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ABSTRACT: Two-dimensionally ordered monolayers of water on
MgO(001) have been extensively studied in the past using diffraction
and spectroscopic and computational methods, but direct microscopic
imaging has not been reported so far. Here, we present a scanning
tunneling microscopy (STM) study, supported by infrared and X-ray
photoelectron spectroscopy, of the c(4 X 2)-10H,0 and p(3 X 2)-6H,0
structures prepared on ultrathin MgO(001)/Ag(001) films. For the
applied tunneling conditions, the contrast in the STM images originates
from the hydroxyl groups, which result from water dissociation within
the monolayer. The observed periodicities match the structures for the
energetically most favorable c(4 X 2) and p(3 X 2) monolayer phases

obtained from density functional calculations. Although the molecular
water species within the monolayers, which are essential for the stabilization of the hydroxyl groups, could not be resolved, the
STM results presented in this study provide further confirmation of the predicted structural models of the c(4 X 2)-10H,0 and

p(3 X 2)-6H,0 monolayers.

1. INTRODUCTION

The understanding of water interaction with oxide surfaces has
strongly progressed over the last years. This is partly driven by
the importance of water—oxide systems in a number of
technological processes and also because of the fundamental
interest in the general principles that govern the adsorption
mode and structures of water at interfaces.' For water on
oxides both, the nature of adsorption (molecular or
dissociative) and the possibility to arrange, via hydrogen
bond interaction, in two-dimensionally ordered superstruc-
tures, depend on the chemical properties of the oxides (acid—
base properties), the lattice parameter, and the surface
orientation and termination.””" Because of the inherent
complexity of the systems, it is generally not straightforward
to predict how water structures evolve on a given oxide surface.
Nevertheless, with the help of computational modeling and
sophisticated surface science experimental investigations,
detailed insight into the properties of water at selected oxide
surfaces could be gained. These studies revealed, for example,
the adsorption and dissociation of single water molecules,™
dimerization and the formation of water clusters and
agglomerates}’8 and the structures of 1- and 2-dimensional
(2D) superstructures.”” "

Water adsorption on the oxides of the alkaline earth metals
(MgO, CaO, and SrO) represents a particularly interesting
case. They have the same crystal structure and differ only in
terms of lattice constant and basicity. Hence, the influence of
these parameters on the dissociation probability of water and
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the ability to form long-range ordered superstructures can be
studied systematically. It is well established that a single water
molecule adsorbs intact on the MgO(001) surface, whereas
dissociation occurs on both CaO(001) and SrO(001) because
of their higher basicity. An interesting trend is seen when the
water coverage is increased. Computational studies have shown
that 2D ordered superstructures are most stable on MgO(001),
while 1-dimensional chain structures prevail on CaO(001), and
isolated and dissociated monomer and dimer species represent
the energetically most stable state of water on $r0(001)."?
This trend can be well explained by the differences in the
interaction strength between water and the oxides and the
ability to establish intermolecular hydrogen bonding. Recent
scanning tunneling microscopy (STM) studies have confirmed
the presence of 1-dimensional chain structures of water on
Ca0(001)" and of monomer and dimer species on an
SrO(001)-terminated Sr;Ru,O, surface® at room temperature.
Direct microscopic observation of the 2D water structures on
MgO(001) is, however, still missing. Herein, we report on a
first attempt to resolve the 2D ordered monolayer structures
formed on MgO(001) by STM.

In Figure 1, we present models of the two most stable water
monolayer structures on MgO(001), the high-coverage c(4 X
2)-10H,0 and the low-coverage p(3 X 2)-6 H,O. Early
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Figure 1. Top and side views of the most stable (3 X 2) and (4 X 2)
water structure models on MgO(001). (a) p(3 X 2)-6H,0; (b) c(4 x
2)-10H,0. (Mg dark gray; O light gray and red; and H white).

experiments with MgO(OOl) single crystal surfaces using
diffraction methods'>'* have revealed the symmetries and sizes
of the unit cells of these structures, and thermal desorption
experiments'> have shown that the water monolayer is stable
up to 210 K in ultrahigh vacuum (UHV). The phase transition
between the c(4 X 2) and the less-dense p(3 X 2) phase occurs
at around 180 K. The molecular-level details of the
arrangement of individual water/hydroxyl species within
these structures could, however, only be obtained with the
help of calculations using density functional theory (DFT).
While the early structural proposal for the p(3 X 2)-6H,0 by
Giordano et al.'® (Figure 1a) is still accepted, many different
models of the c(4 X 2) structure have been suggested over the
years, but a conclusive structural model (Figure 1b) has only
been obtained after extensive structural search using DFT in
combination with infrared spectroscopic experiments.'’ A
common feature of the monolayer structures is that they
contain both molecularly and dissociatively adsorbed water,
that is, they are mixed water/hydroxyl phases. The dissociation
products give rise to two inequivalent hydroxyl groups, the
“surface OH” (OgH) resulting from the binding of the proton
to a lattice oxygen and the “free OH” (OHy). As shown in
Figure 1, the OH; groups are stabilized by hydrogen-bond
interaction with the surrounding H,O molecules. For the c(4
X 2)-10H,0 in particular, the stabilized OH; groups strongly
protrude out of the monolayer plane consisting of nearly
horizontally aligned H,O molecules.'”

Because of the insulating nature of bulk MgO, STM
investigations are limited to ultrathin MgO(001) films grown
on a metallic substrate, for example, Ag(001) or Mo(001). The
properties and reaction paths of adsorbates on oxide surfaces
may, however, be significantly different when the oxide is
prepared in the form of a metal-supported ultrathin film
compared to bulk.'"® In particular, MgO(001) ultrathin films
have evolved to the prototypical system for studying charge-
transfer processes between the metal substrate and adsorbates
through a wide band gap dielectric interlayer.'” Various
adsorbates with moderate to high electron affinity, including
Au,”””" 0, NO,™* and pentacene,”* have been shown to be
negatively charged on metal-supported MgO(001) ultrathin
films. Several experimental studies have also treated water
adsorption on ultrathin MgO(001)/Ag(001) films from the
single-molecule level to hydroxylation at elevated water vapor
pressure,”” >° and it was generally concluded that water
dissociation is enhanced on ultrathin MgO films compared to
bulklike MgO(001). Shin et al. and Cabailh et al. studied water
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adsorption and dissociation on monolayer and submonolayer
MgO(001)/Ag(001) films with STM.>>*® It was found that
intact water molecules adsorb at low temperature (10 K)
without any tendency to form ordered structures on regular
MgO(001) terraces. STM tip-induced dissociation results in
adsorbed hydroxyl species, which appear in STM images with
much less contrast than molecular water.”®*” On the other
hand, water dissociation occurs spontaneously at the borders of
submonolayer MgO islands, resulting in their decoration with
hydroxyl groups that are easily observed in STM.”® According
to DFT calculations, the water monomer adsorption on
ultrathin MgO(001) films is not particularly affected by the
presence of the Ag(001) support, and dissociation of the water
monomer, although energetically more preferred than on bulk
MgO(001), is still slightly endothermic.®® The situation
changes when water dimers are considered. On 1 ML
MgO(001)/Ag(001), the dissociation of one water molecule
in the dimer is energetically favorable, and the dissociated state
is stabilized compared to bulk MgO(001) because of the
polaronic dlstortlon of the thin film induced by the charged
fragments.”’ In addition, the calculated adsorption energy of
the dissociated dimer is only slightly smaller than that of a full

p(3 X 2) monolayer [E,q4 = 0. 75 eV for the dissociated dimer
on 1 ML MgO(OOl)/Ag(OOl) versus E 4, = 0.81 eV for the
p(3 X 2)-6H,0 on 2 ML MgO(001)/Ag(001)*°], and hence,
the propensity to form long-range ordered water structures
might be affected on ultrathin MgO(001) films.

In this work, we study water adsorption on ultrathin
MgO(001) films supported on Ag(001) with emphasis on the
formation and structure of long-range ordered water
monolayer phases, using infrared reflection absorption spec-
troscopy (IRAS), X-ray photoelectron spectroscopy (XPS),
and low-temperature STM. Our IRAS and XPS results confirm
that water monolayer phases exhibit the same properties on
ultrathin (2 ML) and more bulklike (12 ML) MgO films, and
with STM, we are able to image both known stable water
monolayer phases on MgO(001). STM image simulations
using the Tersoff—Hamann approach support our experimental
observations.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Experiments were conducted in two separate UHV setups. The
first setup was mainly used for spectroscopic studies and has, in
addition to the standard components for sample preparation
and characterization, a Bruker IFS66v infrared spectrometer for
IRAS studies and a dual-anode (Mg/Al) X-ray source together
with a hemispherical electron analyzer (SPECS PHOIBOS
150) for X-ray photoelectron spectroscopy (XPS) experiments
attached. Low-temperature STM experiments were performed
in a separate UHV setup consisting of a preparation chamber
and a CreaTec low-temperature scanning tunneling micro-
scope operated at liquid N, or liquid He temperature.
Magnesium oxide (MgO) was epitaxially grown in varying
thicknesses on a supporting Ag(001) crystal. Ag(001) was
cleaned by repeated cycles of Ar* sputtering (800 V, ~5 uA)
and annealing (773 K) until defined (1 X 1) spots were
observed in low-energy electron diffraction (LEED).
MgO(001) thin films were grown by evaporation of Mg
(rate 0.67 ML/min) on Ag(001) at 573 K in an oxygen
background of 1 X 107® mbar. To obtain wide terraces, the
sample was slowly cooled to room temperature after film
growth.” The slow cooling procedure was not applied for the
samples used for spectroscopy experiments and, thus, they
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exhibit a higher degree of defectiveness than the samples used
for STM experiments. Order and cleanliness of the
MgO(001)/Ag(001) thin film was checked with LEED and
XPS. Water (H,0 and D,0) was dosed via a precision valve
from a glass vial attached to the UHV chamber and properly
degassed before dosing by repeated freeze—pump—thaw cycles.
For spectroscopic measurements, a multilayer of water was first
adsorbed via background-dosing of D,O at a substrate
temperature of 100 K. IR spectra were then collected for the
stated annealing temperatures with a resolution of 4 cm™ by
accumulation of 1000 scans. A spectrum of the clean surface
was used for background correction. XPS data were obtained
with an Al Ka X-ray source (hv = 1486.6 eV, 100 W) at a
photoelectron takeoft angle of 60°. X-ray irradiation induces a
local heating effect, which can be estimated to be about 5 K
based on infrared spectroscopy, but did not lead to additional
water dissociation within the monolayer structures.'” To
obtain a defined water monolayer for STM measurements, the
substrate was kept at 155—160 K during water dosing. After
water adsorption, the sample was quickly transferred to the
STM system, where it was cooled to 77 or § K.

Density functional calculations were performed for the p(3
X 2)-6H,0 and c(4 X 2)-10H,O structural models shown in
Figure 1lab, respectively. Starting from the adsorption
geometry reported in ref 17 and using the repeated slab
approach, we have computed the relaxed geometry for the p(3
X 2)-6H,0 and c(4 X 2)-10H,O structures on 2 ML of
MgO(001) on Ag(001), where the latter has been modeled by
five atomic Ag layers. Utilizing the VASP code," the
generalized gradient approximation (GGA)> is used for
exchange—correlation effects, and van der Waals corrections
according to the DFT-D3 method of Grimme have been
added.’® Using the projector-augmented wave method, a
plane-wave cutoff of 400 eV is employed, and for k-point
sampling, a Monkhorst—Pack grid of 6 X 9 X 1 points is used
with a first-order Methfessel—Paxton smearing of 0.1 eV for
Brillouin zone integrations. The STM simulations are
performed within the framework of the Tersoff—Hamann
approximation®’ by computing the local density of states in an
energy window from the Fermi energy to either 2 eV above or
2 eV below, respectively. Noncontact atomic force microscopy
(nc-AFM) images have been simulated by applying the probe-
particle model®® and using a CO molecule as the probe particle
with an effective charge of —0.0S.

3. RESULTS AND DISCUSSION

3.1. Spectroscopic Characterization of Ordered
Water Phases on 2 ML MgO(001)/Ag(001). Spectroscopi-
cally, the two ordered monolayer phases of water on
MgO(001) can be distinguished based on the different
stretching frequencies of the hydroxyl and water species. As
reference, we present in Figure 2 (bottom) the experimental
IRA spectrum for the water monolayer prepared on a 12 ML
thick, bulklike MgO(001)/Ag(001) film at 163 K. (Note that
the experiments were performed with D,O instead of H,0.)
The spectrum shows narrow bands in the range 2600—2750
cm™' and broad absorptions between 2000 and 2500 cm™.
The individual spectral contributions can be assigned based on
the good agreement between the experimentally observed IR
bands and the calculated OD stretching frequencies of the
most stable structures shown in Figure 1ab."” While the OD;
groups in both structures have similar stretching frequencies at
2720 cm™', the OgD groups are slightly different, 2638 cm™
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Figure 2. (a) IRA spectra of the water (D,0) monolayer on 12 ML
MgO(001)/Ag(001) (bottom) and 2 ML MgO(001)/Ag(001) (top).
D,0 was dosed at 100 K, and spectra were recorded after heating to
the temperature indicated in the figure. (b) XP spectra (O 1s region)
of 2 ML MgO(001)/Ag(001) after initial adsorption of D,O at 100 K
and subsequent heating to the indicated temperature.

for c(4 x 2)-10H,0 and 2595 cm™ for p(3 X 2)-6H,0.
Because of the metal surface selection rule, the molecular water
species, which are oriented almost parallel to the surface in
both structures, give rise to only weak absorption signals. In
fact, they do not contribute to the IR spectrum of the p(3 X 2)
structure. In the case of the c(4 X 2) structure, combinations
of the symmetric and antisymmetric D,O stretching vibrations
lead to signal contributions in the 2100—2450 cm™ spectral
range, which are detected in the experiment as broad bands.
The additional absorption at around 2532 cm™' in the
spectrtum of D,O on 12 ML MgO(001)/Ag(001) is not
related to the ordered monolayer phases. Its origin will be
discussed in the next paragraph when the IRAS results for D,0O
on an ultrathin MgO(001)/Ag(001) film are presented.

A series of IRA and XP spectra of 2 ML MgO(001)/
Ag(001) recorded after initial adsorption of water (D,0)
multilayers at 100 K and subsequent heating to the indicated
temperatures in vacuum is shown in Figure 2a(top) and 2b.
Because multilayer desorption occurs at 150 K, the observed
spectral features can be attributed to the monolayer water
species. The XP spectrum presented in Figure 2b reveals, in
addition to the oxide O 1s peak at 529.6 eV binding energy
(BE), the presence of a hydroxyl species with $32.4 eV BE and
molecular water with 533.9 eV BE, confirming the mixed
molecular/dissociated nature of the monolayer phase. The
smaller intensities of the OD and D,O vibrations in the IRA
spectrum of the ultrathin film compared to the 12 ML thick
film observed experimentally is in agreement with the
prediction from DFT.** The positions of the OgD and OD;
signals are the same on both substrates, as shown earlier.?®

The evolution of the water monolayer-related vibrations
with increasing temperature (Figure 2a, 152—170 K) observed
in the present study for the ultrathin MgO film follows the
same trend as previously reported for a 12 ML thick
MgO(001)/Ag(001) film, suggesting the predominance of
the c(4 X 2) phase at lower temperature and a partial
transition c(4 X 2) — p(3 X 2) at increasing temperature.'’
Because of the smaller intensities of the water monolayer-
related vibrations, the previously mentioned broad band at
2532 cm™' appears more prominent in the spectra of the 2 ML
MgO(001)/Ag(001) sample. This band remains present upon
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heating to 300 K but disappears after annealing at 523 K. The
corresponding XP spectrum of the film heated to 300 K shows
noticeable intensity of the hydroxyl O 1s species (about 20% of
the full monolayer, Figure 2b). In agreement with previous
studies, we attribute these hydroxyl species to water adsorption
and dissociation at the nonpolar [100] step sites of MgO.”>*’
Steps are indeed the most abundant defects on the thin film
sample and exhibit higher reactivity toward water dissociation
than the (100) terrace sites.*’ The disappearance of the IRAS
signal at 2532 cm™' and the hydroxyl O 1s XPS signal after
heating to 523 K well agrees with the reported stability of
hydroxyl species at steps obtained from DFT calculations.*
3.2. STM of the Ordered Water Phases on 2 ML
MgO(001)/Ag(001). The spectroscopic results presented
above confirm that the water monolayer phases exhibit the
same properties and structures on an ultrathin MgO(001) film
and on bulklike MgO(001). For the STM investigations
presented in the following, we have therefore grown
MgO(001) films with a nominal thickness (2 ML) similar to
that used in the spectroscopic investigations. An STM image of
the clean surface of a MgO(001)/Ag(001) film is shown in
Figure 3a. It exhibits flat terraces of up to 70 nm width,

Figure 3. STM images taken at S K of 2 ML MgO(001)/Ag(001)
before (a) and after (b) adsorption of D,O at 160 K. (a) 7S nm X 30
nm, V, = +3.0 V, i, = 100 pA, (b) 25 nm X 10 nm, V, = —0.72V, i, =
30 pA. [The inset in (a) shows the LEED pattern of the MgO(001)/
Ag(001) film taken at E = 90 eV].

sufficiently large to enable the formation of long-range ordered
superstructures. For preparation of the water monolayer, we
used a slightly different water dosing procedure compared to
the spectroscopy measurements. Instead of water multilayer
adsorption at 100 K and subsequent heating, we saturated the
MgO surface with water directly at a sample temperature of
155—160 K, which is slightly above the multilayer desorption
temperature but well below monolayer desorption, and then
quickly cooled the sample to liquid helium temperature inside
the STM compartment. By using this procedure and according
to the infrared results presented in Figure 2a, we expect to
predominantly form the c(4 X 2) phase under these
conditions.

A larger scale STM image of such a preparation is shown in
Figure 3b, which presents a water-covered MgO(001) terrace
separated from neighboring terraces by monolayer (on the left-
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hand side) and bilayer (on the right-hand side) steps. Because
the step edges of the MgO islands run along the non-polar
(100) directions, the high-symmetry axes of the substrate can
be straightforwardly identified. We note that the island terrace
is not flat but exhibits a distinct periodic corrugation that
points to the presence of a superstructure formed by the
adsorbed water. In Figure 4a, where a detail of the MgO(001)

Figure 4. (a) Detail (13 nm X 6 nm) of the STM image shown in
Figure 3b. The inset is an atomically resolved image (4 nm X 2.4 nm)
of the MgO(001) surface obtained from the same sample. The scale
bar applies to both STM images displayed in (a). The stripes in the
STM image run along the [310] substrate direction (dashed white
lines). Neighboring stripes exhibit a perpendicular separation of 5.3 A
(see line scan). (b) Model of the c(4 X 2)-10H,O structure with the
conventional rectangular c(4 X 2) unit cell and corresponding
primitive rhombic unit cell. (Mg dark gray; O light gray and red; and
H white).

terrace is shown with enhanced contrast, the superstructure is
identified as parallel stripes with a perpendicular separation of
about 5.3 A (see line profile in Figure 4a). In addition, the
stripes appear to be not aligned along a high-symmetry axis of
the substrate.

To confirm the substrate orientation and determine the
stripe direction exactly, we have obtained from the same
preparation an atomically resolved image of the MgO(001)
substrate (see inset in Figure 4a). Typically, only one ionic
sublattice is resolved, most likely representing the positions of
the oxygen ions."" From Figure 4a, we have extracted the stripe
orientation and overlaid it onto the ionic lattice. The stripes
are rotated from the [110] direction by 26.5°. Close inspection
of Figure 4a reveals that neighboring stripes are separated by
two lattice constants in the [110] direction and one lattice
constant in the [110] direction. Thus, the stripes form a
commensurate superstructure with respect to the underlying
MgO lattice. The stripe direction can be identified as the [310]
substrate direction (Figure 4a).

Coming back to the models of the ordered water overlayers
shown in Figure 1, we note that the [310] direction is the
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diagonal of the conventional c(4 X 2) unit cell and represents
the direction of the principle lattice vector of the
corresponding primitive rhombic unit cell, which in matrix

notation reads (% B 1). To better illustrate this, we present in

Figure 4b a model of the c(4 X 2)-10H,O phase with the
conventional unit cell marked by the rectangle and the
corresponding primitive unit cell represented by the gray area.
The unit cell vectors of the primitive unit cell have a length of
6.66 A (assuming a bulk lattice constant of MgO, a = 2.98 A)
and each encloses an angle of 26.57° with the [110] substrate
direction. Note that the perpendicular distance between the
parallel sides of the rhombus is 5.3 A, similar to the
experimentally observed stripe separation in Figure 4a.
Combining all this information provides strong support for
the conclusion that the stripe superstructure imaged in Figure
3b represents the ordered c(4 X 2) water monolayer phase on
MgO(001).

Attempts to better resolve the c(4 X 2) phase with STM
were often not successful because of the presence of mobile
adsorbates on the surface, which led to unstable tip conditions
and streaky or blurred image appearance. An STM image of a
water-covered MgO(001) terrace with the stripe super-
structure, which exhibits some areas where better resolution
has been obtained, is shown in Figure Sa. The [310] stripe

Figure S. (a) STM image taken at S K (8.1 nm X 5.7 nm, V, = —1.1
V, i, = 50 pA) of the water monolayer on 2 ML MgO(001)/Ag(001).
The dashed lines represent the [310] substrate directions. (b) Detail
(2.2 nm X 1.6 nm) of (a) with an overlaid model of the c(4 X 2)-
10H,0 structure. (c) Simulated STM image (Vi,,, = —1 V) of the c(4
X 2)-10H,0 structure.

directions are indicated by dashed lines. The individual
protrusions are arranged in a rhombic lattice spanned by the
(310) family of substrate directions. A detail of Figure Sa
showing four protrusions arranged in the rhombic form is
presented in Figure Sb. The side length and enclosed angles of
the rhombus perfectly fit the dimension and angles of the
primitive unit cell of the c(4 X 2) structure. What remains to
be determined is the identity of the protrusions. We note that
the primitive unit cell contains five water molecules, out of
which four are molecular water and one is dissociated. Because
we image only one protrusion per primitive unit cell, we

3715

exclude molecular water and assign the protrusions to the OH;
groups of the c(4 X 2)-10H,0 structure as they are the most
obvious protruding element of this structure from a geo-
metrical point of view (Figure 1b). To support this assignment,
we compare our experimental STM images with simulated
images of the c(4 X 2)-10 H,O structure, which have been
obtained by applying the Tersoff—Hamann approximation
(Figure Sc). Because of the absence of molecular states for
water and hydroxyl groups at bias voltages around the Fermi
level, the contrast in the simulated image is entirely geometric
in nature and determined by the protruding OH; groups, thus
confirming our assignment.

In addition to regions on the surface of the MgO(001)/
Ag(001) thin film, where the long-range ordered c(4 X 2)-
10H,0 phase grows on larger MgO(001) terraces in a single
rotational domain (see Figure 3b), we also found areas, such as
the one shown in the STM image of Figure 6a, that appear to

Figure 6. (a) STM image taken at 77 K (6.1 nm X 3.7 nm, V, = —0.26
V, i, = 50 pA) of water on 2 ML MgO(001)/Ag(001). (b) Same area
as in (a) displayed with enhanced contrast and with an overlaid ionic
sublattice of MgO(001). All protrusions are located at the same kind
of lattice site. The lines connect nearest neighbor protrusions and the
different colors represent the two different rotational domain
alignments. (c) Model for the cluster formed by two corner-sharing
triangular structures [middle-right in (b)] constructed with the basic
structural unit of the c(4 X 2)-10H,O structure. (Mg dark gray; O
light gray and red; and H white).

exhibit, as judged by the number of protrusions observed, less
water coverage and less order. Indeed, the appearance of
Figure 6a strongly resembles that of STM images for individual
water molecules on MgO thin films reported earlier by Shin et
al.*® However, a closer inspection of this image reveals that the
protrusions are not randomly spread over the surface area but
arranged in groups that exhibit the general structural motif of
the c(4 X 2)-10H,O phase. To illustrate this point, we have
overlaid an ionic sublattice of the MgO(001) surface onto the
STM image and centered one lattice point on one of the
protrusions. As shown in Figure 6b, all observed protrusions
are aligned with the ionic sublattice. In addition, nearest
neighbor distances and position vectors appear mainly in two
groups, the next nearest neighbors in the (110) directions and
the nearest neighbors in the (310) directions, thus representing
the lattice directions and points of the c(4 X 2) structure in the

DOI: 10.1021/acs.jpcc.8b12256
J. Phys. Chem. C 2019, 123, 3711-3718


http://dx.doi.org/10.1021/acs.jpcc.8b12256

The Journal of Physical Chemistry C

two possible rotational domains. We, therefore, assign the
protrusions to the protruding OH; groups of the c(4 X 2)-
10H,0 structure.

In Figure 6b, we have connected neighboring protrusions
with differently colored lines according to their domain
alignment. From this representation it becomes clear that in
this particular image area the water molecules and hydroxyl
groups are arranged in clusters where the short-range order is
maintained. Within the clusters, small units of the c(4 X 2)
structure, most often not extending to a complete c(4 X 2)
unit cell size, are directly linked with small units aligned along
the other, 90°-rotated domain.

At this point, it is interesting to think about how the water
molecules in the overlayer have to rearrange, or if they have to
rearrange at all, to form the observed clusters. From previous
DFT calculations, which have dealt with the water coverage-
dependent formation of ordered (3 X 2) and (4 X 2) phases
on the MgO(001) surface, it is known that protruding OH;
groups also exist in structures with slightly lower coverage than
c(4 x 2)-10H,O, namely, p(4 X 2)-9H,0 and p(3 X 2)-
7H,0."” These structures are, however, energetically slightly
less favorable than the c(4 X 2)-10H,O phase. Nevertheless,
these results show that the factors that govern the formation
and stability of the protruding OH; are, apart from the
molecule—adsorbate interaction, the hydrogen-bond interac-
tion of OH; with the hydrogen atoms of the four water
molecules in the first coordination sphere (see Figure 1b).
Hence, it is tempting to construct a molecular model for the
structures observed in Figure 6a using this principal structural
unit of the c(4 X 2)-10H,0. As an example, we show in Figure
6¢ our model for the two corner-sharing triangular structures,
where each triangle represents half of the primitive c(4 X 2)
unit cell in the respective domain. Only one water molecule in
the first coordination sphere of the central OH; group has to be
rotated to establish a continuous hydrogen bonding network
over the two 90° rotated domains. While other arrangements
of water molecules around the OH; groups are probably
conceivable, this simple analysis demonstrates that, if at all,
only very minor geometrical rearrangements compared to the
original c(4 X 2) structural motif are necessary to be able to
construct molecular models of the short-range ordered water/
hydroxyl clusters present on the surface. The energetic cost for
the necessary rearrangements are expected to be minute, which
explains why the structures are stable and do not relax into the
energetically more unfavorable lower coverage structures at the
temperature of the experiment.

According to the IRAS data presented in Figure 2a and
considering the experimental conditions for water monolayer
preparation (160 K adsorption temperature), we may,
however, also find the lower coverage p(3 X 2)-6H,O phase.
In comparison with the c(4 X 2)-10H,0, the p(3 X 2)-6H,0
structure is much less corrugated and the two OH; groups in
the unit cell protrude only slightly out of the otherwise flat
water layer (Figure 1a). Identification of the p(3 X 2)-6H,0
structure by STM is hence likely to be more difficult. In Figure
7a, we show a detail of an STM image, where protrusions do
not form a rhombic lattice but instead are arranged in zig-zag
lines along the (110) direction with neighboring protrusions
connected along (100).

Overlaying a grid representing an ionic sublattice of the
MgO(001) surface reveals that the protrusions are indeed
separated by only nearest neighbor distances in (100)
directions (Figure 7b), which corresponds to the arrangement
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Figure 7. (a) STM image taken at 77 K (3.3 nm X 1.5 nm, V, = —0.53
V, i, = 50 pA) of water on 2 ML MgO(001)/Ag(001). As shown in
(b), the protrusions are arranged in zig-zag lines with a nearest
neighbor separation of one lattice constant in [100] directions. [The
grid represents a sublattice of the MgO(001) substrate.] (c) Same
STM image as in (a) with an overlaid model of the p(3 X 2)-6H,0
structure. The protrusions observed in the STM image fit to the
expected lattice position of the OH; groups. (d) Simulated STM
image (Vi = —1 V) of the p(3 X 2)-6H,0O structure.

of the OH; groups in the p(3 X 2)-6H,0 unit cell. We note
that a theoretically proposed p(3 X 2) structure with eight
water molecules per unit cell, with two dissociated molecules
and OH; groups protruding out of the water layer similar as in
the c(4 X 2)-10H,0 structure, would give rise to a similar zig-
zag appearance.'” However, this structure is energetically very
unfavorable. In addition, we find the apparent height of the
protrusions shown in the STM image in Figure 7a to be
smaller than those of the c(4 X 2)-10H,0O structure. Therefore,
we attribute the features in Figure 7a to small water clusters
that contain the basic structural motif of p(3 X 2)-6H,0
(Figure 7c). Again, our interpretation is supported by
comparison of the experimental image with the simulated
STM image in Figure 7d, where it is shown that the slightly
upward tilted OH; groups give rise to a zig-zag-like contrast.
However, in addition to the OH; groups, the neighboring
molecular water species, which form stripes along the [110]
directions, show up with considerable intensity in the
simulation for negative bias voltage corresponding to filled-
state imaging (Figure 7d). This might, however, be due to a
slight overestimation of the contribution of the highest
occupied molecular orbital of molecular water in the GGA
calculations. Generally, we expect the image contrast around
the Fermi level to be mainly determined by geometrical factors
because of the absence of molecular states.

Our STM results on the structure of the water monolayer on
MgO(001) are in agreement with the models of the c(4 X 2)-
10H,0 and p(3 X 2)-6H,0O structures previously proposed
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from DFT calculations. For the applied tunneling conditions,
the STM image contrast is determined by the protruding OH;
groups, and the observed periodicities are in agreement with
those expected for the arrangement of the OH; groups in the
c(4 x 2)-10H,0 and p(3 X 2)-6H,0 structures. Further
confirmation of the structural models would require a
simultaneous, or at least consecutive, imaging of OH{s and
the surrounding molecular water. STM image simulations
reveal that the vertically aligned OH{s determine the image
contrast of the c(4 X 2)-10H,O structure in a wide range of
bias voltages because of geometrical reasons (Figure 8a). In

a) c(4x2)-10H20  b) p(3x2)-6H20

©) 6(@x2)-10H20  d) p(3x2)-6H20

Figure 8. Simulated STM (a,b) and nc-AFM images (c,d) of the c(4
X 2)-10H,0 and p(3 X 2)-6H,0 structures. The images have been
generated for the bias voltages (STM) and tip-sample distances Az
(nc-AFM) indicated in the figure. Az is the distance between the
surface MgO plane and the oxygen atom of the CO-tip. Yellow
rectangles represent the unit cells of the structures and the positions
of the water molecules (blue) and OH; groups (orange) are indicated.

contrast, in the p(3 X 2) structure, the distinct OH; contrast is
only obtained for empty state images, whereas in filled state
images also molecular water is visible (Figure 8b). However,
such contrast has not been observed experimentally and, as
mentioned above, could be due to an artifact of the calculation.

Ultimately, nc-AFM with CO-functionalized tips could
provide the required information on molecular water species
within the 2D phases. nc-AFM has recently been applied to the
investigation of water clusters on, for example, thin NaCl(100)
films and Fe;0,(001) surfaces.*** As an outlook for future nc-
AFM studies of the water monolayers on MgO(001), we
present in Figure 8c,d simulated nc-AFM images of the c(4 X
2)-10H,0 and p(3 X 2)-6H,0 structures, obtained by
applying the probe-particle model.”® For c¢(4 X 2)-10H,0
(Figure 8c), the simulations reveal that at a large tip-sample
distance (Az), the image contrast is determined by the OH;
groups, similar as in our STM studies. At slightly closer
distance, a contrast reversal occurs, and triangular features
representing the water molecules appear, which may even
allow the orientation of the water molecules to be determined.
Interestingly, the model predicts a different Az dependence for
the p(3 X 2) structure (Figure 8d). Here, OHys dominate at
intermediate Az, giving rise to a zig-zag appearance similar as
in our STM images (Figure 7), whereas at larger distances also
a zig-zag line appears, which, however, originates from the
molecular water species. At a closer approach, the model
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predicts for both structures the observation of sharp lines and,
finally, again a contrast inversion, which can be explained by
Pauli repulsion and lateral relaxation of the probe particle.

4. CONCLUSIONS

In conclusion, our low-temperature STM study of water
monolayers on ultrathin MgO(001)/Ag(001) films revealed
morphological signatures that are in agreement with the
models of the c(4 X 2)-10H,0 and p(3 X 2)-6H,O structures
predicted for bulk MgO(001). Furthermore, IRAS confirmed
the similarity of the water monolayers on ultrathin and bulklike
MgO(001) films. Thus, we conclude that the structural
properties of the water monolayers are not affected by the
MgO film thickness and possible charge transfer through the
film.

Our STM images show that the c(4 X 2)-10H,O monolayer
grows in single-domain orientation on large MgO(001)
terraces. However, also metastable water/hydroxyl clusters
have been found, which often consist of directly linked, 90°-
rotated c(4 X 2) units. The present study provides further
proof of the predicted structures of water monolayers on
MgO(001), in particular regarding the position and arrange-
ment of the OH; groups within the unit cells. Because nc-AFM
image simulations reveal distinct H,O and OH™ contrast for
different tip-sample distances, we suggest that additional
information about the orientation of the molecular water
within the monolayer could be obtained in the future by using
nc-AFM with CO-functionalized tips.
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