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ABSTRACT (Characterization and imaging at the atomic scale
with atomic force microscopy in biocompatible environments is an
ongoing challenge. We demonstrate atomically resolved imaging of
the calcite (1074) surface plane using stiff quartz cantilevers (“qPlus
sensors”, stiffness k = 1280 N/m) equipped with sapphire tips in
ambient conditions without any surface preparation. With 10 atoms
in one surface unit cell, calcite has a highly complex surface structure

comprising three different chemical elements (Ca, C, and 0). We
obtain true atomic resolution of calcite in air at relative humidity
ranging from 20% to 40%, imaging atomic steps and single atomic defects. We observe a great durability of sapphire tips with their Mohs hardness of 9,
only one step below diamond. Depending on the state of the sapphire tip, we resolve either the calcium or the oxygen sublattice. We determine the tip
termination by comparing the experimental images with simulations and discuss the possibility of chemical tip identification in air. The main challenges for
imaging arise from the presence of water layers, which form on almost all surfaces and have the potential to dissolve the crystal surface. Frequency shift
versus distance spectra show the presence of at least three ordered hydration layers. The measured height of the first hydration layer corresponds well to
X-ray diffraction data and molecular dynamic simulations, namely, ~220 pm. For the following hydration layers we measure ~380 pm for the second and
third layer, ending up in a total hydration layer thickness of at least 1 nm. Understanding the influence of water layers and their structure is important for

surface segregation, surface reactions including reconstructions, healing of defects, and corrosion.
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he increasing interest in nanostruc-
Ttures, nanoparticles, and the structure
and properties of biological and chem-
ical samples in natural environments creates
a need for imaging tools that are capable of
resolving at the atomic and intermolecular
scales in ambient conditions.'°
In ambient conditions, surfaces are ex-
posed directly to laboratory air with all its
pollutants and gas components. Ambient
air contains a significant amount of water
vapor, where the partial pressure of water
depends on temperature and relative
humidity (RH). If humidity is present, all
surfaces (hydrophobic or hydrophilic) ex-
posed to air adsorb a water layer.”'° The
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water layer can cause both dissolution
and recrystallization of the surface.'''®
The thickness of the water condensation
layer is dependent on the exposure time,
temperature, RH, and the sample's hydro-
philic or hydrophobic character.®®117-20
Depending on the sample, ordered hydra-
tion layers can be present. On ionic crystals,
the water molecules often form ordered
water layers with a characteristic structure
on the sample surface.'®?"2 The thickness
of single ordered hydration layers on var-
ious samples is reported to range from 200
to 345 pm.

One method to achieve high resolu-
tion in these environments is atomic force
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Figure 1. Calcite (CaCO;) (1014) cleavage plane. (a) Schematic drawing of the (1014) cleavage plane. The surface unit cell is
indicated by the unit vectors (a;, a,) pointing to the calcium ions (Ca>") and the basis vectors (bcai, bcaz bo1, boa). bear is the
zero vector; bc,, a vector with half the length of a, pointing to calcium ions. The vectors b, and bg, mark the position of the
protruding oxygen atoms. The dashed line shows the zigzag structure of the protruding oxygen atoms.

microscopy (AFM).>~2° The highest spatial resolution
is realized in ultrahigh vacuum (UHV) with the atomic
force microscope, where the environment is highly
controlled and stable operation over days is possible.
Imaging down to the atomic scale is also possible in
liquid'?%?” and ambient conditions,®'® but the va-
guely defined surface contamination films that are
present in these environments are a challenge. One
possibility to work in biocompatible conditions is to
immerse the whole system, i.e., sensor and sample, ina
buffer solution. In this case, the quality factor (Q) of
completely immersed sensors decreases dramatically
down to single-digit values, which has a large effect on
the overall noise in the measurements.’®?° In our
approach, we use relatively large and stiff gPlus sensors
in ambient conditions where only the tip penetrates
the adsorption layer(s), thus reaching high signal-to-
noise values with moderately high Q values even in the
presence of ordered hydration layers and the liquid
water condensate phase.'® If a hydration layer or
condensation layer is present, only the front-most
part of the tip is immersed, which leads to Q
values of 100—800 during sample contact. The actual
Q value depends on the condensation layer height
and structure, the tip's sharpness, and the sample
system.®1°

Here we use calcite as a test system for high resolu-
tion in biorelevant environments. Calcite is the most
stable polymorph of CaCOs. Itis abundant in geological
environments and is an important mineral in a wide
range of fields. It plays a crucial role in biomineraliza-
tion, where crystal growth is controlled by the pres-
ence of biological macromolecules.3°3' CaCO; is used
in @ number of industrial products, namely, paint,
cement, cosmetics, paper, pharmaceuticals, and, due
to its birefringence, optical devices.?” Moreover, calcite
has been discussed in the context of homochirality of
life, as enantiospecific adsorption of natural amino
acids to calcite surfaces has been demonstrated.>?~3*

Calcite has a rhombohedrical crystal structure. The
most stable cleavage plane is the (1014) plane. Calcite
is a layered material®*® with strong bonds holding the
ions together within one layer and weak bonding
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between layers. The (1014) surface is a natural cleavage
plane because of its weak bonds perpendicular to
this plane and the closely packed arrangement of
calcium and carbonate ions along the layer.>® A crack
can propagate along a minimum-energy pathway with
minimum dispersion of energy.>’

The surface unit cell of the calcite (1014) cleav-
age plane is shown in Figure 1 by the vectors a; and
a, (Ja;| = 0.81 nm and |a,| = 0.5 nm).?”® It consists of
two calcium ions (Ca®") (dark green in Figure 1) and
two carbonate groups (CO5%7). The carbonate groups
are planar with one oxygen atom within the (1014)
cleavage plane, one atom 80 pm below the plane, and
one atom 80 pm above the plane.3® This is indicated in
Figure 1 by the size difference of the red circles. The
dashed line in Figure 1a shows the zigzag structure of
the protruding oxygen atoms along the horizontal
direction.

The surface unit cell consists of two CaCOs units, i.e.,
10 atoms. Out of these 10, only four atoms are at the
surface and thus relevant for the AFM contrast. For
clarity we depict only these four relevant basis vectors
in Figure 1. The basis vectors bca1, bcas bor, and by
describe the relative position of the aforementioned
four atoms. With our choice of the lattice originating in
the first calcium atom, bc,; and bc,; mark the positions
of the calcium ions and bg; and bp, mark the position
of the protruding oxygen atoms.

The surface structure of the calcite (1074) cleavage
plane has been studied in ultrahigh vacuum, ambient,
and liquid conditions with various techniques.?®3°~*3
Using contact mode AFM, the rectangular lattice of the
calcium ions®® and the characteristic zigzag structure
of the protruding oxygen atoms*' were observed.
These are the two most common structures observed
in AFM experiments on calcite.?”*%° While the calcite
sublattices have been reported, the imaging mechan-
ism was not clarified.

In this work, we show true atomic resolution of the
calcite (1074) cleavage plane with very stiff cantilevers
(1280 N/m, gPlus sensors®®'9444%) equipped with
sapphire tips directly in air without using a buffer
solution. We show atomic defects of the so-called
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Figure 2. Calcite (CaCO3) (1014) cleavage plane. Overview
image of freshly cleaved calcite (CaCOs) (1014) in air. Single
and multiple atomic steps are visible with a step height
of ~300 pm (literature value 316 pm*®). The crystal is
cleaved with a razor blade, known to produce an atomically
smooth surface. Scan parameters: sapphire tip, k= 1280 N/m,
Af=+9 Hz, A= 500 pm.

zigzag structure where a single oxygen atom is miss-
ing, and we show atomic steps with atomic resolution.
Frequency versus distance spectra show the existence
of at least three ordered hydration layers on top of
the CaCOs (1074) cleavage plane. The thickness of the
hydration layers is comparable with previous pub-
lished molecular dynamic (MD) simulations and X-ray
scattering experiments. We confirm the two reported
imaging contrasts on the (1014) cleavage plane, i.e.,
zigzag structure corresponding to the oxygen sublat-
tice and a rectangular structure corresponding to the
calcium sublattice. By simulating the imaging process,
we can show that the imaging contrast depends on the
tip state.

RESULTS AND DISCUSSION

Our samples are prepared by cleaving the calcite
crystal before each scan session. Figure 2 shows an
overview image of such a cleaved calcite (1014) surface
in air. We observe a clean surface with steps with a step
height of ~316 pm corresponding to single atomic
steps. The sensor was equipped with a sapphire tip.5°
Etched tungsten (Mohs hardness 7.5) and silicon (Mohs
hardnes 7) have been tested before, but failed to
achieve atomic resolution on calcite. We found silicon
and tungsten to be not robust enough for scanning
calcite in air. Sapphire (Al,05), with a Mohs hardness of
9, two steps harder than commonly used silicon and
only one step below diamond (Mohs hardness 10), is
very robust on various surfaces and has been success-
fully used before for imaging graphene® and ionic
crystals'® with atomic resolution. We have also fabri-
cated and tested diamond tips on qPlus sensors,
but we have not obtained good atomic resolution
so far. We speculate that diamond tips ending in
a single atom might locally rehybridize to form
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Figure 3. Normalized signal-to-noise spectrum of the sap-
phire tip on the calcite (1014) cleavage plane. The optimal
amplitude regime is marked in green. Within this regime the
best atomic resolution images are obtained. The spectrum
was calculated with the method described by Wastl et al.'®

graphite under the high local pressure at the tip apex.
Graphite is known to have a slightly larger bonding
energy per atom than diamond. As far as we know,
sapphire does not reconstruct into an energetically
more favorable structure under high loads. Aside
from its hardness, sapphire is a unique tip material,
as it is chemically inert under usual AFM conditions
(T &~ 4—300 K), as well as resistant against etching
with common acids.*® Therefore, it is the tip of choice for
all scanning environments including extreme conditions.

Recently we introduced a technique called
Q-spectroscopy'® that optimizes the scan parameters
for high-resolution imaging directly in air. This tech-
nique builds on the discovery that the optimal oscilla-
tion amplitude is approximately equal to the decay
length of the interaction that is probed,*” modified by a
strong influence of Q variations with amplitude. These
variations of the Q value are caused by the liquid water
phase and the hydration layer structure on the surface.
In Figure 3 we show the normalized signal-to-noise
ratio (SNR) as a function of amplitude for the sapphire
tip used for atomic resolution. The SNR shows a plateau
foramplitudes of 50 pm < A, < 160 pm, indicating the
optimal amplitude regime for atomic resolution.®'°
At these small amplitudes the tip oscillates within a
single hydration layer.

Figure 4 shows a frequency shift (Af) versus distance
(2) spectrum measured while obtaining atomic resolu-
tion. The start of the interaction between the sapphire
tip and the water condensation layer on the calcite
surface is at a distance of 14 nm. The initially attractive
interaction (negative frequency shift) prevails, which is
most likely due to meniscus forces, van der Waals
interaction, or long-range electrostatic interaction.'®
Closer to the surface, the spectrum clearly shows three
undulations, with peaks labeled H1, H2 and H3. These
peaks correspond to ordered water molecules, which
apparently form the (“ice-like”) hydration layers*® on
the calcite (1014) cleavage plane. The corresponding
force is known as the structural hydration force.***° We
measured hydration layer thicknesses of dy;= 220 pm
for the first hydration layer and dy; 43 = 380 pm for
the second layer and third layer. Previous molecular
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dynamics simulations including bulk water layers with
nanometer thickness suggest the presence of at least
two ordered hydration layers on the calcite (1014)
cleavage plane.”’ 3 Recently Imada et al. reported
three ion-specific ordered hydration layers, measured
by FM-AFM, on the (1014) cleavage plane in buffer solu-
tion.>* The value dyy; = 220 pm we measured for the first
hydration layer fits well with values of the molecular
dynamics simulations®' ~>* and the ~220—250 pm
Fenter®>* et al. and Geissbiihler*® et al. found with
X-ray scattering.

The thickness difference of the hydration layers
(from the first to the following hydration layers) on
calcite can be the result of various effects. First, the
influence of the ionic surface decays with increasing
distance. With increasing distance, the hydration layers
are less ordered. Second, the ion concentration in
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Figure 4. Frequency shift (Af) versus distance (z) spectrum.
In the spectrum we observe at least three undulations, with
peaks indicated by H1, H2, and H3. The peaks correspond to
the first three hydration layers on the calcite (1014) cleav-
age plane. The thicknesses are H1 ~ 220 pm and H2 and
H3 ~ 380 pm. The height variation can be related to the
presence of dissolved ions in the ordered hydration layers.

0 pm

94 pm

the hydration layers could vary, which might lead to
a thickness variation due to ion hydration.>® This ion-
dependent hydration effect and the relation to the
hydration layer thickness were recently shown by Af
versus z spectra on a mica—electrolyte interface.>®
Summing up the individual ordered hydration layer
heights on calcite results in a total thickness of
almost 1 nm.

Figure 5 shows line-flattened topographic raw data
of the rectangular and zigzag surface lattices on the
calcite (1014) cleavage plane. In Figure 5a the protrud-
ing oxygen atoms are imaged where the protrusions
are aligned to make zigzag lines along the [421]
direction. This feature has been reported before, and
the zigzag truncated bulk structure of the oxygen
atoms is also known as row pairing.?’-364041,54

Figure 5b shows the rectangular structure with half
the lattice spacing in the [421] direction. This contrast
can be understood by ascribing the imaged features to
the calcium ions instead of the protruding oxygen
atoms.""?’

In Figure 6, we demonstrate true atomic resolu-
tion by imaging a single atomic defect and a single
atomic step with atomic resolution on both terraces. In
Figure 6a, the missing atom in the zigzag structure is
clearly observable. This atomic defect is marked by a
white arrow and shows true atomic resolution while
scanning with a stable sapphire tip. Figure 6b shows an
atomically resolved step. The atoms can be imaged on
both terraces. The step height, which can be seen in
the line scan in Figure 6c, corresponds well with
the literature value of 316 pm. The fringes at the
atomically resolved step edge result from the long-
range contributions, namely, van der Waals force or
electrostatic forces, and have been reported earlier in
UHV observations.>’

To clarify the imaging mechanism on calcite in air,
we simulated the interactions between the tip and
surface while oscillating in close proximity to the

0pm N 118 pm

Figure 5. Observable atomic structures on the calcite (1014) cleavage plane in air. (a) Zigzag structure of the protuding
oxygen atoms (see Figure 1 for unit cell). Scan parameters: Af= 138 Hz, A = 118 pm. (b) Calcium sublattice.®® Scan parameters:

Af=100Hz, A=118 pm.
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Figure 6. True atomic resolution of the calcite (1074) cleavage plane in air. (a) Zigzag structure of the protruding oxygen
atoms' with single atomic defect marked by an arrow. There is an oxygen atom missing. Scan parameters: Af = 100 Hz,
A = 150 pm. (b) Atomic step with atomic resolution on both terraces of calcite in air. The atomic resolution of the step
edge represents true atomic resolution imaging. A tip change is marked with a black arrow. Scan parameters: Af = 260 Hz,

A=117 pm.

Figure 7. Various observable structures of the calcite (1014) surface: Data and simulations. (a, b and c) Simulation of the
frequency shift due to Pauli repulsion and the electrostatic force between the calcite (1014) surface and (a) double positively
charged tip (Ca®*) and (b) negatively charged tip (CO3>") simulating an oxygen atom as the front atom. (c) Simulation of the
frequency shift due to Pauli repulsion (uncharged tip). The simulated tip—sample distance is 350 pm. (d) Filtered, lattice-
averaged real data of the rectangular lattice of the calcium ions (Ca%"). (e) Filtered lattice-averaged real data of the lattice of

the protruding oxygen atoms.

surface. The goal of this is to understand the atomic-
scale contrast, not to reproduce the entire tip—sample
interaction. From our investigation of the hydration
layers, discussed in reference to Figure 4, we know that
when scanning with Af > 20 Hz the tip has penetrated
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the hydration layers and that no water layer exists
between the apex and the surface. This is the case
for the images shown in Figures 5 to 7. As described in
the work of Watkins and Shluger,*® there are three
major interactions that need to be considered when
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simulating AFM images in water: direct tip—sample
interaction, similar to that in UHV; the cost to displace
water on the surface from preferred surface locations;
and interaction when water is trapped between the tip
and the sample. As we have penetrated the hydration
layers, there are no trapped molecules directly under the
tip apex. Furthermore, the lateral scan motion of the tip is
much slower than the vertical oscillation, and we will not
consider the net lateral displacement of water molecules
when acquiring an AFM image. We therefore concen-
trate on the direct tip—sample interaction, in which it is
known (from UHV experiments) that the front atom or
ion of the tip determines the imaging contrast.>”>%4°

On ionic crystals, surface material can be easily
picked up or dropped.?”®° The tip apex is most likely
contaminated by surface material while scanning. The
tip termination can change during scanning or be
changed on purpose with slight pokes of the tip to
the sample surface.>'° Therefore, on calcite it is highly
likely that the tip is either charged positively (A", Ca*>™)
or negatively (0>, CO;%7) charged or saturated with
adsorbates and possibly more or less neutral.

We simulated the three most probable different
tip terminations: Ca>", O, and neutral. We model
the electrostatic interaction and the Pauli repulsion.
The charge density of calcite that we used for the
simulation of the electrostatic interaction was calcu-
lated by Pavese et al®' The tip was modeled by a
point charge that interacted with all surface atoms.
The electrostatic forces (F)) were described with the
Coulomb interaction Fc = g,q./(4meor®). In order to
incorporate the effect of the water upon the electro-
static interactions, we included a weighting func-
tion based upon the Debye screening length,
Ap:exp(—r/Ap). Calcite is not highly dissolvable in water
at ambient conditions,%> and ionic concentrations
around 0.001 mol/L are expected. A concentration of
0.001 mol/L results in a Debye length of Ap = 9.6 nm.
We also simulated higher ionic concentrations and
found no significant change in the output as the Debye
length depends only on the square root of the inverse
concentration. Furthermore, this weighting function
does not significantly change the interaction between
the apex atom of the tip and the nearest surface atoms,
but rather screens the effect of further surface atoms.
For the calculation of the interaction due to the Pauli
repulsion we used the potential

Ve = Vo exp(—(r —ro)/A) (1)

with Vo = 0.77 eV, A = 25 pm, and r, = 240 pm 38616364

The frequency shift (Af) is calculated by Af(zA) =
[fo/(kA*]y(z,A), where fy and k are the eigenfrequency
and the stiffness of the sensor, A is the oscillation
amplitude, and y(zA) is the normalized frequency
shift.5®> Although the amplitudes used in this study
are small compared to amplitudes used with tradi-
tional silicon cantilevers, compared to the decay
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contrast of the Pauli repulsion (~25 pm), they are
relatively large. To calculate y(z,A) resulting from the
Pauli repulsion, we used the large-amplitude approx-
imation y12(2) = Feauwi(@)(4/27)""?, which is valid for the
amplitudes used in our measurements and has been
described previously.®® The normalized frequency shift
y(z,A) for a tip interacting via the electrostatic force
while directly above a charged adsorbate is given by®®

Yz A) = Fa(2)A®*{F[2,0.5,11(—2A/2)
— F[2,1.5,21(—2A/2)} @)

Fla,b,c] is the hypergeometric function.®” To adapt it
to our three-dimensional model, we allowed F to be
a function of x, y, and z. We fixed the z value in the
hypergeometric functions at z, = 350 pm, which fits
best with the obtained contrast of our atomically
resolved images.

Figure 7a—c shows the results of the simulation. The
basis vectors are shown for clarity in each image. The
simulation shows, depending on the charge state of
the tip's front atom, one can image either the rectan-
gular lattice of the calcium ions (positively charged tip,
see Figure 7a) or the zigzag structure of the protruding
oxygen atoms (negatively or neutral charged tip, see
Figure 7b and c). The results of the simulation shown in
Figure 7a—c fit well with the measured topographic
AFM data shown in Figure 7d and e. The topographic
data in Figure 7d and c are filtered, lattice-averaged
experimental data of the calcite surface for two differ-
ent tip terminations. As shown by the simulations, the
kind of ions that are imaged as protrusions form a
rectangular lattice of calcium ions (Ca®") if the tip is
positively charged (Figure 7d) or the lattice of the
protruding oxygen atoms of the CO;*~ ions for a
negatively or neutral charged tip (Figure 7e). From
comparison of the simulations and AFM data of the
calcium sublattice, we clearly can identify a positively
charged (AP", Ca®™) tip. This opens the possibility of
chemical tip identification in air.

CONCLUSION

We discovered the presence of three ice-like water
layers on the calcite (1014) cleavage plane at room
temperature under normal laboratory conditions using
frequency versus distance spectra. While oscillating
with small optimized amplitudes in the first hydration
layers, we are able to scan with true atomic resolution
directly in air without any special treatment of the
sample. We have confirmed the presence of two
distinct appearances of the calcite surface that had
been reported in the literature before, and we imaged
a single atomic step with atomic resolution and an
atomic defect in the zigzag structure. We can show the
existence of ordered hydration layers with high preci-
sion to their thickness. This opens a wide field of
additional experiments, related to hydration effects
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on surfaces and nanoparticles as well as biological
and chemical sample structures. As calcite is used for
biological applications, this work is a demonstration of
high resolution in biological environments. The hard-
ness of sapphire is not the only advantage of the new

MATERIALS AND METHODS

Quartz Cantilever AFM. The AFM experiments were performed
on a laboratory-built gPlus ambient AFM,>'° operated by a
Nanonis Control System with an OC4 PLL from SPECS GmbH. We
used custom-designed gPlus sensors that are manufactured
similar to quartz tuning-forks. The used sensors have a char-
acteristic bare resonance frequency of f, = 32768 Hz and a
stiffness k = 1280 N/m.%'° The gPlus sensors were equipped
with sapphire tips, made by splintering bulk crystals. Sensor
parameters: f, = 32169 Hz, Q,;, = 1760 bulk sapphire tip. The
amplitudes are optimized by Q-spectroscopy.

Q-Spectroscopy. The imaging amplitude A was optimized
by a method described in detail in a previous publication.’
Drive amplitude versus amplitude spectra are taken close to
the sample and far away in air. Using these spectra, one can
calculate the energy loss per oscillation cycle and the effective
Q value for the actual tip sample configuration.
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