for further details. PPMdata are presented for six different
tip−sample distances (given at the bottom of the figure) with
absolute distances zDFT defined as the vertical distance between
the Cu tip atom position relative to the average calcium surface
plane. The agreement between the experimental and simulated
NC-AFM image data is overall excellent when using an offset of
570 pm between the experimental ztip and simulation zDFT axes:
At large tip−sample distances, the QS water molecule is imaged
as one repulsive feature with a dark rim. Upon reducing the tip−
sample distance, the contrast of the before-identified ridge
becomes stronger and the water fine structure develops together
with the calcite lattice structure. From the structure overlay in
the zDFT = 610 pm image, we find that the ridge is located at the
H2−Osurf bond position, which was previously identified as a
bond with a weak dispersive character. The (2 × 1)
reconstruction is clearly visible in form of the checkerboard

Figure 3. (a) QS water. Experimental results (top row) and simulated images (bottom row) at six tip−sample distances (experimental positions
ztip at the top, simulation positions zDFT at the bottom). (b) PR water, experimental results (top row) and simulated images (bottom row). The
(2× 1) unit cell is marked in all images and the Q calcium sites (dark pores at small tip−sample distances) are marked by white circles in the ztip
= 39 pm/zDFT = 610 pm images. Experimental parameters are identical to Figure 1c−h. Experimental data are extracted from the extended
image series in Figure 1 at the position of the solid rectangle for the QSwater (data are reflected) and dashed rectangle for the PRwater. [421 ̅] is
pointing up in all cases. (Usample = 10 V).
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pattern: the dark pores at the calcium Q sites are marked in the
zDFT = 610 pm image by white circles. From these markers it is
clear that the QS water molecule is located at an off-center
position within a dark pore.We note in passing that one adjacent
calcium site (marked by a white rectangle) is imaged dark as a
result of the water-CO tip interaction.
Second, the same analysis is performed for PR water in Figure

3b. The key difference to the previous QS case is the position of
the water molecule relative to the calcite surface pattern: From
the Q-site markers (white circles) in the zDFT = 610 pm image it
is clear that the water molecule is located nearby the “bright” (P)
calcium position within the (2 × 1) unit cell, i.e., shifted by half
unit cell length along [01̅0] compared to QS water. A
comparison via line profiles to further highlight the match
between experiment and simulation is included in the
Supporting Information. Apart from this difference, the image
pattern is virtually identical between the QS and PR case: The
ridge and the fine structure develop in similar ways and one
adjacent Ca site (marked by a rectangle in the zDFT = 610 pm
image) expresses a dark contrast. This close similarity of the QS
and PR water patterns can directly be explained by a physical
argument: The calcite(104) surface species directly adjacent to
the PR water molecule reorient toward the calcite bulk structure,
thus the local substrate geometry of a QS water is closely
resembled. These data give further strong evidence for the
reconstruction lifting mechanism from direct imaging of single

water molecules. As a consequence, the distinction between the
QS and PR water geometries in image data is only reliable from
comparing the global environment, i.e., from the water
positioning relative to the (2 × 1) lattice, as the local
environment is virtually identical.
Water Dimer Structures. To investigate the interaction

between single water molecules�direct and surface mediated�
in the first adsorption layer on the calcite(104)−(2 × 1) surface,
we study water dimers. As a consequence of the (2 × 1)
reconstruction and pg symmetry, a number of different
configurations are possible using single QS and PR water
molecules. Seven representative cases are shown in Figure 4a−g.
For all cases, we present the DFT-optimized dimer model (left
column), PPM images simulated for the respective geometries
(center column), and experimental data (right column). The
image data are extracted from several distance-dependent image
series available from simulation and experiment, see Supporting
Information. The dimers are named according to their
composition by QS- and PR-type water. To further distinguish
between the different cases, we add the letter m to the single
water model name if the water is located at a glide-plane
reflected position (i.e., in the upper unit cell half) and the letter t
in case the water has been translated to an equivalent position
outside the central (2× 1) unit cell. The representative cases can
roughly be divided by water molecules arranged along the [01̅0]
direction (Figure 4a,b), by water positioned along the [421̅]

Figure 4. Water dimer structures on calcite(104)−(2 × 1). (a,b) Water dimers formed along the [01 ̅0] direction. (c−e) Water dimers formed
along the [421 ̅] direction. (f,g)Water dimers with water molecules separated by one carbonate group row. Left column: DFT-optimizedmodel.
Centre column:NC-AFM image simulations using theDFT-optimizedmodel. Right column: Experimental constant-height frequency shift data
of the corresponding dimer. Unit cell and Q calcium sites (dark pores at small tip−sample distances) are highlighted by corner markers and
circles, respectively. (h, upper panel) Dimer formation energies and sum of individual adsorption energies. (h, lower panel) Energy difference
Edimer,DFT − Edimer,sum for each dimer. (b,c,d,f,g) White parentheses are added to mark coincidentally present water molecules which are not part
of the respective dimer structure. (Experimental parameters: (a,b,f) Usample = −3 V; (c) Usample = 4.5 V; (d) Usample = 4 V; (e,g) Usample = 10 V).
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direction (Figure 4c−e), as well as by water molecules that are
separated by one carbonate group row (Figure 4f,g). In all cases,
an excellent match between the simulated and experimental data
is achieved as the fine structure is precisely reproduced. The
distinction between the QS and PR cases again relies on
analyzing the water placement relative to the calcite lattice as the
surface reconstruction is locally lifted and, therefore, the local
water geometry is rather similar.
The corresponding energies required for the water dimer

formation as determined from the DFT calculations are
reproduced by blue points in Figure 4h. Energies are calculated
using eq 1 by setting Ewater → 2Ewater. The results are compared
to the sum of the respective individual energies EQS and EPR for
the single QS and PR water adsorption geometries. Due to the
calcite(104)−(2 × 1) surface symmetry, two energy values are
sufficient to also describe the respective glide-reflected (m) and
translated (t) variants of a single water molecule. The energy
difference Edimer,DFT − Edimer,sum between these energies is shown
in the lower panel of Figure 4h. In all cases besides PR/PRm, the
positive energy difference highlights a small repulsive con-
tribution with an energy of about 50 meV accompanying the
dimer formation. Thus, we do not find evidence for a water−
water attraction as would be expected for hydrogen bonding
between the water molecules. This is in full agreement with the
comparably large distance between the water oxygen and
hydrogen atoms. Instead, the small repulsive contribution
appears to be substrate mediated. By comparing the atomic
positions between the pristine calcite surface and different water
models as well as between the single water models and water
dimer structures (see Supporting Information), an influence on
several adjacent Ca ions and CO3 groups nearby the water
molecules is found. In case of the water dimers, this leads to
competing forces that cause an overall small repulsive
interaction. Also for the PR/PRm case we do not find water−
water attraction, but rather explain the energy gain by the
reconstruction lifting mechanism: For a second PR water

molecule adsorbed directly adjacent to a first PR water along the
[421̅] direction, the local surface reconstruction is already partly
lifted and, therefore, the adsorption energy of the next water
molecule is decreased.12

Transition between PR and QS Water. In order to
investigate the transition from the PR to the QS water
configuration, we perform annealing experiments and nudged
elastic band (NEB) calculations. A structure consisting of both
PR and QS molecules as presented in Figure 5a is representative
for deposition of about 0.3 ± 0.1 ML at a sample held at about
125 K. Apparently, this structure is kinetically limited as
temporarily raising the temperature to about 170 K leads to the
formation of rows, see Figure 5b. No movement was apparent at
temperatures up to 143 K. The comparison in Figure 5c with the
PPM simulation for a 0.5 ML water structure exclusively
consisting of QS molecules12 yields an excellent agreement with
the experimental data (see Supporting Information for
comparison at further tip−sample distances) and confirms the
interpretation of previous TPD data.11 Three main steps are
identified in NEB calculations during the PR−QS transition, see
Figure 5d,e, namely (1) first the cleavage of the H1−Osurf bond
(at r ∼ 0.1 nm) including the reorientation of the adjacent
surface carbonate groups (energy cost of less than 0.2 eV). (2)
Second, the Owater−Casurf bond is broken (at r ∼ 0.4 nm) posing
a barrier of about 0.2 eV. (3) Third, reforming the bonds at the
QS position yields more than 0.5 eV, leading to an overall gain of
0.2 eV in energy.

CONCLUSIONS
In conclusion, we identified two adsorption geometries of water
on the calcite(104)−(2× 1) surface at 5 K that have an energetic
difference of about 0.2 eV. This analysis is based on high-
resolution atomic force microscopy experiments with CO-
functionalized tips, density functional theory calculations, as
well as NC-AFM image simulations. While the energetically
most stable adsorption geometry (QS) corresponds to a water

Figure 5. (a)Water assembly after deposition of about 0.3 ± 0.1 ML onto a sample held at about 125 K. (b) QS row formation after temporarily
annealing the sample to about 170K (experimental parameters: (a)Usample = 2 V; (b)Usample = 1 V). (c) PPM image simulation of aQSwater row
structure (DFT model from ref 12). The (2 × 1) unit cell is marked by a white rectangle in all images. (d) NEB calculation for the transition
between the PR and QS geometry. (e) Superposition of the geometries of the NEB calculation.
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molecule binding to an unreconstructed carbonate group row,
the energetic difference to the second geometry (PR) where
water binds to a reconstructed carbonate group row is caused by
locally lifting the (2 × 1) reconstruction of the calcite(104)
surface at this position.
The analysis of water dimer geometries further confirm the

strong influence of the surface, including the (2 × 1)
reconstruction, on water adsorption and highlights a small
surface-mediated repulsion between most dimer models. Upon
driving the system at 0.5 ML toward thermal equilibrium by
annealing to 170 K, QS water is exclusively found. In stark
contrast to many other water/surface systems, water on
calcite(104) does not form a hydrogen-bonded ice-like layer
at coverage up to one monolayer, but the assembly is instead
templated by the surface.

METHODS
Sample Preparation. A double sample holder22 supporting both a

Ag(111)/mica sample for tip preparation and characterization as well as
a calcite crystal for high-resolution measurements is used throughout
the experiments. Before preparing the samples, the sample holder was
heated to about 380 °C for about 90 min.
First, the Ag(111) metal sample surface is prepared by five sputtering

(Ar+ at about 2.2 × 10−6 mbar, 15 min, yielding a drain current of about
2 μA) and annealing (about 380 °C for 15 min) cycles.23,24 Second, a
clean calcite(104) surface is prepared by cleaving the crystal in vacuum
with a sharp blade.25 To reduce charges on the calcite surface that
prevent stable NC-AFM measurements, the sample is heated to a
temperature of about 160◦C for about 1 h.26,27

H2ODeposition on the Calcite(104) Surface.Water is deposited
by dosing (at about 1 × 10−9 mbar) ultrapure H2O (Millipore water for
molecular Biology) into the preparation chamber from a variable leak
valve onto a sample cooled to about 125 K. Previous to these
experiments, water is cleaned by more than 20 freeze−pump−thaw
cycles.
CO Dosing. CO is deposited on the sample by dosing into the cold

scan head for 20 s from backfilling the recipient with CO to a recipient
pressure of about 5× 10−8 mbar. The local pressure inside the scan head
is expected to be lower, explaining the observation of less than 0.1 ML
CO, while the parameters would result in a dosage of 0.75 L.
NC-AFM Experiments. Data are acquired at 5 K with a

ScientaOmicron qPlus LT gen.III AFM/STM instrument operated
by a MATRIX controller. Piezoelectric qPlus sensors with W tips28 are
used as provided by the manufacturer. Sharp tips are prepared on the
metal surface by common STM tip preparation strategies. CO is
transferred to the tip by vertical manipulation. The CO tip quality is
checked from reverse imaging of surface-bound CO molecules. A bias
voltage is applied during imaging to compensate for long-range
electrostatic forces.
DFT and NEB Calculations. All first-principles calculations in this

work are performed using the periodic plane-wave basis VASP code29,30

implementing the spin-polarized Density Functional Theory. To
accurately include van der Waals interactions for this system, we
further use the Tkatchenko-Scheffler method with iterative Hirshfeld
partitioning31 shown to be best suited for ionic systems.32,33 Projected
augmented wave potentials are used to describe the core electrons34

with a kinetic energy cutoff of 500 eV (with PREC = accurate).
Systematic k-point convergence is checked for all systems with
sampling chosen according to the system size. This approach converged
the total energy of all the systems to the order of 1meV. For calculations
of the calcite surface, we use a 4 × 4 × 4 supercell (320 atoms total), a
vacuum gap of at least 1.5 nm, and a 5 × 5 × 1 k-point grid. The upper
two layers of calcite are allowed to relax to a force of less than 0.01 eV/
Å. Barrier calculations are performed initially using the standard
Nudged Elastic Band (NEB) method with increasing image density35

before implementing the Climbing NEB approach36 to find the final
barrier. For these calculations, only the gamma point is used. Energy
differences refer to comparisons between equivalent supercells.

NC-AFM Image Simulations. The probe particle model
(PPM)21,37,38 is used for simulating the high-resolution AFM images,
using the two-atom flexible CO tip-apex configuration, consisting of
two (fixed) Cu atoms and a flexible carbon and oxygen atom to model
the carbon monoxide molecule. Further details can be found in the
Supporting Information of ref 10. The parameters of the tip geometry,
its stiffness values, and electrostatic properties are fitted by simulating
interactions over a pentacene molecule, using DFT.39 The electrostatic
interactions between atoms of the tip and sample are taken into account
using the Hartree potential of the surface and water molecules above.
For the remaining interactions, the Lennard-Jones equilibrium distance
parameters are fitted for each individual atom of the topmost layer of
CaCO3 and the water molecules above using a recent probe-particle-
model fitting procedure, as used on other ionic systems.40,41 Note that
the tip-bound CO is allowed to fully relax within the PPM while the
surface atoms and the adsorbed water molecules are constrained. This is
the most probable explanation for any small differences between the
simulated and experimental images.
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(33) Bucǩo, T.; Lebeg̀ue, S.; Ángyán, J. G.; Hafner, J. Extending the
applicability of the Tkatchenko-Scheffler dispersion correction via
iterative Hirshfeld partitioning. J. Chem. Phys. 2014, 141 (3), 034114.
(34) Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B
1994, 50, 17953−17979.
(35) Mills, G.; Jónsson, H.; Schenter, G. K. Reversible work transition
state theory: application to dissociative adsorption of hydrogen. Surf.
Sci. 1995, 324, 305−337.
(36) Henkelman, G.; Uberuaga, B. P.; Jónsson, H. A climbing image
nudged elastic band method for finding saddle points and minimum
energy paths. J. Chem. Phys. 2000, 113, 9901.
(37) Hapala, P.; Temirov, R.; Tautz, F. S.; Jelínek, P. Origin of High-
Resolution IETS-STM Images of Organic Molecules with Function-
alized Tips. Phys. Rev. Lett. 2014, 113, 226101.
(38) Oinonen, N.; Yakutovich, A. V.; Gallardo, A.; Ondrácěk, M.;
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