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First-principles study of potassium adsorption on TiO, surfaces
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We present amb initio study of alkali metal adsorption on metal oxide surfaces. We have investigated the
changes that occur to the structure and electronic properties of the rutile (TBD) surface when a%
monolayer of potassium atoms is adsorbed. The K atoms are reducéditmias charge transfer occurs from
the K orbital to localized Tiy orbitals at the surface of the substrate. The occupiggstates lie about 1 eV
above the @, valence band maximum in agreement with recent photoemission studies. ;fjlstatés are spin
polarized and are similar to those found at oxygen deficient, 8@rfaces. The geometric structure also
undergoes significant relaxation as the lattice is polarized around the reduced Ti sites. The calculated surface
structure is in excellent agreement with x-ray adsorption d&@163-18209)04224-1

l. INTRODUCTION NiO,?° and sodium on Mg@3! The surface geometry of the
adsorbed species is found to be strongly dependent on the
Titanium dioxide and its surfaces have been extensivelyature of the substrate. The adsorption of potassium on ZnO
studied in recent years. This effort is motivated in part by the0001) leads to an ordereg(2x2) overlayet® whereas
many important industrial applications of TiOThe material  potassiunf or cesium® adsorption on NiO and sodium ad-
is a vital ingredient for the manufacture of pigmérasd gas  sorption on MgO(Ref. 2)) lead to the formation of islands
sensorg. The catalytic propertiéd are still being explored around surface defects. On these metal oxides a strong inter-
and new applications exploiting these properties are beingction between the alkali metal and surface oxygen atoms
investigated at the present tim&iO, is also of interest as a can be inferred from charge transfer measurements. To our
model system for studying the physical and chemical propknowledge, no theoretical investigation of the nature of this
erties of complex metal oxides. The simple, highly symmet-interaction has been published.
ric rutile structure is amenable to simulation using a variety A number of recent experimental investigations have
of first principles(ab initio) technigques. The electronic struc- probed the geometry and electronic structure of potassium
ture is characterized by the “emptyd orbitals on the for- and sodium adsorption on TiGsurfaces:?>~2Low energy
mally “4+" titanium ions. The role of thed states in the electron diffraction(LEED) data indicate that K adsorption
remarkable physical and chemical properties of stoichioon the(100 surface at half-monolayer coverage results in an
metric TiO, is not yet fully understood. orderedc(2x2) geometry?? This is confirmed by surface
TiO, is readily reduced with oxygen vacancies playing ax-ray absorption fine structufSEXAFS studies which also
crucial role in the formation of bulk defect pha8emd the probe the local geometry of the adsorption $t@he elec-
reconstructions of th¢100) surface’™® Studies of the re- tronic structure of the surface has been studied using photo-
duced(100 (Ref. 7 and (110 (Ref. 14 surfaces have re- electron spectroscopywhich revealed the existence of a K
vealed that the excess electrons resulting from the formatiomduced “band gap” state with Tj character about 3 eV
of oxygen vacancies localize on the diorbitals forming a above the valence band maximu@dBM). Similar states
state above the £ band. The location of this state was have been reported for K-adsorption on the FiQ110)
determined, using band-mapping photoemission experisurface?® Such states are indicative of a reduced suffacel
ments, to be about 3 eV above thg,(hand maximunt®  in this context are apparently populated by charge transferred
Theoretical calculations on the reduc€dlO) surface have from the K overlayer.

reported similar states at 1-2 eV above thg, ®and®*’ In recent years, the increasing sophisticatiorabfinitio
with the reduced Ti ions inducing local distortions of the techniques has made it possible to simulate realistic pro-
lattice at the surfac®. cesses at surfaces, often gaining valuable insighte Most

A more controlled reduction of the surfaces can betheoretical studies of solid state systems are based on either
achieved by adsorbing species which readily donate eleddartree-FockHF) or density functional theor¢DFT) which
trons to the substrate. Control of the exposure of the surfacdiffer in their treatment of the electron exchange and corre-
to the adsorbate and measurement of the coverage allows tteion. HF theory treats electron exchange exactly but ig-
degree of reduction to be varied and monitored. In this connores correlation whereas DFT approximates both exchange
text the interaction of alkali metals with the surface is of and correlation effects. In the current work, we have carried
particular interest. Various experimental studies of alkaliout an investigation of alkali metal adsorption on a metal
metal adsorption on metal oxides have been reported, fasxide surface using periodigb initio simulations. We have
example, potassium on Ni@Ref. 18 and ZnO*° cesium on  used HF theorywhich has been shown in recent work to
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provide an accurate description of the ground state energetics
and electronic structure of transition metal insulatb?8 to
examine the K adsorption process in order to better under-
stand the nature of the charge transfer state and its conse
quences for the geometry and electronic structure. Supple-
mentary calculations were performed using DFT within the
local density approximatiofLDA) to facilitate comparisons
with previous DFT studi€§ of reduced TiQ surfaces.

The paper is organized as follows. In Sec. Il we describe
how the system was modeled and give the computational
parameters used. The results are presented in Sec. Il ant
discussed in Sec. IV. Finally our conclusions are given in
Sec. V.

1. COMPUTATIONAL DETAILS

All calculations in this study have been performed using
the CRYSTAL95 program in which the crystalline orbitals de-
scribing the wave function of the system are built from a
linear combination of atomic orbitald CAO).3* Atom cen-
tered Gaussian functions withp, or d symmetry are used to
describe the atomic orbitals. For comparison, electron ex-
change and correlation effects were treated using both HF [100] [oo1]
and DFT-LDA (Refs. 35 and 3Bapproximations.

The approximation to the wave function introduced by
using a finite basis set is critical to the cost and accuracy of
the calculations. We have used titanium and oxygen basi
sets optimized in recent studies of the bulk and surfaces
TiO, (Rel;sg.8 17, 37, and 38 which are presented
ﬁle?\?e\:,v:ire% a Lgtféllfu\llitlzrfgg\?)p ttl)rgsilssg;fﬁgrs_}riugtr:gegv € Other approxima_tions are introduced as a consequence of

. . the use of local basis functions. &4RYSTAL the convergence
where the valence electrons are described by two indepen;

dent radial basis functions. The potassium basis set is also f the direct space summations of the Coulomb and ex-
: P c%ange contributions to the Fock matrix are controlled by

double valence basis set developed from that used in PreVkve overlap criteria. The control of these approximations is

grL:]SaIT tggis 225&;' (-)rtr;?]tfgg)evlvehirr? TZ ?;iégﬁf:;d ZVYS ith 4 described elsewhef8.In this study, we have used values of
P P P ' 107% 1075 1075 10, and 1012 which have been found

and 2),3 electrons in Ti and P(Ref.'4j) and the & electrons to produce numerical errors in the relative energies of differ-
in O.* The resultant DVSC basis set has been thoroughlyém structures in the order of 0.001 &%/46:37

tested in other bulk and surface investigations of J&nd is ' '
found to yield structural parameters converged to within
0.02 A of those extrapolated to the infinite basis set lithit.
For the purpose of comparison, the calculation of small en-
ergy differences and for the calculation of the electronic ~
structure we have used a more sophisticated triple valence GG 9
all-electron(TVAE) basis set for Ti, 38 and K#0-3°

K
The structural model for th€100 surface of TiQ is a I ? long bridge 3 .
two dimensional slab periodic in tH®10] and[001] direc-

[010]

FIG. 1. A section through the nine layer slab model viewed in
e[001] direction. All inequivalent atoms are labeled.

surface structure to within 0.01 X.

tions but finite in the[100] as illustrated in Figs. 1 and 2. ( short bridge o

This makes it unnecessary to converge the calculations with

respect to the interslab vacuum distance inherent in the su > " g 2 ’
A

percell approximation used in many plane wdP&V) stud-
ies of TiO, surfacet?'®It has been shown in previous stud-
ies that a slab thickness of nine atomic layétgee TiGQ
formula unitg is adequate to model the structure and ener-
getics of this surface accuratélyThe surface unit cell of the 1001)
c(2X%2) structure is shown in Fig. 2.

The k-space sampling was performed on a Pack-
Monkhurst grid**? of shrinking factor 4 yielding 18, 7, and  FG. 2. Plan view of the unrelaxed00) surface of the slab and
7 symmetry inequivalent points in the irreducible Brillouin the various adsorption sites investigated. The<@) unit cell is
zones of the bulk crystal and the X11), andc(2x 2) (100 represented by the rectangular box and the diamond box marks the
surface cells, respectively. This is sufficient to converge the(2x2) supercell used.

[010]
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Analysis of charge and spin states was performed using TABLE I. The relaxation of the surface layet; A) of the
the Mulliken schemé&’ We emphasize that the partitioning ¢(2x2) K TiO, (100 system computed within the HF approxima-
of the charge density among individual atoms is arbitrarytion. lonic displacements are relative to the bulk terminated coordi-
and, in the case of the Mulliken analysis, depends on th@ate system as defined in Figs. 1 and 2 with the location of the K
local basis functions used. However, in the current calculalon given relative to the relaxed§ position.
tions the use of a consistent basis set approximation means

that variations in the population analysis with structure do-2Pe€l 400 4[010] 4[100]
proyide a useful guide to changes in the nature of the elegg 159 1.85 0.97
tronic state. S Ou, —0.08 —0.44 0.21

All surface structure optimizations were performed to aO(Za) 0.08 —0.44 0.21

tolerance of 0.01 A in the structural parameters or1@V

. Ti 0.0 —0.09 —0.05
in the energy. The adsorbate and the top three layers of the®

. . T 0.0 0.12 —0.02
substrate were fully relaxed. To estimate the effect of this. ¥ 0.08 o4 0.07
constraint on the relaxation, we performed tests on the clean® 0,08 o4 0.07

(100 surface where we relaxed the surface with and without ¢
freezing the ionic positions below the third layer. We find

that constraining the fourth layer has only a small effect

A _ _ agreement with the value of 2.62 A found in recent SEX-
(SO.r(f)sCe ) on the calculated relaxation of the other ions at theypg experiment&® The angle of the inclination of the
u .

O(1)"K-O(,) plane to the surface normal is calculated to be

62° compared to the range of 33°-50° measured by
. RESULTS SEXAFS? This represents a reasonable level of agreement

. particularly as bond angles are rather difficult to extract from

We conducted a preliminary study to allow us to select agexaFs studies.
starting geometry for the optimization of the potassium ad- g g nstrate geometry is strongly affected by potassium
sorption site. We chose four possible sites on the surface aisorption. The largest displacements at the clean surface are
illustrated in Fig. 2. These were labeled the “short b”dgealong the[010] direction with the surface O, Ti, and subsur-
site” (bridging Q1) and Q)) along the[001] direction, the  3.0"5 jons moving by-0.3 A, 0.1 A, and—0.15 A,
“I_ong_bndge”“sne (bridging Q%) and Q) along the[010]  ogpectively?” Displacements alonfL00] are no more than
direction), the “four-fold hollow” site (equidistant from @, g5 A. K adsorption induces larger displacements of the
and Q) along both thg001] and[010] directions and the g\ itace O ions alon§010] and [100]. The adsorption also

“atop” site (directly above an oxygen atomiThe height of  roq,ces the symmetry of the surface allowing the O ions to
the potassium ion above the substrate oxygen layer was cho-

sen to be equal to the sum of thé Oand K" ionic radii*®
Several distinctly different solutions of the self-consistent-
field (SCPH procedure are stable for these surface geometries.
Convergence of the solution at some geometries was un-
stable or slow but could be stabilized by the use of accelera-
tion techniques such as “level shifting®*In all states, the K
atom is fully ionized to K and the charge is transferred to
the substrate. The distinct types of electronic state obtained
were as follows: First, with the donated electron delocalized
over the surface to form a metallic system, secondly, with
the electron localized on a particular surface or subsurface Ti
site and, finally, states where charge was delocalized on
more than one Ti ion. We find that the lowest energy con-
figuration is where the potassium is adsorbed on the short
bridge site with the electron localizing on a single Ti ighe

Ti ion nearest the K ion). The resultant state is spin polar-
ized; non-spin-polarized solutions were also investigated but
were found to be much higher in energyver 10 eV. We
placed the K ion in this site such that the ion labeled,sfi
corresponds to the reduced Ti ion{3 and Ty, is the T

ion (shown in Fig. 2. The position of the adsorbate and the
top three layers of the substrate were relaxed. The resultan
ionic displacements are presented in Table | and illustrated in
Fig. 3 with the position of the K ion given relative to the
relaxed position of the @) ion.

The relaxed position for the K ion is similar to the “four-
fold hollow site” but displaced towards Ej by —0.43 A FIG. 3. Plan and side views of the top three layers of the relaxed
(Fig. 2 and at 0.97 A above the surface oxygen layer. Thek-TiO, (100 surface. The arrows indicate the direction of the ionic
predicted K-Q,;;) bond length of 2.63 A is in excellent displacements and are approximately to scale.

[001]

[010]
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TABLE Il. The electron population@|e|), charge difference ' ' ! ! ' '
with respect to the clean surfac® ¢ Qgcad€l), and spin density
(le]) computed using the Mulliken scheme for the relaxed — Tids

c(2x2) KTiO, (100 surface. 82—
- +

Atom Q Q_ chean Spin

Oy 9.45 0.28 0.00
O 9.45 0.28 0.00
Tigs) 19.62 0.27 1.00
Tica) 19.37 0.02 0.00
Ogs) 9.49 0.02 0.00
Ogs) 9.49 0.02 0.00
K 18.03 0.00

move along th¢001] direction by 0.08 A towards the o
ion, and thus away from the j ion, as illustrated in Fig. 3.
The two surface Ti ions have very different behavior with
respect to displacements along {led.0] direction. The Ti,
ion moves by+0.12 A, which is similar to Ti ion displace- |
ment at the clean surface, while the reduced,Ton moves ’ {
by —0.09 A. I
There have been several theoretical studies of alkali metal

DENSITY OF STATES (ARBITRARY UNITS)

adsorption on Ti@ where the model of the TiDsurface is -250 -20.0 -150 -10.0 -50 00 50 100 150 200

based on dnonperiodi¢ cluster of Ti and O ions. Calcula- ENERGY (eV)

tions of sodium adsorption on th@10 surface using HF FIG. 4. Density of states projected onto surface titanium and

theory*® and Combined mo_lecular dynami(_MD) and C|l_15' oxygen sites for clean ant(2x2) K TiO, (100 surfaces calcu-
ter HF calculations of sodiutf and potassiufit adsorption jated using HF theory. The valence band maximum has been

on this surface have reported the formation of ordered overaligned to 0 eV to facilitate comparisons. The shading represents

layers of alkali metal ions. Recent calculations based on botbtates due to P ions.

cluster and fully periodic slab modelperformed with the

CRYSTAL9S5 package using HF and DFTRef. 52 yield simi-  must be stressed that due to unscreened self-interaction in the

lar adsorption geometries. The adsorbed ions tend to occupyxact exchange, HF theory always overestimates band gaps

positions between either “bridging” or in “plane” oxygen by factors of about 2—4. However, relative bandwidths and

ions with reported K-O distances similar to those in the cur-separations between occupied levels tend to be reasonably

rent study?252 well reproduced? The calculations indicate that the valence
The electronic structure of the surface is also stronglyand is largely unaffected by potassium adsorption. It is pre-

influenced by potassium adsorption. The Mulliken chargedominantly composed of £ orbitals which extend from 0

populations are compared to that of the clean surface ieV (fixed to be the VBM to about—7 eV in good agree-

Table Il. As noted above, the K atom completely ionizes toment with the experimental bandwidth of 6-6.5 €%

form a K" ion. The donated electron is shared almostThe most striking changes to the DOS that occur upon ad-

equally between the @, Oy, and Tis) ions. The degree sorptiqn of K are the appearance of two new peak§ Iat_)éled

of charge transfer to Tj is in agreement with the experi- andB in Fig. 4. Featuré\ is due to the K, state which lies

mental estimate of 0.26/.2° The charge on other ions differs about 8 eV below the valence band in excellent agreement

from that of the clean surface by no more than (ei2ZThe ~ With photoemission studies which reveal a peak at 8-9 eV

Mulliken analysis of the spin density reveals that the induced>elow the valence band minimufft?® FeatureB is spin po-

spin polarization is localized on the Jj ion which has a larized and appears about 1 eV above the VBM and is due to

magnetic moment of 1, . d orbitals localized almost entirely on the reduced surface
Other theoretical studies of alkali metal adsorption onTis) ion. Similar band gap states are observed experimen-

TiO, have also predicted charge transfer from the adsorbaf@lly at about 3 eV above the VBI£ >

to the substrate®*°*251Bredow et al>? noted that it is en-

ergetically favorable for the donated spin density to localize IV. DISCUSSION

on a particular fivefold coordinated Ti ion on the potassium-

adsorbed110) surface and reported similar Mulliken charge

and spin populations to those presented in Table II. The qualitative features of the surface relaxation can be
The density of state$DOS) of the potassium adsorbed understood in terms of a simple electrostatic model. For the

surface is compared to that of the clean surface in Fig. 4. Thelean surface the driving force for the relaxation is provided

band gap of TiQ has been measured recently to be 42V, by the undercoordinatioffive-fold, rather than six-fold in

which is somewhat larger than the value of 3 eV quotedhe bulk crystal of the surface Ti ions. The displacements of

previously>* Here the band gap is computed to be 12 eV. Itthe surface O and Ti ions in tH®10] direction (—0.3 A

A. Optimized geometry
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and +0.15 A, respectivelyserve to increase the effective ~ TABLE lil. The relaxation of the surface layef@ A) of the
coordination of the surface Ti ioH.After K adsorption, the ¢(2x2) KTiO, (100 system computed within the LDA to DFT.
relaxation of the surface O and unreducetiTions is simi-  lonic displacements are relative to the bulk terminated coordinate
lar to that of the clean surface—moving alofi@10] by system as.defined in Figs. 1 and 2. yvith the location of tHeish
—0.44 A and+0.12 A, respectively. However, the behav- 9iven relative to the relaxed g position.

ior of the TP ion is quite different. It moves by

—0.09 A along[010]. The reduction of the ion has partially -2°¢! 41001] 41010 41100
compensated for its undercoordination and thus it does ng¢ 1.53 1.76 1.06
move under the Q)-O,) pair—this is illustrated in Fig. 3. In Oy —0.05 —0.47 0.23
addition the K adsorption reduces the symmetry of the SUMD 0.05 —0.47 0.23
face, removing the mirror plane perpendiculaf®@1], and 3 0.0 —0.04 ~0.09
displacements alongd01] now occur. These are of magni- Tica) 0.0 0.09 —0.02

tude 0.08 A and serve to increase the coordination of th
Ti** ions at the expense of the®Ti ions (Fig. 3). Similar

effects have been observed in calculations on oxygen defi-®®
cient (110 surfaces of TiQ.*®

5 0.05 -0.17 0.16
) ~0.05 -0.17 0.16

charge is transferred to the surface oxygen ions (8|3ger
ion) with the remaining charge delocalized over the whole
B. The nature of the electronic state slab. In particular, the charge transferred to the surface Ti

As noted above, the electron transferred to the substrate NS is very smallabout 0.02e]) in contrast to the HF where
localized at a particular surface Ti ion. The charge and spifve recall that 0.2 is transferred to i (Table I). The
populations indicate that a Tistate is occupied and that itis PFT Spin density is also rather delocalized with Qu42on
spin polarized. This state is associated with a new peak in théls) @nd 0.2k, on Tiy) . The DOS computed within DFT
electronic DOS about 1 eV above the VBM. States havdS displayed in Fig. 5. The spin-polarized state due to the
been observed about 3 eV above the VBM in Ti@mples occupied Tiq orbital on the surface Ti sites appears about
reduced by either adsorption of alkali mefar€>285%r by 25 ev above the'VBM an_d oyerlaps strongly Wlth'the con-
the creation of oxygen vacanci&s’-2 Spin-polarized states ductlon_band. This DOS is similar to tglat found in recent
at a similar energy with respect to the VBM were found in Calculations on the reduced10) surfac_e?
recent theoretical investigations of potassium adsorption on We find that the central results of this study do not depend
the (110 surfac& and on oxygen deficierfL 10) surfaces in strongly on the approximation of exchange and correlation.
which both DFT and HF approaches were uetf:3Al- . ; —
though all of these approaches obtain a similar description of
the occupied eigenvalue spectrum they give significantly dif-
ferent descriptions of the separation between the localized
states and the conduction band minim@@BM). The spec-
troscopy measurements in the literature do not determine ac
curately the size of this separation but there is some evidenc
that a small gap does exi&*

As noted in Sec. lll, the HF approximation tends to over-
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RBITRARY
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calculation and in HF studies of the oxygen deficient
surfacé’ “gap states” well separated from the CBM are
found. Recent all-electron DFT-LDA calculations for the
oxygen deficient surface find Jj states at the bottom of the
conduction band and hence a conducting surface Byer.
This is not unexpected as DFT tends to underestimate banc
gaps. In order to examine the effect of exchange and corre-
lation approximations on the nature of the surface electronic
structure of the K-adsorbed surface, we have relaxed the sur-
face structure and computed the electronic structure using
DFT-LDA. These calculations were performed with identical
computational approximations to those used in the HF calcu-
lations described above, and were based on a fully relaxed . ‘ s ;
bulk lattice. The relaxed geometfifable 1ll) is similar to -2000 -1500 -1000 -500 0.0
that computed using the HF approximati¢hable ). The ERERGYEY)
DFT and HF results do show some differences in their de- |G, 5. Density of states projected onto surface titanium and
scription of the surface electronic structure. In both approXioxygen sites for clean ant(2x2) K TiO, (100 surfaces calcu-
mations the K atom is fully ionized with the donation of one |ated using DFT theory within the LDA. The valence band maxi-
electron to the substrate but the distribution of this charge isnum has been aligned to 0 eV to facilitate comparisons. The shad-
significantly different. Within DFT the majority of the ing represents states due td Tiions.

DENSITY OF STATES

5.00 10.00
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TABLE IV. Comparison of densities of states from experim@Réfs. 22—2%and present Hartree-Fock
and density functional calculations. The position of thg,Tstates is relative to the £ valence band

maximum.
O, bandwidth Position of T state Width of Tiy state
Experiment 6 eV 3eVv leVv
HF 7 eV leVv 0.8 eV
LDA 5eV 25eV 0.3 eV

In both HF and DFT approaches K adsorption generates apon adsorption of K. We find that the K ion donates one
spin-polarized state above thg O/BM. Experimental mea- electron to the substrate, which results in the spin polariza-
surements have been made of the width and position of thigon of the surface T orbitals. A rather localized “band

state relative to the VBM,; these are compared to the currenjap” state results at about 1 eV above thg, @alence band
calculations in Table IV. The results for the;Obandwidth  maximum as observed in recent photoemission studies. The
are consistent with the usual trend for HF theory to overesstate is similar to that observed in calculations of the reduced
timate, and DFT to underestimate, bandwidths. In a similarrio, surfaces.

way the spin-polarized state is somewhat overlocalized and Although different treatments of exchange and correlation
overstabilized in the HF approximation and perhaps too deinfluence the distribution of the surface charge and spin den-
localized and understabilized in DFT. In the DFT approxi-sity the physical picture of reduction of surface Ti ions re-
mation the spin-polarized state and the conduction bandulting in a spin-polarized surface state is preserved and we
overlap. This is inevitable as DFT underestimates the bullgonclude that spin polarization is essential for a correct de-
band gap by 50%. scription of the electronic structure of this system.

The spin-polarized nature of the state has also been re- The predicted geometric structure is in excellent agree-
ported in studies of potassium adsorption on the,Ti0L0)  ment with experimental observations of the K-O bond
surfacé” but has yet to be observed experimentally. It may lengths. There is an intimate relationship between the elec-
however, be possible to use electron spin reson&B&R  tronic and geometrical structure with the localized electronic
techniques, which have recently been applied to alumingtate giving rise to the surface relaxation. The qualitative
surfaces, to observe such states. In anticipation of suchfeatures of the relaxation can be understood in terms of a
measurements we have calculated the hyperfine couplingmple electrostatic model which takes into account the rela-
constant and find it to be in the region of 20 G which appearsive screening of the surfacei and Tf" ions. The local-
to be within the resolution of current ESR techniqgés. ization of the charge and the resultant distortion of the lattice

If the surface spins were to form a magnetically orderedare consistent with recent proposals concerning the existence
state then a number of techniques could be used to obsereé a self-trapped small polaron in this systémne would
the spin density. We estimated the spin interactions by comexpect to see similar polaronic behavior in other cases where
puting the energy of the ferromagnetically and antiferromagTi®* ions are formed.
netically ordered states of a double surface unit cell. In the
HF approximation the energy difference between these states
is about 0.1 meV, indicating that the magnetic interactions ACKNOWLEDGMENTS

are too weak to yield magnetic ordering at the surface. )
The authors would like to thank the EPSRC for support-

ing the work and for funding J.M. under Grant No.
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We have investigated the changes that occur to the ge@nd Silicon Graphics Indigo2 workstations. Graphics were
metric and electronic structure of the Ti@100) surface created using theL-VISUALIZE software>®

V. CONCLUSION

1v. E. Henrich and A. F. CoxThe Surface Science of Metal Ox- 8P. W. Murray, F. M. Leibsle, H. J. Fisher, C. F. J. Flipse, C. A.
ides (Cambridge University Press, Cambridge, England, 1993 Muryn, and G. Thornton, Phys. Rev. 45, 12 877(1992.
2J. Huusko, V. Lamtto, H. Torvela, Sens. ActuatorslB 245 °P. J. Hardman, N. S. Prakash, C. A. Muryn, G. N. Raikar, A. G.

(1993. Thomas, A. F. Prime, G. Thornton, and R. J. Blake, Phys. Rev.
3A. Fujishima and K. Honda, Naturg.ondon 238, 37 (1972. B 47, 16 056(1993.
“G. L. Haller and D. E. Resasco, Adv. Catab, 173(1989. 1p, W. Murray, F. M. Leibsle, C. A. Muryn, H. J. Fisher, C. F. J.

°|. M. Buitterfield, P. A. Christensen, A. Hamnett, K. E. Shaw, G. Flipse, and G. Thornton, Phys. Rev. L&t, 689 (1994).

M. Walker, S. A Walker, and C. R. HOWarth, J. Appl Electro- 11P. W. Murray, F. M. Leibsle, C. A. Muryn, H. J. Fisher, C. F. J.
63C§227§385(1?,97)' |' ) Flipse, and G. Thornton, Surf. S@21, 217 (1994.
2. B. oodenough, Prog. Solid State C éf'n145(197_3' 12p 3. D. Lindan, N. M. Harrison, J. M. Holender, M. J. Gillan, and
C. A. Muryn, P. J. Hardman, J. J. Crouch, G. N. Raiker, and G. M. C. Payne, Surf. ScB64 431 (1996.

Thornton, Surf. Sci251/252 747 (1997). ' '



PRB 59 FIRST-PRINCIPLES STUDY OF POTASSIUM ... 15 463

13y, Zajonz, H. L. Meyerheim, T. Gloege, W. Moritz, and D. Wolf, R. Orlando, and E. AptacrysTALesUser’'s Manual(University

Surf. Sci.398 369(1998. of Turin, Turin, 1996.
14R . G. Egdell, S. Eriksen, and W. R. Flavell, Solid State Commun.>*P. A. M. Dirac, Proc. Cambridge Philos. S@S, 376 (1930.
60, 835(1986. 363, P. Perdew and A. Zunger, Phys. Rev2® 5048(1981).

15p 3. Hardman, G. N. Raikar, C. A. Muryn, G. van der Laan, P. L.>’J. Muscat, N. M. Harrison, and G. Thornton, Phys. Re\5®
Wincott, G. Thornton, D. W. Bullett, and P. A. D. M. A. Dale, 2320(1999.

Phys. Rev. B49, 7170(1994). 23] Muscat, Ph.D. thesis, University of Manchester, 1999.
16p_ 3. D. Lindan, N. M. Harrison, M. J. Gillan, and J. A. White, http:/(www.QI.ac.uk/TCS/Software/CRYSTAL/. ThecRYSTAL
Phys. Rev. B55, 15 919(1997. Basis set library, 1998.

4OM. D. Towler, N. L. Allan, N. M. Harrison, V. R. Saunders, W.
C. Mackrodt, and E. ApraPhys. Rev. B50, 5041(1994.

41p_J. Hay and W. R. Wadt, J. Chem. Phg8, 299 (1985.

sz. C. Barthelat and P. Durand, Gazz. Chim. 11418 225(1978.

43

) . J. D. Pack and H. J. Monkhorst, Phys. Revl® 1748(1977.

19

D. Purdie, C. A. Muryn, S. Crook, P. L. Wincott, G. Thomton, 44c pisani R. Dovesi, and C. Roettartree-Fock Ab Initio Treat-

20 and D. A. Fischer, Surf. Sci. Let290, L680 (1993. ment of Crystalline SystemSpringer-Verlag, Berlin, 1988
S. Kennou, M. Kamaratos, and C. A. Papageorgopoulos, Surf. 4 4g.

"W, C. Mackrodt, E. A. Simpson, and N. M. Harrison, Surf. Sci.
384, 192(1997.

183, Kennou, M. Kamaratos, and C. A. Papageorgopoulos, Vacuu
41, 22 (1990.

Sci. 256, 312(199). “SR. Orlando, R. Dovesi, C. Roetti, and V. R. Saunders, J. Phys.:
21H. Onishi, C. Egawa, T. Aruga, and Y. lwasawa, Surf. 361, Condens. Matte®, 7769 (1990.

479(1987. 46R. Dovesi, C. Roetti, C. Freyria-Fava, E. ApM. R. Saunders,
22R. Casanova, K. Prabhakaran, and G. Thornton, J. Phys.: Con- and N. M. Harrison, Philos. Trans. R. Soc. London, SeB4A.

dens. Matter3, S91(1991). 203(1992.
2p, J. Hardman, R. Casanova, K. Prabhakaran, C. A. Muryn, P. L’R. S. Mulliken, J. Chem. Phy£3, 1833(1955.

Wincott, and G. Thornton, Surf. S@269/27Q 677 (1991). 48R. D. Shannon and C. T. Prewitt, Acta Crystallogr., Sect. B:
24D. Purdie, B. Reihl, A. Thomas, P. J. Hardman, C. A. Muryn, S.  Struct. Crystallogr. Cryst. Chen25, 925 (1969.

Crook, and G. Thornton, J. Phys. 199, 163(1994. M. A. S. Miguel, C. J. Calzado, and J. F. Sanz, Int. J. Quantum

25A. G. Thomas, P. J. Hardman, C. A. Muryn, H. S. Dhariwal, A.F.  Chem.70, 351(1997.
Prime, G. Thornton, E. Roman, and J. L. Desegovia, J. Chent®M. A. S. Miguel, C. J. Calzado, and J. F. Sanz, Surf. 868, 92

Soc., Faraday Tran91, 3569(1995. (1998.
26K. Prabhakaran, D. Purdie, R. Casanova, C. A. Muryn, P. J. Hard?'C. J. Calzado, M. A. S. Miguel, and J. F. Sanz, J. Phys. Chem. B
man, P. L. Wincott, and G. Thornton, Phys. Rev4B 6969 103 480(1999.
(1992. 52T, Bredow, E. ApraM. Catti, and G. Pacchioni, Surf. Sel18
27p, W, Murray, N. G. Condon, and G. Thornton, Surf. 823 150(1998.
L281 (1994. 53C. J. Calzado, J. Oviedo, M. A. S. Miguel, and J. F. Sanz, J. Mol.
28R. Heise and R. Courths, Surf. Rev. Lel.147 (1995. Catal. A: Chem119, 135(1997.
29M. Parrinello, Solid State Commua02, 107 (1997). 54V. E. Henrich and R. L. Kurtz, Phys. Rev. 8, 6280(1981).
30M. J. Gillan, Contemp. Phy®8, 115(1997. SR. Souda, W. Hayami, T. Aizawa, and Y. Ishizawa, Surf. Sci.
31p_J. D. Lindan, N. M. Harrison, and M. J. Gillan, Phys. Rev. Lett. 285 265(1993.
80, 762(1998. %63, Eriksen and R. G. Egdell, Surf. S&i80, 263 (1986.
32\. C. Mackrodt, N. M. Harrison, V. R. Saunders, N. L. Allan, 3’H. Schlienz, M. Beckendorf, U. J. Katter, T. Risse, and H.-J.
and M. D. Towler, Chem. Phys. Le250, 66 (1996. Freund, Phys. Rev. Let?4, 761(1995.
33A. T. Paxton and L. Thien-Nga, Phys. Rev.58, 1579(1998. 8http://www.dci.clrc.ac.uk/Activity/SS-SHELL/.  DL-Visualize,

34R. Dovesi, V.R. Saunders, C. Roetti, M. Causa M. Harrison, 1998.



