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Strongly bonded water monomers on the ice Th basal plane: Density-functional calculations
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The adsorption of water monomers on noncrystallographic sites of the ice Ih basal plane is calculated from
first principles. The results presented here do not support previous theoretical findings that state molecular
adsorption energies in excess of the bulk cohesive energy. Still, due to an enhanced strength of the surface
hydrogen bonds compared to the bulk, the admolecules are found to lower the ice surface energy. For the
surface structures investigated here, the monomer adsorption energies are found to be rather insensitive with
respect to the detailed microscopic structure of the underlying substrate. The latter, however, determines the

adsorption-induced changes of the surface dipole layer.
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Water is one of the few substances that occurs naturally in
all three phases. Its solid phase, ice, appears as an amorphous
solid or in more than a dozen of different lattice structures,
depending on external pressure and temperature.! The flex-
ibility of the hydrogen bond, together with the preferred tet-
rahedral coordination of water molecules allow for this large
variety of solid phases. Under ambient conditions, ice crys-
tallizes in the ice Ih phase. Its bulk properties are rather well
understood.>* The oxygen atoms form a regular hexagonal
lattice. The two hydrogen atoms belonging to an oxygen
atom lie between two of the four oxygen neighbors, obeying
the Bernal-Fowler ice rules.’ The proton configuration is dis-
ordered.

In contrast to the bulk material, the ice surface structure
is still not really understood. The question of existence of
a quasiliquid layer on the ice surface, for instance, dates
back to Faraday.® Understanding the Ih(0001) basal plane
has been the aim of numerous experimental and theor-
etical investigations, see, e.g., Ref. 7 for a review of early
work. More recently, dynamical low-energy electron diffrac-
tion (LEED) at 7=90 K accompanied by Hartree-Fock
total energy calculations and semiempirical molecular dy-
namics (MD) simulations found the Th(0001) basal plane
to be fully bilayer-terminated and unreconstructed.®’
Also, helium atom scattering on thick ice layers, grown at
T=125 K, showed the surface to have 1 X 1 hexagonal sym-
metry and to be terminated by a full ice bilayer.!® X-ray
absorption spectroscopy measurements on ice films grown at
T=130,...,150 K, on the other hand, indicate the occur-
rence of occupied surface sites different from bulk crystallo-
graphic positions.'"!? The reported onset temperatures T, of
surface premelting depend strongly on the respective method
and experimental conditions. Surface vibrational spectros-
copy studies found 7,~200 K.'* Other experimental studies,
however, found 7, as high as T,=260 K.'* Theoretical stud-
ies on the premelting of the surface reported significant sur-
face disordering at 7=230 K in a semiempirical MD study'>
and at T=190 K in a Car-Parrinello MD study.'® Obviously,
the picture of the ice surface structure depending on tempera-
ture is far from complete. However, in the low-temperature
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regime, the assumption of a crystalline surface covered with
admolecules seems to be justified.

Recent empirical calculations'” using the TIP4P
potential]8 considered the adsorption, diffusion, and island
formation of water admolecules on ice. Surprisingly, for
some adsorption configurations it was found that the binding
energy of water admolecules exceeds the cohesive energy of
the bulk.'” Motivated by these findings, our paper aims at
providing reliable ab initio results for the binding of water
molecules on the crystalline Th(0001) surface.

To this end, density-functional theory calculations (DFT)
are performed, using a plane-wave basis and the projector
augmented wave method (PAW)!? as implemented in the Vi-
enna ab initio simulation package (VASP).?*2! The
exchange-correlation contribution to the total energy is mod-
eled wusing the generalized gradient approximation
(GGA).?>?3 For comparison, some calculations were per-
formed within the local density approximation (LDA).2* The
plane-wave cutoff for the wave-function expansion is 30 Ry.
The surface is modeled by periodically repeated slabs. Each
slab contains four bilayers of ice within a 2 X2 periodicity
(see Fig. 1 for the side view). The slabs are separated by a
vacuum, equivalent in thickness to four bilayers. Both the
number of k points and the thickness of the slab and the
vacuum were tested for numerical convergence. Somewhat
in contrast to the case of bulk calculations, we found the
k-point sampling to be of minor importance for the calcula-
tion of adsorption energies. Upon changing the sampling of
the surface Brillouin zone (SBZ) from using the I' point only
to a regular mesh of six k points in the irreducible part of the
BZ, the calculated adsorption energies change only by a few
meV per adsorbate molecule. We use six k points for all
surface calculations presented below. The adsorption geom-
etries are relaxed until the remaining forces on the atoms are
below 5 meV/A. The oxygen atoms of the bottom bilayer
are kept fixed in their ideal bulk positions.

The description of hydrogen bonds is sensitive with re-
spect to the exchange-correlation functional used.? Using the
PWO1 (Ref. 22) and PBE (Ref. 23) functionals, Hamann?
obtained results for the sublimation energy, equilibrium vol-
ume, and bulk modulus in very good agreement with experi-
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FIG. 1. (Color online) Side view of one of the used ice cells.
Red (white) circles denote O (H) atoms.

ment. We performed bulk ice calculations using the unit cell
of Ref. 3 together with 12 special k points in the irreducible
part of the BZ. These calculations result in an ice cohesive
energy of 0.70 eV for the PW91 functional, somewhat below
the experimental value of 0.58 eV per molecule,” (see Fig.
2). The present result exceeds the value of 0.55 eV calcu-
lated in Ref. 3, but agrees with other recent calculations.?®?’
The PW91 equilibrium lattice constant 4.418 A is about
1.8% smaller than the experimental value of 4.497 A .>® Be-
cause the PBE and PW91 functionals lead to almost the same
results, PW91 is used throughout the rest of this work. The
contribution of lattice vibrations to the sublimation energy of
the crystal was estimated, using monochromatic and Debye
approximations for the intramolecular and rotational (trans-
lational) vibrations, respectively. These sum up to
88 meV per molecule, in excellent agreement with the ex-
perimental result of 90 meV.?

To assess the influence of the proton disorder on the total
energy of the slab describing the surface (Fig. 1), different
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FIG. 2. Cohesive energy per water monomer in ice Th for dif-
ferent XC functionals. Data are fitted using the Murnaghan equation
of state. The experimental values (Ref. 25 and 28) are indicated by
the diamond.
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FIG. 3. (Color online) A type site: one proton up. Relaxed ge-
ometries in position A-1 (left) and position A-2 (right); top views
(above) and side views (below). The dark red atom denotes the O
atom of the adsorbate molecule.

configurations were calculated. The total energy was found
to vary less than 5 meV for the different structures. This
confirms earlier force-field results for bulk ice cells.?® The
proton disorder within the slab is therefore not expected to
affect the binding energy of an admolecule significantly. We
construct the slab cells by first choosing the hydrogen ar-
rangement at the surface and then proceed to distribute—
obeying the ice rules—the remaining protons. The cells are
set up to have a net zero dipole moment.

First, the adsorption of single monomers on the full-
bilayer terminated surface is studied. Out of the many ad-
sorption sites possible, we focus on the most favored struc-
tures considered in Ref. 17. The possible binding sites are
classified by the orientation of the three nearest water mol-
ecules in the uppermost surface layer. Four arrangements are
possible. The first one (A) has one hydrogen atom pointing
up. The possible adsorption configurations A-1 and A-2 are
shown in Fig. 3. They differ with respect to the lateral posi-
tion of the admonomer. In both cases, the adsorbed mol-
ecules behave similarly: They rotate toward the surface and
establish hydrogen bonds with the substrate oxygens. The
nearest upward-pointing OH group on the surface rotates to-
wards the admolecule to form a third hydrogen bond. The
rotation is restricted by the hydrogen bonds with the other
substrate molecules.

The binding energy of the adsorbate in A-1 is 0.58 eV,
about 82% of the bulk cohesive energy (cf. Table I). This is
in clear contrast to the TIP4P calculations that find the sur-
face bonding stronger than in the bulk.!” Still, the adsorption
energy calculated here is larger than possibly expected, given
that only three hydrogen bonds to the substrate are formed,
compared to four in the bulk case. However, already for
liquid water it was recently argued that undercoordinated wa-
ter monomers tend to enhance the existing hydrogen bonds
compared to the bulk configuration.? In the present case, the
admolecule does not have a regular crystal position and the
uppermost substrate molecules also relax from their ideal
bulk positions. The internal relaxation of the admolecule is
small, only the OH bond is slightly stretched compared to the
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TABLE 1. Adsorption energies and geometries for the configu-
rations shown in Figs. 3-5. d(OH) is the bond length(s) of adsor-
bate OH group(s) involved in bonding, d(OH-O) the hydrogen
bond length(s) to the substrate, and d’'(O-HO) the distance from
adsorbing oxygen to upward pointing OH group(s).

Adsorption energy d(OH) d(OH-O) d'(0-HO)

Geometry (eV) (A) (A) (A)

A-1 0.575 0.99 2.04 1.78
0.99 2.06

A-2 0.552 0.98 2.25 1.82
0.98 2.05

B-1 0.548 1.00 1.79 1.94

2.60

B-2 0.550 1.00 1.81 2.07

2.26

Bridge 0.576 1.01 1.68 1.69
1.01 1.68

gas-phase geometry. The uppermost substrate molecules
move up by up to 0.3 A. This decreases the OH-O hydrogen
bond lengths, which vary from 1.78 to 2.06 A. However,
they are still remarkably larger than the bulk value of 1.69 A.
The HOO hydrogen bond angles vary from 12.9° to 18.4°.
These values are well within common geometrical bound-
aries for hydrogen bonds.?*3° To estimate the influence of the
substrate relaxation on the binding energy, an A-1 geometry
with frozen substrate was calculated. Its binding energy of
0.44 eV shows that the substrate relaxation accounts for
0.14 eV of the total adsorption energy.

The A-2 adsorption energy is 0.55 eV, about 79% of the
bulk cohesive energy. The adsorbing molecule donates two
hydrogen bonds to the substrate atoms and accepts one hy-
drogen bond from the upward-pointing OH group. The sub-
strate atoms participating in the bonding shift slightly to-
wards the adsorbate. The H-donating molecule moves most,
about 0.3 A. The admolecule nearly preserves its gas-phase
structure: The OH bonds are slightly stretched to 0.98 A; the
HOH angle decreases to 103.8°. The OH-O distances and
HOO angles of the three hydrogen bonds vary between 1.82
and 2.25 A, and 13.3° and 18.9°, respectively.

Another possible adsorption site (B) has two hydrogen
atoms pointing up in the uppermost ice layer. The relaxed
adsorption configurations B-1 and B-2 are shown in Fig. 4.
Again, they differ with respect to the lateral position of the
adsorbate. In both cases, the admolecule donates a single
hydrogen bond to the substrate and accepts two weaker
bonds from the surface molecules. Its OH group is elongated
to 1.00 A; the OH-O distance is about 1.80 A. However, fi-
nite HOO angles of 11.0° and 10.6° remain for B-1 and B-2,
respectively. The two upward-pointing OH groups on the
surface rotate towards the adsorbing molecule’s oxygen to
form weaker hydrogen bonds. The binding energies are in
both cases about 0.55 eV and thus very close to the A-2
binding site. For B-1 we determine a substrate relaxation
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FIG. 4. (Color online) B type site: two protons up. Relaxed
geometries in position B-1 (left) and position B-2 (right); top view
(above) and side view (below).

contribution of about 0.17 eV to the total adsorption energy.
This is slightly larger than in the A site, because the rotation
of two surface OH groups towards the adsorbate yields a
higher gain in binding energy.

Interestingly, although the adsorption sites are clearly dif-
ferent, the calculated adsorption energies are rather similar,
with only a slight preference for the A-1 site. However, if we
compare the geometrical properties of the hydrogen bonds
formed (see Table I), we find that all bonding situations are
rather similar. One rather short hydrogen bond (bond length
1.8 A) and two longer hydrogen bonds (longer than 2.0 A)
form. The longer bonds are in addition more distorted than
the short bonds. This holds for all investigated adsorption
sites. Thus, the direct vicinity of the adsorbing molecule is
not as important for the adsorption energy as might be ex-
pected. Instead, a variety of adsorption sites offer similar
possibilities for the water molecule to establish hydrogen
bonds. The contributions of zero-point vibrations are there-
fore expected to be similar in all studied cases. Furthermore,
they are expected to be smaller than the bulk value of
88 meV per molecule.

There are two more adsorption sites conceivable: One
with three and one with zero protons pointing up at the sur-
face. Within a 2 X2 surface periodicity, however, no corre-
sponding slabs can be set up that obey both the ice rules and
have a net zero dipole moment. Because the surface period-
icity of 4 X2 that is compatible with these requirements is
presently too large for our computational resources, we can-
not consider these structures. In any event, the adsorption of
water monomers on sites with three or zero protons pointing
up was previously found to be far less favored than in A or B
configurations.!”

The relation between the adsorption energy of an admol-
ecule and the surface formation energy per surface molecule
determines the formation of either flat or rough surfaces. We
find that depending on the specific geometry the adsorption
of water monomers lowers the surface formation energy—
compared to the ideal termination—slightly, by up to
0.03 eV. The DFT calculations thus predict a weak tendency
to surface roughening.
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FIG. 5. (Color online) Bridge configuration. (a): top view; (b):
side view.

We also investigate one adsorption configuration for
higher coverage, two molecules arranged in the 2 X 2 surface
cell as suggested in Ref. 31. The relaxed geometry is shown
in Fig. 5. The calculated adsorption energy for this configu-
ration is 0.58 eV per molecule and thus nearly equal to the
most preferred single admolecule configuration A-1. Again,
we have a slight overbinding compared to the bulk cohesive
energy: with three newly established bonds we have an en-
ergy of 0.38 eV per bond, compared to 0.35 eV in bulk ice.
The two admolecules relax into a structure similar to the
gas-phase water dimer,? but slightly contracted. This dimer-
like structure allows us to establish rather unstrained hydro-
gen bonds to the substrate. Indeed, all adsorption-induced
hydrogen bonds have a bond length of about 1.69 A, close to
the bulk value. The relaxation of the substrate molecules is
small, with shifts of 0.10 A and 0.19 A. However, these re-
laxations lead to the enhanced binding energy per bond when
compared to the bulk.

A further increase of adsorbate coverage should result in
the formation of the next half bilayer on the surface. How-
ever, our calculations show that this is not a stable configu-
ration; the uppermost half bilayer tends to separate from the
underlying bulk. This result is in agreement with experimen-
tal findings.'”

Generally, adatoms or adsorbed molecules may cause or
modify a surface dipole layer. This allows us to determine
the initial-state contributions to the ionization energy333* that
can be considered to dominate in the cases of doped semi-
conductors. For molecular crystals, in addition, final-state ef-
fects may be important for the total ionization energy. Still,
changes of the surface dipole layer will also in this case
largely determine the changes of the ionization energy.
Therefore we study the influence of admolecules on the
variation of the local effective potential V,,.(r) across the
surface region. It is given in DFT-GGA as

V(D) = VES(7) + Vi (P) + Vo (7), (1)

where V}5(7), V,(7), and V,(F) are the local part of the
pseudopotential, the Hartree and the exchange-correlation
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FIG. 6. (Color online) Averaged and smoothed potential differ-
ences with respect to the clean surface (see text), plotted along the
surface normal. Dashed vertical lines indicate the substrate ice
layers.

energy, respectively. Laterally averaging V,,.(r) yields the
in-plane averaged potential V;,.(z). By subtracting the poten-
tial V9 (z) of the free surface

AVloc(z) = Vloc(z) - V?oc(z)’ (2)

the influence of the adsorbate on the local potential is ob-
tained. In Fig. 6, AV,,.(z) is plotted for all investigated con-
figurations along the surface normal z. Here the potential is
also smoothed along z over the width of one ice bilayer. In
all cases, the adsorbed molecules change the electrostatic
potential near the surface and to some extent in the slab.
However, only in the A sites a significant increase of the
surface dipole layer (indicative for an increase of the ioniza-
tion energy or photoelectric threshold) of more than 0.5 eV
is observed. This contrasts with the far larger changes of the
ionization energy calculated for molecular adsorption on
semiconductor surfaces (see, e.g., Ref. 35).

In summary, the adsorption of water monomers on the ice
Ih basal plane is found to be energetically very favorable. In
contrast to earlier empirical calculations, however, we do not
find adsorption energies in excess of the bulk cohesive en-
ergy. Still, due to an energy gain per hydrogen bond larger
than in the bulk, the adsorption of admolecules lowers the
surface energy. This is expected to favor the formation of
rough surface structures which may be suitable to explain
recent experimental findings of an abundance of isotropically
distributed OH groups that terminate the crystalline ice.’!
The adsorption of water monomers has little impact on the
surface dipole layer.
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