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Abstract

Ab initio calculations based on both density-functional theory (DFT) and
Hartree-Fock (HF) methods are used to investigate the energetics and equi-
librium structure of the stoichiometric and reduced TiO, (110) surface, the
adsorption of potassium on the (100) surface and of water on the (110) sur-
face. It is shown that DFT and HF predictions of the relaxed ionic positions
at the stoichiometric surface agree well with each other and fairly well with
recent x-ray diffraction measurements. The inclusion of spin polarisation is
shown to have a major effect on the energetics of the reduced surface formed
by removal of bridging oxygens or by the adsorption of alkali metal overlay-
ers. The gap states observed to be induced by reduction are not reproduced
unless spin polarisation is included. Static and dynamic DFT calculations on
adsorbed water on TiO; (110) confirm that dissociation of H;O leads to sta-
bilisation at low coverages, but suggest a more complex picture at monolayer

coverage, in which there is a rather delicate balance between molecular and



dissociated geometries.




I. INTRODUCTION

Until recently, the understanding of oxide surfaces lagged far behind that of metals and
semiconductors. This was partly because of experimental difficulties, and partly because the
complexity of many oxide materials made them difficult to study with accurate theoretical
methods. The situation is now changing rapidly, and the last few years have seen important
new experimental measurements' 2 as well as accurate quantum-mechanical calculations on
a variety of oxide surfaces and on adsorbed molecules®.

Titanium dioxide (TiO;) is of particular interest, both because of its important and
varied applications, and because of the challenges it poses to ab initio theory. The theoretical
problems arise from the treatment of exchange and correlation in partially occupied d-states
when the material is reduced. These problems make it interesting to compare different ab
initio methods. We have therefore used both density-functional theory (DFT) and Hartree-
Fock (HF) approaches using plane-wave and local basis sets in order to explore the sensitivity
of the computed answers to the approximations made. Our calculations address three issues:
the equilibrium structure of the perfect surface; the atomic and electronic structure of the
reduced surface obtained both by removal of oxygen and by addition of alkali metal; and
the energetics and structure of water adsorbed on the surface.

Early ab wnitio calculations on the energetics and relaxed structure of oxide surfaces were
made on MgO (001) using HF theory®, and HF calculations have since been reported on

6710 The HF approach has also been used in

several other oxide surfaces, including Ti0O,
ab initio studies of molecular adsorption, work on H,O adsorption at MgO (001)!? being
particularly relevant to the results to be reported here. DFT methods began to be applied to
oxide surfaces somewhat later, but progress has been rapid, and a number of detailed studies
have been reported on perfect and defective oxide surfaces, as well as on the adsorption of
simple molecules!® 24,

The equilibrium positions of the ions at oxide surfaces can differ greatly from their

perfect-lattice positions, and the comparison of predicted and measured positions is an



important way of testing the reliability of the theoretical methods. Recent progress in the
application of glancing angle x-ray diffraction to oxide surfaces provides detailed surface
structural information for the first time. We shall compare DFT and HF predictions of
the relaxed positions at the perfect TiO, (110) surface with the very recent diffraction
measurements of Charlton et al.®>. The comparisons demonstrate both the good accord of
the two theoretical approaches and their semi-quantitative agreement with experiment.

Departure from stoichiometry is a characteristic of transition-metal oxides. Reduction
by removal of oxygen is particularly important, since experiments are often performed un-
der ultra-high vacuum, which tends to induce oxygen loss. In addition, many experiments
require significant surface conductivity, which is often produced by deliberate reduction.
Reduction is also important in practice, since TiO, is often substoichiometric in real ap-
plications or under processing conditions. We shall present DFT and HF calculations on
the relaxed structure of the reduced TiO, (110) surface and on its electronic structure. A
major issue here is that of spin polarisation, since reduction from Ti** to Ti®*' necessarily
leads to unpaired electrons, and we shall show that the inclusion of spin polarisation in the
calculations is essential. Reduction can be produced not only by oxygen removal but also by
the adsorption of reducing species such as alkali metals, and we shall present HF calculations
on the effects of K adsorption on the TiO, (110) surface.

Finally, we shall address the problem of water adsorption. Recent static?! and dynamical
calculations®® indicate that H,O dissociates rather readily on TiO, (110). We present new
calculations which confirm this, but which also suggest that the balance between molecular

and dissociative adsorption is quite delicate.

II. TECHNIQUES

The DFT-pseudopotential and Hartree-Fock techniques for calculating the energetics

25,26

of solids and their surfaces have been reviewed extensively*>*°, and here we give only a

brief summary. Both techniques work with single-electron orbitals ;(r) which satisfy a



Schrodinger-like equation:
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where the potential operator is separated into the electron-nucleus interaction V., the
Hartree potential Vg, and an operator V.g representing the effects of exchange and cor-
relation. However, the meanings of the orbitals ; and the operator Vg are different in the
two approaches.

In DFT, the v;(r) are not real single-electron wavefunctions, but are merely auxiliary
quantities used to represent the electron density n(r). The exchange-correlation operator
has the form of a local potential V.g(r) which is defined to be the functional derivative
8Eyc/6n(r), where E,. is the exchange-correlation energy. The major issue in DFT is the
approximation used for F,..

Until recently, most DFT work on solids was based on the local-density approximation

(LDA)?":

Em:/amﬂ%mm% (2)
where €,.(n) is the exchange-correlation energy per electron in a uniform electron gas of
density n. This works well for many bulk solids, but is not accurate enough for molecular
dissociation energies, and most of the work to be described later is based on generalised
gradient approximations (GGAs)?®?? in which the dependence of E,. on gradients of n(r)
is included.

A widely-used implementation of DFT combines a plane-wave basis set with the pseu-

dopotential method3?:3!

. The pseudopotential method assumes that the core electrons are
in the same states as in the free atoms, and the pseudopotential represents the interaction
between valence electrons and the ionic cores. The pseudopotential is generated via DFT
calculations on free atoms. Errors can arise from the choice of pseudopotential, but these
errors are usually under satisfactory control. In the pseudopotential approach, it is common

practice to use supercell geometry (i.e. periodic boundary conditions) and plane-wave basis

sets, so that the occupied orbitals 1;(r) are expanded as:



Pi(r) = EG: cic exp(1G - r) (3)

where the sum goes over reciprocal lattice vectors G of the supercell lattice. This is an infinite
sum in principle, but in practice it is restricted to those G for which A*G?/2m < E.u;, where
E.y; 1s a chosen cut-off energy. The size of E.,; governs the completeness of the basis set.
The practical determination of the ground state is performed by minimising the total energy
of the system with respect to the plane-wave coeflicients c;g.

For some of the work on TiO,, it is essential to include electronic spin. The generalisation
of DFT to include spin polarisation is formally straightforward, and GGAs in which E,.
depends on the densities ny(r) and n|(r) of up- and down-spin electrons are well established.
In practice, we perform the calculations by fixing the separate numbers of spin-up and spin-
down electrons in advance. Comparison of ground-state solutions with different spin excesses
is then made to determine the lowest-energy solution.

In contrast to DFT, the HF approximation attempts to describe the many-electron wave-
function ¥(rq,...,ry). The orbitals v; appearing in equation (1) are the factors in the

antisymmetrized product representing ¥:

U(ry,..,ty) = A (f:[l ¢i(ri)) . (4)

The operator V.g now represents the non-local exchange interaction between single-electron

orbitals:

Ve u(x1) = [ dra V(rs,xa)o(ra)
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By definition, electron correlation is neglected in this approach, though approximations

are available for reintroducing correlation3? 34

. It is common practice to represent the ;
in a local basis set of Gaussian orbitals, in which all the required integrals are analytic.

Spin-polarised calculations are readily performed in the HF approximation. Because the

energy expression is based on analytic integrals, the numerical stability is very high, and



very small magnetic coupling energies can be studied. Different spin states can be explored
by initialising the calculation with a superposition of spin-polarised ions.

Our DFT-pseudopotential calculations have been performed using two separate codes:
the CASTEP code? (or its parallel version CETEP3%) and the VASP code®®. The two
codes employ essentially the same overall strategy, namely a ground-state search by global
minimisation of the total energy with respect to the plane-wave coefficients. The differences
are that VASP uses more efficient search techniques, and is also able to use Vanderbilt-type
ultrasoft pseudopotentials®”, which means that a given accuracy can be achieved with much
smaller plane-wave basis sets. The HF calculations described later were done using the

widely used CRYSTAL package?®3®, which is also capable of performing DFT calculations.

III. THE TIO, (110) SURFACE

Several research groups have recently used ab #nitio methods to investigate the relaxed
structure of the TiO, (110) surface. Surface x-ray diffraction measurements of the relaxed
ionic positions at the surface have given crucial evidence that the theoretical predictions
are essentially correct. We compare here the experimental values of ionic displacements
with published DFT predictions'®, and with our own previously unpublished HF and DFT-
pseudopotential predictions.

The structures of the perfect crystal and of the perfect stoichiometric surface are shown
in figure 1. A prominent feature of the surface are the rows of ‘bridging’ oxygens which stand
proud of the surface plane of Ti and O ions. The latter plane contains two kinds of Ti ions:
6-fold coordinated Ti ions lying beneath bridging oxygens, and exposed 5-fold Ti ions; the O
ions in this plane are referred to as in-plane O. Experiment and previous calculations show
substantial displacements of these surface ions away from their perfect lattice positions, and
they also show that 6-fold Ti and in-plane O move out of the surface, while 5-fold Ti and
bridging O ions move in.

Our new DFT-pseudopotential calculations were performed with Vanderbilt ultra-soft



pseudopotentials using the VASP code®. Exchange and correlation were included using the
Perdew-91 GGA functional?®. We employed the usual supercell method, and the surface
was treated using periodically repeated slab geometry (see figure 1). In this scheme, it
is absolutely crucial to ensure that the slab thickness L and the width L’ of the vacuum
layer between neighbouring slabs are large enough so that interactions between surfaces
are negligible. We have systematically studied the convergence of the equilibrium surface
structure as L and L' are increased. We find that convergence with respect to L' is very rapid,
and a vacuum width of 4 A reduces errors in relaxed positions to ~ 1072 A. Convergence
with respect to L is more complex, and we find oscillatory effects due to interactions through
the body of the slab. However, when L is increased beyond ~ 20 A, the errors in relaxed
positions again fall below ~ 1072 A.

A detailed theory-experiment comparison of the ionic displacements is given in Table VI.
We note the following points: first, independent DFT-pseudopotential calculations are in
quite satisfactory agreement with each other; second, DFT and HF calculations are also
in reasonable accord; third, the theoretical and experimental displacements are in semi-
quantitative agreement, except for the bridging oxygens. The reason for the substantial
discrepancy for bridging oxygens is unclear, but it is evidently significant, since all the
calculations show roughly the same discrepancy.

Overall, the present understanding of the equilibrium structure of the stoichiometric
surface seems to us fairly satisfactory, and we think it provides an adequate basis for the

work on molecular adsorption and surface reduction reported below.

IV. REDUCED TiO,

We now turn to the reduced TiO, (110) surface. As explained in the Introduction,
reduction can be produced either by removal of oxygen or by adsorption of reducing species
such as alkali metals. We begin by considering oxygen removal.

Two questions arise when considering a transition-metal oxide which is oxygen deficient.



The first is, what is the defect structure, both physical and electronic, associated with the
reduction? The second question is, what are the consequences of the reduction for surface
structure, reactivity, transport etc. For TiO, it turns out that the defects associated with
reduction are in themselves very complex, and here we shall confine ourselves to the first
of these questions. Specifically, we will look at oxygen vacancies in the bulk and on the
(110) surface. The examination of computed results from both DFT theory implemented
using pseudopotentials and a plane wave basis set and HF theory using local basis functions
allows us to examine the sensitivity of these results to the main theoretical and numerical
approximations made.

3+

A familiar feature in experimental studies of reduced Ti0O, is the presence of ‘Ti°*’ iomns.

39 and we summarise the key

The evidence for this description is discussed in reference
features here. The ultraviolet photoemission spectroscopy (UPS) spectra contain a bandgap
feature for reduced samples which is interpreted in terms of occupied states formed from
Ti(3d) orbitals®®*°, a view supported by the resonant behaviour of UPS across the range
of photon energies corresponding to the Ti 3p-3d excitation threshold. The shift of the
Ti(2p) core levels seen in x-ray photoelectron spectroscopy (XPS)*! and the lack of surface
conductivity also evidence the localised nature of the additional electrons. Regardless of the
location of the oxygen vacancies (i.e. in the bulk or at a surface) the energy levels of the
excess electrons lie in the upper half of the bulk bandgap, though their position depends on
the degree of reduction. The exact nature of these states, and their relation to the oxygen
vacancy, have not been established by experiment.

There have been previous theoretical studies of the reduced (110) surface of TiO;. Most
of these predict gap states, but there is no accord on the surface defect structure responsible
for these states. Wang and Xu*? (tight-binding extended Hiickel), and Tsukada et al.*®
(DV-Xa cluster methods) both find the states 0.7 eV below the conduction-band minimum.
However, Munnix and Schmeits**, using a tight-binding model, found that gap states only
occurred after the removal of sub-surface oxygen atoms.

It is of course highly desirable that first-principles methods be able to describe the



electronic structure of reduced transition-metal oxides, TiO5 being a particular case. The

fact that the Ti*" ion in rutile is in the d° state, and that upon moderate reduction Ti®*

ions in the d* state are produced, has important consequences for the use of DFT theory.
The failure of the LDA approximation to produce the correct ground state in many tran-

45 For example La;CuOQ, is described as a

sition metal oxide systems in now well known
non-magnetic metal when in reality it is a magnetically ordered wide band gap insulator.
Although for many years this failure was attributed to an incorrect treatment of electron
correlation we now know that a qualitatively correct ground state is obtained if the de-
Ja6—48

scription of the exchange interaction is improve This understanding underpins the

alternative corrections to the LDA such as the self interaction correction (SIC-LDA)*"8
and the inclusion of explicit on-site potentials (LDA+U)*. In the HF approximation the
exchange interactions are treated exactly, and this is therefore of great interest in these

49751 One might expect such corrections to be rather small for the d' state expected

systems
in reduced TiO, because the orbital is not excessively contracted (W. Temmerman, private
communication). It is therefore interesting to compare the results of LSDA calculations
and HF calculations in some detail. As will become clear from our results, a qualitatively

correct description of excess-electron gap states in TiO; can be obtained from spin-polarised

calculations performed within either Hartree-Fock or DFT approximations.

A. The oxygen vacancy in bulk TiO,

It is natural to approach the question of reduced TiO;, through calculations on the bulk
material, but this immediately raises the question of the defect structure of TiO,_,. This
is a surprisingly complex issue, since a family of stable Magnéli phases®? is found to occur
between Ti;O03 and TiO,. It is beyond the scope of this work to calculate the most stable
structure for a given stoichiometry, and this is not necessary for the present purposes. Here
we investigate the predictions of spin-polarised DFT and HF for the electronic structure

of the reduced bulk, the general features of which should not depend on the exact defect
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structure. One caveat is that the defect concentrations accessible to simulation are much
higher than those encountered in experiment, a fact which should be borne in mind when
comparisons are made.

Using plane-wave pseudopotential DFT, we have treated systems consisting of one, two
and eight unit cells, each containing a single vacancy?*. In each case we find that the lowest
energy state is spin-polarised, with the two excess electrons occupying states formed from
Ti(3d) orbitals. For all three defect densities studied, these states are localised on the three
Ti ions nearest to the oxygen vacancy. The energies of these states lie in the gap between
occupied and unoccupied levels: for the largest system they were 1.3 — 1.9 eV above the
valence band maximum, and occupied similar positions in the other systems. This behaviour
is in contrast to spin-paired calculations on reduced TiO,. These do not give gap states,
and instead yield metallic solutions in which the excess electron states, although still formed
from Ti (3d) orbitals, remain in the conduction band, and are not localised. The energy
gained through spin polarisation (i.e. the energy drop in going from spin-paired to spin-
polarised solutions) ranged from 0.2 — 0.5 €V. For the two unit cell system we performed
full structural relaxation. This did not change the character of the excess-electron states,
but did raise their energies in the gap slightly.

Unrestricted Hartree-Fock calculations on the reduced bulk have also been made, using
a system of four unit cells formed by doubling in the {001}-plane!®. To make explicit
allowance for the possibility that the excess electron density resulting from oxygen removal
might localise, at least in part, at the vacancy site, as it does at the MgO (001) surface'®*3
we have carried out calculations using basis sets both with and without the complete set
of oxygen functions at the vacant (oxygen) site. For the bulk vacancy, i.e. TigO;5, both
basis sets lead to insulating, triplet spin ground states, with that derived from the larger
basis set (vacancy functions included) lower in energy by 1.4 eV. The Mulliken population
analysis of bulk TiO, indicates site charges of Ti(+2.8) and O(—1.4) and thus when an O
vacancy is created an excess electron density of —1.4 is generated. In this state —0.8 of

the excess electron density is localised at the vacancy in a diffuse s-like orbital, —0.4 at the
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nearer of the two Ti sites and —0.1 at the other Ti, while the net spin populations at the
three sites are 0.8, 1.0 and 0.2 respectively. Both solutions are triplet spin polarised, with
gap states 1 — 2 eV above the valence band upper edge. States of this kind were only found
in spin-polarised (unrestricted) solutions.

The reason for the differences between spin-paired (restricted) and spin-polarised (un-
restricted) solutions lies in the nature of the states occupied by the excess electrons. The
removal of a neutral oxygen ion leaves two electrons which previously occupied O(2p) levels
in the valence band. These states are no longer available, and the electrons must go into
the conduction band, the bottom of which is formed from Ti(3d) orbitals. Without spin
polarisation the excess-electron states are forced to be doubly occupied. The spin-polarised
solution also has the excess electrons occupying Ti(3d) orbitals, but now these electrons
are unpaired, which is the origin of the large energy difference between the two solutions.
The occupation of spin-unpaired orbitals rather than the partial occupancy of spin-paired
orbitals reduces the on-site exchange energy but increases the kinetic energy. In these nar-
row d-bands it is clear that the exchange term dominates, and therefore the ground state
has spin-polarised electrons which are localised on the Ti sites®®. The energy gained lowers
these states. A further consequence is that the spin-unpaired orbitals contract closer to
the 1onic core, which is apparent through comparison of the excess-electron charge density
distributions from the spin-paired and spin-polarised calculations (not shown here).

Whilst yielding results that are qualitatively similar, there are notable differences between
the DFT and HF solutions for the reduced bulk. HF predicts that at least some of the
excess-electron charge occupies the oxygen vacancy site, whilst in all three DFT calculations,
negligibly small charge density was located there. This difference indicates that the nature
of the electronic state is sensitive to the approximations made. We are currently examining
the cause, which may be due to the different one electron potentials or to the numerical
approximations (basis set, pseudopotential). The variation in the position of the excess-
electron levels above the valence band is of less concern: the significant points are that in

both cases they are separated from unoccupied levels, and that this separation arises from
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spin-polarisation.

B. The reduced (110) surface

The surface calculations we report here have used periodically-repeating slab geometry,
as indicated in figure 1 and discussed previously. The reduced 1x1 surface is formed by
removing all the bridging oxygen ions, giving a density of surface vacancies of one mono-
layer, and a total of four excess electrons in the slab. We have performed both DFT?*
and HF'° calculations on this surface, and in both studies we investigated solutions with
spin-polarisation and full structural relaxation. Here, we make direct comparison of the pre-
dictions of the methods. In addition, the plane-wave study includes spin-paired solutions,
allowing us to assess the effects of spin-polarisation, both at fixed geometry and after full
relaxation.

Both methodologies yield ground-state solutions that have insulating spin-polarised
states above the valence band maximum, and these states localise the excess charge roughly
equally on the two surface titanium ions, in bands formed of Ti(3d) orbitals. According to
HF, these states lie 2—3 eV above the valence band maximum, while DFT places them 0.71
to 1.8 eV above; the lowest unoccupied states are about 1.9 eV above the valence-band edge,
less than the experimental bandgap (3.1 eV)*° as is usual for DFT eigenvalues. These latter
results are illustrated in figure 2, which shows the calculated density-of-states for up- and
down-spin electrons. The excess-electron states are clearly visible in the up-spin density, and
some spin-polarisation of lower levels is apparent. In these calculations, we did not attempt
to find the magnetic ground state, since the energy difference between ferromagnetic and
anti-ferromagnetic solutions is expected to be no more than a few meV. However, the HF
calculations show that the anti-ferromagnetic solution is the most stable. Comparison of the
spin densities yielded by the two theories (not shown here) shows them to be very similar,
underlining the agreement as to the qualitative nature of the electronic ground state. This

picture is in good accord with experiment: UPS measurements®>*¢ on the Ar-ion-bombarded
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(110) surface show that at low defect concentrations, a band of gap states exists, centred 2.3
eV above the valence band maximum. The gap state lies in the upper half of the gap, and
moves up towards the bottom of the conduction band as the defect concentration increases.

In table II we report the ionic relaxations. From DFT calculations, the stoichiometric

results of Lindan et al?*

are reproduced for reference, along with the displacements on the
reduced surface calculated without and with spin-polarisation. To complete the table we
show results for the reduced surface using unrestricted HF°,

Reduction of the surface produces very different relaxations compared with the stoichio-
metric case: the fivefold Ti now remains close to the bulk terminated position, the sixfold
Ti relaxes into, rather than out of, the surface, and the in-plane oxygens move much further
out of the surface. The results with spin-polarisation are in good agreement for the two
methods, and it is notable that the inclusion of spin-polarisation makes little difference to
the relaxed geometry. An interesting feature is that the spin polarised DFT solution has
small displacements of the in-plane oxygens along [001], thereby lowering the symmetry of
the surface. This surprising result is a direct consequence of the nature of the excess-electron
states, and is caused by the interaction of these states with the oxygen ions. The Ti(3d)
orbitals rotate about [110] which, along with the oxygen displacements, reduces the overlap
of the charge density on the oxygen ions with that of the Ti(3d) electrons.

Perhaps the most striking feature of the DFT results is the energetics: for identical ionic
configurations (the relaxed, stoichiometric positions minus the two bridging oxygen ions,
a 16-ion system) we find that a spin-polarised solution with four more electrons spin-up
than spin-down is 2.77 €V (1.1 Jm™?) lower in energy than the spin-paired solution. After

structural relaxation of both systems, the difference in energy is 3.98 eV (1.6 Jm~2). For

the spin-polarised system the energy gained by relaxing the ions was 2.8 eV.
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C. Reduction by K adsorption on the (100) surface

Controlled reduction of oxide surfaces may be achieved by adsorbing alkali metal overlay-
ers. Because of the intrinsic interest in the surface electronic structure and the technological
importance of such overlayers a number of experimental studies have recently been per-
formed on these systems. The adsorption of potassium on NiO®? and ZnO%8, cesium on
NiO®*? and sodium on MgO® have been reported. The surface geometry of the adsorbed
species 1s found to be strongly dependent on the nature of the substrate. Potassium on
ZnO (0001) leads to an ordered p(2 x 2) overlayer whereas potassium or cesium on NiO
and sodium on MgO forms islands around surface defects. On these metal oxides a strong
interaction between the alkali metal and surface oxygen atoms is seen. Theoretical studies of
these systems have been inhibited by the complex nature of the electronic structure. To our
knowledge, no theoretical investigation of the nature of alkali metal adsorption exists, al-
though LMTO-DFT methods have recently been used® to study transition metal overlayers
on TiO, (110).

A number of recent experimental investigations have probed the geometry and electronic
structure of potassium and sodium adsorption on TiO, surfaces®?2787, Low energy electron
diffraction (LEED) data indicate that K adsorption on the (100) surface at half-monolayer
coverage results in an ordered c(2 x 2) geometry®?. This is confirmed by x-ray absorption
(SEXAFS) studies which also probe the local geometry of the K site®®. The electronic
structure has been studied using photoelectron spectroscopy®® which revealed the existence
of K-induced band gap states on titanium atoms some 1 —2 eV above the valence band edge,
as for the substoichiometric surface (see above). These states are apparently populated by
charge transfered from the K overlayer to the substrate.

In the present work, we have performed HF calculations on the adsorption of K on the
TiO, (100) surface. The c(2 x 2) surface unit cell is shown in figures 3 and 4 in the geometry
obtained by relaxing the K position and top two layers of atoms (O(y) ,0¢a), Tis) and Tiyy).

The symmetry of the surface was retained; symmetry equivalent atoms are labelled with
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suffix ¢ in figure 3. A number of adsorption sites for the K atom on the unrelaxed surface
were studied. At the short bridge site (bridging O(;) and O(a,)), the ‘4-fold hollow’ site
(equidistant from O(1),0(1a), O(z) and O(z4)) and the atop site (directly above one of the
oxygen atoms), the energy was significantly higher than that obtained for adsorption at the
long bridge site (bridging O(1), O(2)). Relaxation of the K ion and the top two layers of the
substrate results in the geometry displayed in figure 4. The optimal adsorption site is with
the K atom 1.16 A above the surface oxygen plane and equidistant (2.59 A) from the O(y,)
and O,y atoms. This agrees well with the K-O bond length of 2.62 A found in SEXAFS
studies®®. The K is 0.06 A nearer Ti(4) than Ti(3). The surface oxygen layer shows significant
relaxation as O(;) and Oyaq) move closer together along the [001]-direction to increase the
effective coordination of Ti(4) (see figure 4). The surface oxygen and the titanium layers
(as defined by Ti(s,) and Ti(4)) move in opposite directions along the [010]-direction so that
there is further increase in the effective oxygen coordination of the surface Ti sites. Similar
relaxations have been observed on clean TiO, surfaces'®??, the main difference here being
the tendency of Ti) to have closer coordination to the K than Tis).

Some understanding of this rather curious adsorption site can be obtained by examining
the charge and spin distributions at the surface which were estimated using a Mulliken
population analysis®®, table III. The K atom is almost completely ionised, with 0.97|e]
being transferred to the surface. This charge is distributed over the Tiyy (0.34 |e|) and
the two surface O-sites (0.32 |e|). The Ti(s) site is almost unperturbed. The nature of this
electronic state is even clearer in the spin populations. A single unpaired spin is generated on
the Tig) site. The adsorption process can therefore be considered to involve charge transfer
from the K atom to a specific surface Ti site generating a spin polarised Ti** ion which,
being negative compared to the lattice Ti*" ions, forms an ionic bond to the K.

The density of states for this surface is compared with that in the bulk crystal and
clean surface in figure 5. The broad valence band between —7.5 eV and the valence band
maximum at 0.0 eV is dominated by O, orbitals and varies only in detail between the bulk,

clean surface and K-adsorbed surface. The clear signature of K adsorption is the band-gap
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state 1.4 eV above the valence band maximum, which is similar to the states observed at
2 — 3 €V on the reduced TiO; (110) surface discussed in section IV. As mentioned above,
this spin polarised state is almost entirely localised on the Tig4) site. K-induced band-gap

62—64

states are observed in photoelectron spectroscopy at 0.9 eV binding energy or 1 — 2 eV

above the valence band maximum.

V. WATER ON TiO, (110)

Water interacts quite strongly with many oxide surfaces, and there have been many
experiments on adsorbed water. In the case of MgO (001), there is now rather firm evidence
from experiment and theory that water is adsorbed in molecular form on the perfect surface,
and that dissociation occurs only if defects are present'®*. The situation on TiO, (110)

® Thermal desorption and UPS™ experiments have been interpreted as

is not so clear®
showing that water adsorbs dissociatively at sub-monolayer coverage. But very recently,
high-resolution electron-energy Loss (HREELS) measurements”™ have given evidence that
dissociative adsorption occurs only at somewhat lower coverages, with molecular adsorption
becoming dominant as monolayer coverage is approached.

Recently we reported exploratory DFT-pseudopotential calculations of water adsorption,
in which fully relaxed adsorption energies were obtained for a number of different configura-
tions®'. The simplest molecular candidate has the HyO molecule coordinated by its O atom
to a 5-fold surface Ti site; the simplest dissociated configuration has the water OH™ ion at
the 5-fold site (we call this a terminal hydroxyl), and the H* ion attached to a bridging O
ion to form a second type of hydroxyl ion (a bridging hydroxyl). With monolayer coverage
and with the constraint of full symmetry (i.e. the molecular and OH~ axes point along
the surface normal), a comparison of these two showed that the molecular configuration
is more stable, with E,4; = 0.82 €V, compared with F.3, = 0.45 eV for the dissociated

configuration. However, the symmetrical dissociated configuration is only metastable, and

by allowing the axes of the O-H groups to vary in a plane normal to the surface, distortion
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occurs to produce hydrogen bonding between the two kinds of OH™ group; the resulting sta-
bilisation increases E.4s to 1.08 €V. The conclusion is that for the configurations examined,
dissociation is energetically favoured.

Support for dissociative adsorption at lower coverage comes from our recent dynamical
DFT simulations®®, in which the time evolution is obtained when a H;O molecule coming
from the gas phase reacts with the surface. We examined the adsorption of a single molecule
on a surface doubled along [001] (i.e. with a 2x 1 area), which corresponds to half-monolayer
converage. From several initial conditions studied we could not find a molecular adsorption
site: once near one of the fivefold Ti sites, the molecule spontaneously dissociated on the
surface, and the resulting configuration was similar to that identified in the monolayer-
coverage static calculations. As an illustration of the time evolution, we show in figure 6
three snapshots from one of the simulations, showing the spontaneous formation of the two
types of surface hydroxyl group mentioned above. After relaxation of the final dynamics
configuration, the distance between the O and H in the broken water bond was 1.8 A. This
i1s the typical length of a hydrogen bond, and indeed there are clear signs of interaction
between these atoms, as we describe shortly.

One way to analyse the adsorbed species on a surface is to use an experimental technique
which probes the vibrational spectra of those species. Henderson™ used HREELS techniques
to do this for water adsorbed on TiO, (110). In interpreting these results, certain assump-
tions must be made as to the signals expected for the adsorbates. In particular, it is assumed
that hydroxyl groups contribute sharp, high-frequency peaks to the spectra. Thus, dissoci-
ation of water should be signalled by two such sharp peaks (the two hydroxyl groups are in
different environments) and an absence of the bond-bending frequency corresponding to the
molecular vibrational mode in which the H-O-H angle varies.

We have performed equilibrium MD simulations at low temperature from which we have
calculated the vibrational spectra of the hydrogen ions. Surprisingly, we find that only the
terminal hydroxyl group gives a well-defined high frequency signal. The bridging hydroxyl

has a broad vibrational spectrum. These features are shown in figure 7. Direct examination
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of the vibrational motion shows that this broadening is due to the hydrogen-bonding inter-
actions along the broken water bond: the thermal motion results in considerable variation of
length of this hydrogen bond, which consequently alters the vibrational frequency of the hy-
drogen ion. The high-frequency features we calculate appear to agree well with the HREELS
spectrum in the corresponding frequency range. (We note that for technical reasons, these
simulations employed an artificially large hydrogen mass of 3 amu. This lowers the vibra-
tional frequencies, but leaves the shape of the spectrum unchanged.) The conclusion from
these calculations is that the vibrational signals of adsorbates may not be as anticipated

™ a clear bond-bending signal is

from simple arguments. However, according to Henderson
present at this coverage, a fact which our calculations do not explain. Of course, since we
have only performed calculations at half-monolayer coverage in which a single molecule is
treated ezplicitly, we cannot investigate intermolecular interactions which may be important
at high coverage. Therefore, our most recent calculations aim to investigate the effect of
intermolecular interactions on adsorption.

We have taken the hydroxylated surface structure yielded by our previous MD studies of
water adsorption?®, and explored the adsorption of a second molecule on the surface. Again,
we used several initial configurations, but the only adsorption site we found was over the
second fivefold Ti site, i.e. the one not occupied by a hydroxyl group. At this site, the
molecule adsorbs molecularly, and lies almost flat on the surface. This configuration, shown
in figure 8, allows the formation of hydrogen bonds to both the surface bridging oxygen
ion and the OH™ group which was produced by dissociation of the first molecule. Thus,
from these calculations, we find that the most stable configuration at monolayer coverage
is one containing both dissociated and molecular water molecules. Note that in this state,
the separation of the molecule H and the terminal-hydroxyl O is around 1.8 A, very similar

to the length of the hydrogen bond in the water dimer”

. In fact, the geometry of the
adsorbates is closely related to the dimer geometry. A metastable state, in which both

molecules are intact, lies about 0.2 €V above this state. This remarkable result may provide

an explanation of experiment, since it is clear that the adsorption state depends crucially on
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the interactions between molecules, and hence on the coverage. In addition, the vibrational
spectrum calculated from this surface contains a clear bond-bending signal, and is thus in
good agreement with the HREELS data.

The interaction of water with this surface is clearly a rather subtle matter, and the
hydrogen bonds between water molecules and hydroxyl groups are of crucial importance.
Explicit examination of these interactions is vital if the correct adsorption state is to be
determined. Also, since some of these states are of rather similar energy (within a few tenths
of an eV), further refinement and re-examination of our static calculations is warranted.

We are therefore performing additional static-relaxation calculations using improved
pseudopotentials. These pseudopotentials are of the ‘ultrasoft’ type due to Vanderbilt®’.
Their advantage is that smaller plane-wave cut-offs (i.e. smaller basis sets) can be used
without sacrificing accuracy, and this will allow us to go to larger supercells. We have
used these pseudopotentials to investigate the wider range of adsorbate geometries shown
in figure 9. In addition to the symmetric molecular (SM) and symmetric and unsymmetric
dissociated (SD and UD) configurations studied before, we now include the unsymmetrical
molecular configurations (UM1, UM2 and UM3) shown in the figure. These new configura-
tions were chosen on electrostatic grounds, which suggest that it should be favourable for
the water O to coordinate to 5-fold Ti and for both the H atoms to coordinate to O ions.
This can be achieved in three ways: both Hs to the same bridging O (UM1); both Hs to
two different in-plane Os (UM2); and one H to a bridging O and the other to the O of the
water molecule in the neighbouring cell, which is one of its periodic images (UM3).

We have calculated fully relaxed adsorption energies for these six configurations at mono-
layer coverage, using the three-layer slab. The values are systematically ~0.3 eV higher than
those found in our previous static calculations, and we believe that part of the reason may
be that the previous calculations were done at a slightly larger lattice parameter. However,
the adsorption energies for SM, SD and UD are in the same order as before, and the differ-
ences between them are similar. The new molecular configurations are all stable, with E,g4,

values of over 0.5 eV, and the most stable case, UM3, has an E,4s which is only slightly
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less than that of the most stable dissociated configuration. It is interesting to note that
the molecular configuration UM3 is very similar to the configuration of the molecule in the
mixed adsorption state found via the dynamics calculations at full coverage.

If one takes the static and dynamic calculations together, they suggest several things.
Firstly, dissociation is clearly favoured at half-monolayer coverage, but at full coverage
there are significant intermolecular interactions which make the molecular and dissociative
adsorption energies similar. Another consequence of these interactions is that the molecule
lies flat in the most stable molecular adsorption geometry, thereby forming a hydrogen
bond along [001] with its neighbour. Our larger, two-molecule calculations allow additional
stabilisation to occur through the contraction of this bond, and in fact show that the lowest-
energy geometry is the mixed dissociative/molecular state shown in figure 8. By analogy
with the water dimer we may expect that this hydrogen bond contributes around 0.2 eV™2.
Having demonstrated the importance of intermolecular interactions for water on this surface,
we must note that the real adsorption geometry may have a periodicity other than the 2 x 1
case we have studied, but it is certain that it is not of 1 x 1 symmetry. Also, our results
indicate that at finite temperatures, a given molecule will fluctuate between a dissociated
and molecular state. Finally, we note that the lattice parameters of the substrate material
may be crucial in determining the mode of adsorption. SnQO,, which also has the rutile
structure, has larger a and ¢ parameters and therefore neighbouring H,O molecules or O-H
groups would be further apart than on the TiO, surface. The effect of this on the strength

of the hydrogen bonds may result in very different behaviour.

VI. CONCLUSIONS

Our ab wniteo calculations on TiO, have been used to study: the equilibrium structure
of the stoichiometric (110) surface; the atomic and electronic structure of TiO, surfaces
reduced by removal of oxygen and by addition of potassium; and the molecular and disso-

ciative adsorption of water at the (110) surface. We have shown that DFT and Hartree-Fock
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calculations give very similar predictions for the ionic displacements at the stoichiometric
(110) surface, and that these are in semi-quantitative agreement with recent experimental
measurements. The most important conclusion from our calculations on oxygen vacancies
in both the bulk and at the surface is that spin unpairing is a dominant effect. Qur DFT
calculations show that the unpairing of spins leads to a substantial lowering of the total
energy and to the appearance of the localised states in the band gap which are observed
experimentally. Unrestricted Hartree-Fock calculations yield gap states with the same gen-
eral characteristics. The two theoretical methods predict ionic displacements at the reduced
(110) surface which agree very closely with each other. Our HF calculations show that K
bonds to the TiO, (100) surface via charge transfer of an electron into a particular sur-
face Ti site. The resulting geometry is in excellent agreement with recent x-ray adsorption
data. The gap states induced by surface reduction are similar to those observed on the non-
stoichiometric surface. Finally, our static and dynamic DFT calculations on the adsorption
of water on TiO, (110) are consistent with earlier findings that dissociation gives stabili-
sation at half-monolayer coverage. However, our new dynamical calculations at monolayer
coverage indicate a more complex picture in which water is present in both molecular and

dissociated forms, which is consistent with recent HREELS measurements.
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TABLES

(c) (d)
Label| [110]  [T10]| [110]  [T10]| [110]  [T10] [110] [T10]
1 013 0.00 023 0.0 013  0.00] 012 40.05  0.00 -
2| -017 000/ -0.11  0.00 -0.13  0.00] -0.16 +0.05  0.00 -
3| -0.06 000/ -0.02 000 -0.11  0.00] -0.27  +0.08  0.00 -
4/ 013 -0.04| 0.18 -0.05/ 0.9 -0.07] 005 40.05 -0.16  +0.08
5| 013 004/ 0.18 0.05 0.09 0.07 005 4005 0.16  +0.08
6| -0.07 000/ 0.03 000 -0.04 0.00 005 +0.08  0.00 -
7 0.06  0.00] 012  0.00 - -l 007 4+0.04  0.00 -
8| -0.08  0.00| -0.06 0.00 - | -0.09  4+0.04  0.00 -
9| 0.2 000 0.3 000 -001 0.00 000 +0.08  0.00 -
10/ -0.03 -0.05 0.00 -0.02 - | 002 4006 -0.07 +0.06
11/ -0.03 005  0.00  0.02 - | 002 4006  0.07 +0.06
12| -0.01  0.00/ 0.03  0.00 - | -0.09  +0.08  0.00 -
13 - -/ 0.00 0.00 - | -0.12  4+0.07  0.00 -

TABLE I. Ionic displacements due to relaxation of the (110) 1x1 surface. Labels refer to figure

1(c). The displacements are in A, and are from the bulk terminated positions. The results are

from: (a) DFT calculations by Ramamoorthy et al.'®; (b) the present DFT calculations; (c) the

present HF calculations; and (d) surface x-ray diffraction experiments?.
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(110)1 x 1 Reduced (110)1 x 1
(a) (b) (©) (@)
Label|  [110]  [110] [110]  [T10]| [110]  [T10]  [oo1]|  [110]  [T10]
1 0.09 0.00 -0.13 0.00 -0.11 0.00 0.00 -0.10 0.00
2 -0.12 0.00 0.00 0.00 0.01 0.00 0.00 -0.02 0.00
3 -0.09 0.00 - - - - - - -
4 0.11 -0.05 0.40 0.09 0.39 0.10 -0.04 0.39 -
5 0.11 +0.05 0.40 -0.09 0.39 -0.10 0.04 0.39 -
6 -0.05 0.00 -0.02 0.00 -0.05 0.00 0.00 - -

TABLE II. Ionic displacements due to relaxation of the (110) 1x1 surface. Labels refer to figure

1(c). The displacements are in A, and are from the bulk terminated positions. (a) stoichiometric

surface, (b) reduced surface without spin-polarisation, (c,d) reduced spin-polarised surface. The

results are from plane-wave pseudopotential DFT calculations (a,b,c) and Hartree-Fock calculations

(d).
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Atom Q Q-Qclean Spin
O 9.49 0.32 0.00
O(z) 9.49 0.32 0.00
Tia) 19.34 0.06 0.01
Ti(q) 19.62 0.34 0.99
O(s) 9.48 0.02 -0.01
O(e) 9.48 0.02 0.00
O(r) 9.43 0.00 0.00
O(s) 9.44 0.02 -0.01
Ti(e) 19.19 0.00 0.01
Ti10) 19.19 0.00 0.01

K 18.03 - 0.00

TABLE III. A Mulliken population analysis of the charge (Q |e|), charge difference with respect

to the clean surface (Q-Qciean |€|) and spin density (|e|) of the c¢2 x 2-TiO; (100)K surface.
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FIGURES

FIG. 1. The (110) surface of TiO,. Light and dark spheres indicate titanium and oxygen ions
respectively. (a) perspective view showing the slab geometry used. The simulation cell is extended
for display purposes. The fivefold- and sixfold-coordinated titanium sites and the bridging oxygen
site are labelled 5f, 6f and BO respectively. (b) The 1 x 1 surface unit cell used in the simulations.

(c) Side view of the relaxed stoichiometric geometry.

FIG. 2. Densities-of-states g(E) for spin-up (ST) and spin-down (S|) electrons, calculated using
DFT, for the reduced 1 x 1 surface after structural relaxation. The energy zero is set at the topmost

occupied state.

FIG. 3. Plan view of the unrelaxed (100) surface. The 1 X 1 unit cell is represented by the
rectangular box whilst the diamond box marks the c¢(2 X 2) supercell used. The ¢(2 X 2) adsorption
geometry for the K ion is also shown. Non-irreducible atoms (those symmetry related to atoms in

the asymmetric unit of the surface unit cell) are labelled with the suffix ‘a’.

FIG. 4. The relaxations of the substrate (A) upon K adsorption. The K ion is shown in its

optimised position.

FIG. 5. Hartree-Fock densities of states projected onto Ti and O sites for bulk TiO,, and the
clean (100) and (100)c(2 x 2) K surfaces. The shading indicates states derived from the induced

Ti3t ion.

FIG. 6. Three snap-shots from a dynamical simulation of an H,O molecule being dissociatively
adsorbed on the TiO; (110) surface?®. Large, medium and small spheres represent O, Ti and H
atoms respectively. Time proceeds from left to right, with an interval of ~ 0.2 ps between successive

frames.
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FIG. 7. Power spectra for the hydrogen ions in (a) the terminal hydroxyl and (b) bridging
hydroxyl groups after water dissociation?®. The simulation was at 120 K. Note that the frequencies
are shifted because of the use of a large hydrogen mass (see section V). Note also the different

y-scales used.

FIG. 8. Relaxed ionic configuration for two water molecules adsorbed at monolayer coverage
on the (110) surface. Ti and O are represented by light and dark large spheres repectively, and
the small spheres represent H. The relaxation was performed on the configuration resulting from
the dynamical simulation described in section V. This is the lowest-energy configuration found at
monolayer coverage. (a) View looking down onto the surface. The 2 x 1 area of the simulation cell
is outlined, and the dashed line indicates the boundary between the two 1 X 1 cells that form the
surface. (b) View along (110). Note the contraction along the H-bond joining the H;O molecule

and the O-H group.

FIG. 9. Schematic representation of adsorbate geometries for water investigated using DFT
static-relaxation calculations. The labels are defined in the text. The 1 X 1 surface unit cell was

used in all calculations, thus fixing the coverage at one monolayer.
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