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First-principles calculation of oxygen adsorption on ZrR00021) surface:
Possible site occupation between the second and the third layer
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The oxygen adsorption on the @001 surface is studied using first-principles total-energy and force
calculations. We calculated the atomic structure, heat of adsorption, work function, and electronic structure for
oxygen occupying various surface and subsurface sites for both #@9@)-(1x1)-O and Zf000)-

(2x 1)-O system. We found that the energetically most favorable occupation sites for oxygen are the octahedral
sites between the second and the third layer. The change in the work function induced by oxygen adsorption
depends strongly on the position of the adsorbed oxygen atoms and the calculated change of work function at
the energetically most favorable site is consistent with previous experiments. A large difference in the elec-

tronic structure between the overlayer and subsurface adsorption is also f80463-18206)06743-4

I. INTRODUCTION found to be(or assumed to Hebetween the first and second
layer of the host. We will see that the O(@001) system
Zirconium and its alloys are widely used in the nuclearactually favors adsorption sites between the second and the
industry because of its low neutron absorption cross sectiorthird layer, if the oxygen atoms are confined to sites between
excellent corrosion resistance, and high temperature stabilitywo Zr layers.
The oxide film that coats the Zr alloys is very stable and The zirconium (000)-oxygen system has been exten-
effective in preventing the penetration of gases. The study afively studied by two groups:l®'3-1|n this system, a
the initial oxidation of the Zr surface is thus of academic as(2x2) LEED pattern was observed at 0.5 monolayéLt. )
well as industrial interest. and a(1x 1) LEED pattern was observed at 1 ML. Results
It is generally believed that dissociative adsorption offrom the LEED structure analysis favor subsurface adsorp-
light element gases such as hydrogen, nitrogen, and oxygeaion models, but the details of the structure are still under
takes place on transition metal surfaces, and adatoms apevestigationt* For the (2x 2) structure at 0.5 ML oxygen
chemisorbed at the adsorption sites above the metal surfaceoverage, Zhangt al. proposed a subsurface three domain
This is due to the fact that the binding of the adatom onto thenodel, with three 120° rotated domains @Xx1) oxygen
surface is usually more stable than the subsurface or bulsccupying octahedral sites between the top and the second Zr
sites. There are, however, exceptions. In the group IV trantayer® Recently, using tensor LEED analysis, Waetal.
sition metal-light element surface systems such agroposed d2x2) array model, with 0.25 ML of oxygen at
Ti(000D-(1x1)-N,>  Ti(000D)-(2x2)-0>*  Zr(000)-  the octahedral sites between the first and second metal layer
(2x2)-0,>""  Zr(0001-(2x1)-02° Zr(0001)-(1x1)-0,'®  and another 0.25 ML between the second and third I&yer.
Zr(000D)-(1x 1)-N,** Zr(0001)-(1x1)-C*> and Z(1010)-  These two arrays are displaced laterally from one another by
(2% 4)-0,13 the favorable adsorption sites have been reporte@ unit translational vector of the @001 substraté> For the
to be subsurface, based on low energy electron diffractioflx 1) structure, Mitchellet al. also proposed a subsurface
(LEED), Auger, and work-function measurements. The un-adsorption model, but it was not possible for them to distin-
usual adsorption energetics make these systems particulamdyish convincingly between the models involving a single
worth studying from a theoretical point of view. For most of oxygen layer below the zirconium surface and those with
the subsurface chemisorption systems, adsorption sites aoxygen incorporated several layers dé®mRecently they
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proposed that 0.5 ML of oxygen adatoms are distributed sta©(xy) to denote oxygen atoms at the octahedral site between

tistically over the octahedral sites between the second anihe xth and theyth metal layer; wherea3[xy:a (or b)z]

the third metal layer and another 0.5 ML similarly distrib- means the oxygen atoms at the tetrahedral site located di-

uted between the first and second la¥fer. rectly above(or below the zth metal layer and between the
On the theoretical side, no first-principles total energy calxth and theyth metal layer. In Fig. 2, the calculated oxygen

culation has been reported for the subsurface adsorption dfinding energies for these adsorption sites are shown. The

0O/Zr(0001) systems, although the electronic structure of thebinding energyE,, is defined by

Ti(000D)-(1X 1)-N underlayer adsorption system has been

calculated to  compare with the photoemission  Ey(®)=[Efe(0)—EHS™/ Noyger Eneenaom (1)

experiments’~1°In the present study, the energetics of oxy-

gen adsorption at various sites for thé@01)-(1x 1)-O and  Here® is the coverage defined by the ratio of the number of

Zr(000)-(2x 1)-O systems in the single layer model have oxygen atomsN,qen to the number of zirconium surface

been investigated by a first-principles total energy and forcetomsNS:™in the unit cell.ES2(@) is the total energy per

calculation. The method has been shown to give an accurateit cell of the oxygen adsorbed slaBZ S is the total
description of the structures of solid and solid surfé®&3.  energy per unit cell of the zirconium slab with a clean sur-
face, and the reference enegy$e" *°™is the total energy
Il. FIRST-PRINCIPLES TOTAL-ENERGY of the oxygen atom calculated with a pseudopotential. From
AND FORCE CALCULATIONS Figs. 2a) and 2b), we see that for both thé2x 1) and
. o . _ (1X 1) systems the octahedral site$23) between the sec-
The first-principles calculations have been carried out Uspng and third layer are the most stable sites. It has been the
ing a pseudopotential method with the local density approxizonclusion of some experiments that the oxygen atoms oc-
mation (LDA).” The Hedin-Lundqvist form of exchange- cypy the subsurface octahedral sitél®) in the initial oxy-
correlation functionals has been ugddThe Bloch wave gen process of Z41°Our results support subsurface adsorp-
functions are expanded in a mixed basis of plane waves anghn models. However, the most favorable adsorption sites
numerical localized wave functions centered on atomiCyre found to be betweethe second and the third layer
sites™ We have used cutoff radii of 2.6 and 1.3 a.u. for therather than between the top and the second layer. Our calcu-
local orbitals of zirconium and oxygen, respectively, and aations show that the adsorption energy of th@® sites is
plane wave basis with kinetic energy up to 20 Ry. The calyower than the Q12) sites by almost 0.4 eV. It is thus rather
culated physical properties of the zirconium dioxide in theypjikely that the @12) sites can compete with (@3) sites.
cubic, tetragonal, and monoclinic phase are in good agreerhe ((12) sites are actually less favorable than the overlayer
ment with expenment%?: _ _ _adsorption sites. For example, the surface fcc site has lower
The surface system in the single layer adsorption model iBnergy than the @2) site by about 0.18 eV for thé2x 1)
represented by a supercell with repeated slabs of eight anghq apout 0.28 eV for thel X 1) structure.
ten Z(000Y) layers for the(2X 1)-O and(1x1)-O systems, The overlayer fcc site is slightly more favorable than the
respectively, and_two oxygen layers on both sides of th_e 5|akbverlayer hcp site by about 0.24 eV for tfx 1) and about
The vacuum region between the two slabs has a thickness1g eV for the(1x 1) structure. If the oxygen atoms pen-
corresponding to f|ve metal layers. The surface relaxationyate the zr top layer, the high symmetry sites are the octa-
and the work function calculated for the clear(@®0J) sur-  hegral and the tetrahedral interstitial sites in the Zr host.
face vylth theose slab geometries are in good agreement 'Wltbrom Figs. 2a) and 2b), we see that the subsurface tetrahe-
experiments® By choosing the origin at the octahedral site ) sites are always less stable compared with the octahedral
at the center of the slab, there are 12 symmetry operations fQfitas  This is in agreement with the LEED structure
the (1x1)-O, and four symmetry operatiorigversion, mir-  anajysis 1 From Fig. 1a), we can easily see that the surface
ror, inversiontmirror, identity) for the (2x1)-O system. We  fcc sjtes can be regarded as the continuation of the subsur-
used six speciak points and eightk points in the two- face octahedral sites, while the hcp sites are directly above
dimensional irreducible Brillouin zone to carry out the SUm-the one kind of the tetrahedral sites. We already see that the
mation overk space for th&1x1)-O and(2X 1)-O systems,  syrface hcp sites are slightly less favorable. In the subsurface
respectively. . configurations, the interstitial vacancy of the tetrahedral sites
All the interlayer distances for thelX 1)-O system and  has a much smaller geometrical volume compared with that
the interatomic distances in the lateral direction on the mirrof the octahedral sites. This will lead to large strain and
plane for the(2x1)-O system are fully relaxed using forces mandates a large relaxation of the host lattice, as we will see
calculated via the Hellmann-Feynman theorérhe initial  in a later section. This probably contributes the higher en-
input potentials are predicted and the acceleration of th@rgy at the tetrahedral sites.

force convergence with respect to self-consistency are imple- |f \we compare the binding energies at thé2@) sites for

mented basing on the recently proposed sch&me. the two different coverages, we find that the binding energies
of oxygen are—9.1 eV and—10.0 eV for the(1X 1) system
Ill. RESULTS AND DISCUSSION and the(2x 1) system, respectively. The binding energy is

thus stronger at the lower coverage. The binding at the sub-
surface sites for th¢lx 1) system is more stable than the
In Figs. 1(a) and Xb), the various oxygen adsorption sites calculated binding energy of cubic, tetragonal, and mono-
considered in our calculations are shown schematically foclinic zirconium-dioxide (zirconig, which are —8.83,
both the(1x 1) and(2X 1) systems. We will use the symbol —8.85, and —8.87 eV, respectively(using bulk Zr and

A. Energetics
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(a) Zr(0001)-(1X1)-O

_O(01:fcc) T(01:hep)
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FIG. 1. Oxygen adsorption sites fta) the (1X 1) structure andb) the (2X 1) structure. Here O(y) means the octahedral site between
the xth and theyth metal layer.T[xy:a (or b)z] means the tetrahedral site located abémebelow the zth metal layer and between the
xth and theyth metal layer. In th€2X 1) structure, theT sites are not shown.

atomic oxygen as referenc® Basing on these results on the difference between the oxygen in the zirconium bulk and the

(000)) surface, it is reasonable to expect that the formatiorgas state, has been reported to-be.42 to—5.85 eV per O

of a chemisorbed layer of the oxygen structure at subsurfacatom in thea phase of zirconiumi® where oxygen atoms are

sites precedes the surface oxide growth. dissolved at octahedral sites in hcp zirconium metal. In our
The adsorption energy is defined as the energy per oxygegflculation of the heat of oxygen absorption of,@r with

atom gained by the adsorption of the oxygen molecule ont@nti-Cdl, structure is—6.78 eV per atomi; which is in

the relaxed Zi0001)-(1X 1) clean surface: agreement with the above experimental value, allowing for
the fact the LDA usually overbinds.
E. (@)=[ES@)— EZ slaby/N _ oEOwgenatom_ /o The calculated adsorption energy at the28) subsurface
2o ©) =[Exial )~ Elo™ )/ Nowyger [ 2633 ] site for the (2x 1) system is substantially more favorable
=EL(0)+D/2. (2) (0.67 eV) than the bulk heat of absorption, while the adsorp-

tion energy for the higher coveragéx1) system is less
We have used the experimental value of 5.116 eV for thestable(by 0.21 eVf than the bulk heat of absorption. This
dissociation energp of oxygen. The results are shown in may be due to the oxygen-oxygen interaction. To carry out a
Table I. To the best of our knowledge, the adsorption energyough estimate of the interaction energy between the ada-
of oxygen on Z(0001) has not been determined experimen-toms we write the chemical potential of the adsorption sys-
tally. The heat of absorption, which is defined as the energyem
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FIG. 2. Binding energies of oxygen fda) the (1X 1) structure
and (b) the (2% 1) structure as a function of the distance from the

surface.

_ ‘7[ NoxygerEad( 0 )]

YAMAMOTO, CHAN, HO, AND NAITO 54

(a) Zr(0001)-(1X1)-0

T(01:hcp)

0(01:fcc)

T(12:a2)

TAZDY oo
0(12)

0(23)

T(23:b2)

T(34:a4)

0(34)

(b)

5.0
z (a.u.)

10.0

Zr(0001)-(2X1)-0

15.0

0(01:fce)

T(12:a2)

T(12:b1)
T(23:a3)

T(01:hep)  0Q(12)

0(23)

T(23:b2)

0(34)

-5.0

5.0
z (a.u.)

In the mean field theory the chemical potential at zero tem;

d Noxygen

perature is given by

pu=Eag—22€p5/0,

:Ead(®)+®

10.0

IEaq(0)

90

15.0

The positivee means the interaction is attractive. From the
above two equations théE,4(®)/d® gives the interaction
energy—2zep,;,. The calculated values of the derivative are
shown in Table |. Here we assume the derivative at the half
monolayer(ML ) is given by the difference of the adsorption
energies a® = 0.5 and® = 1. The interaction at the fcc, hcp,
and the octahedral sites below the surface are repulsive and
the interaction energies have almost the same magnitude. If
we assume=6, there is a strong repulsive interaction en-
ergy 0.24-0.30 eV per pair in the half ML system. The
JEL4(®)/90 at the tetrahedral sites under the surface have
negative values. The large interaction at a small distance
between the adatom and the neighboring zirconium atoms
may be the origin.

B. Relaxation

In Table II, the multilayer relaxation of the zirconium slab
in the [000]] direction is shown for some adsorption struc-
tures. The relaxation; is defined as the change of the in-
terlayer distance between thtn and thejth zirconium lay-
ers, where the position of the zirconium layer is averaged
over the two atomic position on the sait®01) plane in the
case of(2x 1) structure. The distance§,"y, andz},", are the
nearest-neighbor zirconium-oxygen distance and the nearest-
neighbor zirconium-oxygen interlayer distances, respec-
tively.

In the oxygen adsorption at the overlayer fcc and hcp sites
the A4, is positive (expansion for the (1X1) system, but
negative(contraction for the (2X1) system. When oxygen
atoms adsorb at the underlayer octahedral sites, the relax-
ations between the zirconium interlayers which sandwich the
oxygen layer are more than 10% for tfex 1) system and
less than 10% for th€2x 1) system, and the relaxations are
increased at the deeper layer absorption sites. The relaxation
between the layers that sandwich the tetrahedral oxygen site
is approximately 30% for both thélx 1) and (2X 1) sys-
tems. Such a large relaxation may be one of the origin that
the adsorption of oxygen at the octahedral sites is more fa-
vorable than that at the tetrahedral site.

The relaxationA > becomes close to the clean surface
value —4.7% (Ref. 20 when the oxygen atoms adsorb at the

where z is the coordination number of adatoms anddeeper absorption site. This may be related to the fact that
— 2€p,r IS the pair interaction energy between the adatomsthe metallic character at the surface is recovered for the

TABLE |. Calculated binding energy, adsorption energy, and differential adsorption energy per oxygen

atom.

Zr(000D-(2x1)-0, ©=1/2

Zr(000D)-(1x1)-0, 0=1

Adsorption Site E, (eV) E.q (V) IE.4/90 (eV) E, (eV) E.q (V)
O(01:fco —-9.78 —-7.22 1.55 —-9.01 —6.45
0(12 —9.60 —7.04 1.74 —-8.73 -6.17
0(23) —-10.01 —7.45 1.76 -9.13 —-6.57
0(34) -9.98 —7.43 1.80 -9.08 -6.53
T(01:hcp —-9.54 —6.98 1.41 —8.83 —-6.27
T(12:a2) -7.83 ~5.27 -0.51 -8.08 -5.52
T(12:b1) —8.06 —5.50 —0.66 —-8.39 —5.76
T(23:a3) —8.26 —5.70 —-0.38 —8.45 —5.89
T(23:b2) — — — -8.35 -5.79
T(34:a4) — — — —8.38 —5.82
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TABLE Il. Relaxation of the zirconium interlayer spacings and the nearest-neighbor zirconium-oxygen

distances.
Relaxation(%) Distance(a.u)

Ay Az Azy Aus Asg r7eo Z7ro
Zr(0001(10 layers? —-4.7 +1.2 +1.0 -0.6 +0.3
Zr(0001)(8 layers? —-4.4 +1.0 +1.0 -0.8
Experimentt —1%2
Experiment -1.6+0.8 +04*x1.2 0.0:t1.2 0.0:1.6
(1x 1)-O(01:fco +2.5 —-1.8 -1.3 +0.6 +0.0 3.95 1.88
(21X 1)-T(01:hcp +3.4 —2.4 -1.3 +0.6 -0.3 3.97 1.92
(1X1)-0(12) +10.9 -1.5 +0.9 -0.7 +0.0 4.36 2.64
(1x 1)-0(23) -2.9 +11.4 +0.1 +0.6 +0.7 4.40 2.69
(1x 1)-O(34) -39 +0.1 +12.2 -16 -01 439 2.68
(1X1)-T(12:a2) +30.1 -0.8 —-2.4 -0.3 -0.9 3.92 3.92
(1X1)-T(12:b1) +30.1 —-0.6 —-2.2 -0.7 -1.0 3.90 3.90
(1X1)-T(23:a3) —-2.8 +32.1 -1.3 —-2.2 -04 3.94 3.94
(1X1)-T(23:b2) —2.7 +31.5 —-0.5 —-1.6 -1.8 3.96 3.96
(1X1)-T(34:a4) —4.2 +0.7 +30.8 +0.3 —4.1 3.92 3.92
(1x 1)-Experiment 4.35 2.55
(1% 1)-Experiment +3.1 +2.3 +0.4 0.0 4.31 2.48
(2% 1)-0(01:fco) -2.3 -0.4 +0.0 -0.2 — 3.95 1.87
(2x1)-T(01:hcp -1.9 -0.8 -0.4 +0.1 — 4.00 1.97
(2x1)-0(12 +2.9 +0.2 +2.8 +6.2 — 4.23 2.42
(2% 1)-0(23) —-2.6 +7.6 +1.4 +2.1 — 4.33 2.58
(2x 1)-0O(34) -3.5 +2.5 +8.3 +2.3 — 4.34 2.61
(2X1)-T(12:a2) +25.7 +0.7 —-1.6 -1.1 — 3.90 3.90
(2x 2)-Experiment 4.37 2.59
(2% 2)-Experimenft +2.3 +1.6 -0.8 0.0 4.23 2.46

8Reference 20.
bReference 30.
‘Reference 16.
dreference 10.
®Reference 5.

fReference 15.

deeper site adsorption, which can be seen from the chargetrahedral-site position. This may be closely related to the
density and the electronic structure described below. Sinckarge interlayer relaxation, which deforms the tetrahedron
the accommodation required for the adsorbed oxygen pdrom its ideal shape.

layer in the (2X 1) system is less than that in tHax 1) Since the(2X 1) structure has a lower symmetry than the
system, the relaxatiod;; of the (2 1) system is generally (1Xx1) structure, the structural relaxation has additional de-
smaller than that of the€lx 1) system. The interatomic dis- grees of freedom: corrugation of the @001 planes and the
tancesr 7', and the interlayer distanceg)'y, are in agree- lateral displacements in the010] direction on the mirror
ment with the experimental results determined by LEEDplane. We found that the corrugation is typically 3% to 4%
structure analysis!®!>®The interatomic distancag,, at  of the ideal Zr interlayer spacing. The atomic displacements
the overlayer fcc and hcp sites are shorter than those at than the mirror plane are less than 1% of the zirconium inter-
underlayer octahedral sites and almost the same as thoseadomic distance on th€0001) plane. The lateral displace-
the underlayer tetrahedral sites. This is in good agreememnent obtained by the TLEED structure analysis for the
with the LEED structure analyst§.The interatomic distance (2x2) structure is 5.9% which is greater than our value.

I 70 IS 4.29—-4.39 a.u. in the solid solutiom phase, and This may be due to the more open structure in the lateral
3.86—4.27 a.u. in the zirconium oxide Zs(hase. Our cal- direction for the(2X 2) structure than for th€2x 1) struc-
culated interatomic distance§,, for oxygen in the interior  ture.
sites are in good agreement with those in the solid solution

a phase. The displacements of the atomic position of the
octahedral site from the center of the two sandwiching layers
are less than 1%, but for the tetrahedral site the atomic po- In Figs. 3a) and 3b), the work function changes\(¢) in
sitions are displaced more than 10% from the idealcomparison to the clean @001 surface are shown for the

C. Work function
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’ ) ' ' ) FIG. 4. Charge distribution difference between the self-
z (a.u.) consisten{pseudgcharge density for the slab and the superposition

of (pseudgatomic charge density faqg) the (1 1) structure andb)

FIG. 3. Change in the work function by oxygen adsorption for the (2x1) structure. Solid and dashed contours correspond to the
(a) the (1x 1) structure andb) the (2x 1) structure in comparison egions of charge accumulation and depletion, respectively. The
with that of the clean Z0001) surface, which is shown as a func- planes spanned by the vectft400] and(1/2)[0001] are shown for
tion of the distance from the surface. the (1x 1) structure and the planes spanned by the vedttdd0]

and(1/2)[0001] are shown for thé€2X 1) structure. Charge densities
(1x 1) and(2x 1) structures, respectively. We have used theon successive contours differ by 0.002 electrtns)®.
work functions of the clean surface, which were calculated to
be 4.26 and 4.37 eV for the slab with eight and ten zirconiunvery sensitive to the position of the oxygen adatom. For ex-
layers, respectivel§® It is generally believed that the work ample, the overlayer adsorption at tt#< 1)-O(01:fcq) site
functions increasédecreasewhen the negatively charged decreases the work function slightly by 70 meV, while the
adatom such as oxygen adsorbs ab@edow) the surfacé!  overlayer adsorption at the2x 1)-T(01:hcp site increases
Intuitively, we expect that charge is transferred from the Zrthe work function by 150 meV. The adsorption at the sub-
atoms to the more electronegative oxygen atoms, and if theurface sites (12) andT(12:a2) and the innefT (23:a3) site
oxygen atoms are above the surface, the surface dipole wilh the (1X 1) structure increases the work function by 300,
tend to increase the work function, whereas if the oxyger260, and 100 meV, respectively.
atoms are just below the surface, the dipole points to the The work function change has been measured carefilly,
opposite direction and decreases the work function. Thand the sensitivity oA ¢ to the position of the oxygen atoms
change inA ¢ should diminish as the oxygen atoms are bur-can help us identify the adsorption site. Experimentally, the
ied deeper into the bulk and screened by the Zr conductiowork function is found to decrease initially with coverage,
electrons. The general trend of our results, as shown in Figgeaching a minimum at about a half monolayévL)
3(a) and 3b), is consistent with this picturel ¢ generally coveragé The experimentally found decrease in work func-
goes from positive to negative when the oxygen layer pention is certainly consistent with the subsurface site for the
etrates the Zr surface. However, we should point out such axygen atoms. It also indicates that the oxygen cannot be
simplified model basing on electronegativity and surface divery far from the surface because both intuition and our theo-
pole arguments does not always prevail. For example, itetical results indicate that ¢ should be small if the oxygen
cannot account for simple adsorption systems such as alkaldatoms are deeply buried. From the calculated large posi-
metal adsorption on jellium surfac@A more careful exami- tive A¢ for the (1x 1) system the overlayer (©1:fco and
nation of Fig. 3 shows that the work function change isthe subsurface @2) adsorption of oxygen may be excluded
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in comparison with the experimental results. The of the

oxygen adsorption at the energetically most favorab(23D Ap(r)=pr)— lE PO =Ry —1)). )

site is —80 and —120 meV for the(1Xx 1) and the(2X 1) )

systems, respectively. Zhargj al. have measured ¢ for slab: ) )

the zirconiuno001) surface oxidized at room temperature Herep>*is the self-consisteripseudagcharge density of the
and followed by a brief annealing at 493 K, which resulted inslab with adsorbed oxygen atoms, an?i°"Kr —Ry—rj) is

the formation of the ordered phase of oxygen adatoms, ande (pseudgatomic charge density of th¢h atom in the unit
found thatA ¢ is — 320 and— 290 meV at a half ML and one cell . We found that the effect of the oxygen adsorption on
ML coverage, respectivel/lt is rather satisfying that the the charge redistribution is mostly local, in the sense that
energetically most favorable sites frx 1) and(2x 1) give  only the nearest-neighbor regions are affected. A rough esti-
negativeA ¢, and the(2x 1) work function is lower than the mate of the accumulation of the electron charge around oxy-
(1x 1) work function, in accordance with experimental find- 9en has been done by integrating(r). Surprisingly the
ings. On the other hand, we note that the experimental resulglectron accumulation around the oxygen at¢as found

are lower than our value by approximately 200 meV. Therdrom [Apdr) has almost the same value @.4ithin the

are two possible explanations for this difference. First, pre2.0-2.2 a.u. radius for all the sites both in tfie<1) and
vious experience shows that LDA calculated work functions(2X 1) structures. The excess charge ofedgtmuch smaller

are typically good to about 0.1 to 0.2 eV, and there is nathan that of the @~ ion, which is consistent with the well
reason to expect a better agreement for this particular systerknown fact that directional covalent bonds contribute sub-
In addition, the work function is determined by comparing stantially to the zirconium-oxygen interaction in zirconium
the vacuum level with the Fermi level in the calculation, anddioxide (zirconia.?>**> Our calculation of the electronic
the numerical results are inevitably dependent on the thickcharge accumulation for the oxygen in the cubic zirconia is
ness of the vacuum and the number of layers in the slatabout 0.2>° The charge accumulation around oxygen ada-
Since these parameters are primarily chosen for structur&bms in the slab is thus lower than that in the oxide, and may
and energetics considerations, there may still be room foguggest a more covalent nature of zirconium-oxygen interac-
improvement when we consider work functions. We foundtion in this adsorption system.

that the work function is decreased from 4.36 to 4.27 eV by We have also calculated the interlayer force fields, and
changing the number of layers in the d%and there is a 0.2 found that they are fairly short ranged. The magnitude of
eV overestimation in comparison with the experimentalinterlayer force constants between the oxygen layer and the
value of 4.05 e\?® The second reason is hydrogen next-nearest-neighbor zirconium layer is approximately one-
adsorptiofi and its segregation on the zirconi(®001) sur-  tenth of that of the force constants between the oxygen layer
face below 467 K* The presence of the hydrogen on the and the nearest-neighbor layer. Here the interlayer force con-
surface increases theg by more thant+ 150 meV compared Stants are obtained by applying a small displacement of the
to the clean surface. Hydrogen contamination is almost imoxygen layer in thg0001] direction from the fully relaxed

possible to remove from the group IV transition metal position. Using the interlayer force constants we have calcu-
surface$. lated the oxygen vibrational energy in the001] direction

for the (1X 1) structure. The vibrational energies are 67, 61,

and 58 meV for the oxygen adsorbed at the sité81dco),

0(12), and 23), respectively. We are not aware of experi-
The change in the electron density is shown for somenentally measured frequencies, but these values compare

configurations of th€1x 1) and(2X 1) structure in Figs. &) well with the vibrational energy of 65 meV for ([000))-

and 4b). The change\p is defined by the difference of the oxygen adsorption measured by high resolution electron en-

total charge and the superposition of atomic charge densityergy loss spectroscopy.

D. Charge density and interlayer force field

(Ia)|0§0]:f‘ccl) | (t,’) .O(.121) | | (.C).O.(Z?).
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E. Electronic structure

The layer-decomposed local density of statd30S) for
the (1X 1) structure is evaluated using the following defini-
tion:

(zitzj1 /2

D(i,E)= 2>, Pk ,2) L E—Eq(ky)]dz.
kH N J(zi_1+7)12 (6)

Here, k| is a wave vector in the two-dimensional Brillouin
zone,n is a band indexz; is thez position of theith layer,
andp)"(k|,2) is the layer-averaged charge density symme-
trized from the probability density of the wave functions of
the state E,(kj) in the irreducible Brillouin zoné*
p"(K|,2) is normalized to unity in the unit cell. The sum-
mation ofk; was done over 66 evenly spadegoints in the
two-dimensional irreducible Brillouin zone, and 112 bands
were considered. Thé-function in the above equation is
replaced by a Gaussian function with 0.15 eV width. =
In Figs. Ha), 5(b), and Hc), the local density of states [1100] —
(LDOY) of the (1x 1) system for the @1:fco, O(12), and
O(23) sites is shown. The Fermi energy is set at 0 eV. Al- FIG. 6. Pseudocharge distribution contours of the states with
though the oxygen-zirconium interaction is strong, theenergies betweer 1.6 eV and— 1.1 eV for the @23) site adsorp-
oxygen-induced change in the Zr LDOS is short-ranged, anéon with the Z(0001)-(1x 1)-O structure.
is conspicuous only in the metal layers sandwiching the oxy-
gen atoms. In the LDOS of the @23) adsorption structure, there is
The most prominent feature in the LDOS is the oxygenalso a high LDOS region in the surface and the second Zr
2p band and the corresponding bonding band of Zr. Thdayer, with energy at about 1.4 eV below the Fermi level.
energies of the LDOS of this oxygen band for thel® and  This high LDOS region is not found in the(QL:fcg and the
0(23) sites are shifted downward by about 1.6 eV from thatO(12) site adsorption systems. The charge density distribu-
of the overlayer @1:fco site, indicating a stronger interac- tion for the states with the energy betweeri.6 and—1.1
tion between oxygen and zirconium when the oxygen is sub€V is shown in Fig. 6. From the contour plot, the states in
surface, probably due to an increase in the coordination nunthis high LDOS region contribute to thgnetallio bonding
ber. The bandwidth of the oxygerpdand is approximately between the Zr atoms in the firgsurface and the second
2 eV for the three oxygen sites. The bandwidth depend#ayer. These surface states are probably pulled downward
mainly on the oxygen-oxygen interaction and is approxi_fl’om near the Fermi level, and there is a possibility that these
mately the same for the same coverage. occupied bonding states may be one of the origin of the
Surface states with high LDOS near the Fermi level ardavorable oxygen adsorption at th€23) site.
found for the underlayer oxygen adsorption. Surface states In Figs. 1@ and 7b), the band structures of the slabs
with high LDOS around the Fermi level have been found forwith oxygen adsorbed at the(EB) sites are shown for both
zirconium and titanium clearf0001) surface€®® These the(1x1) and the(2X 1) systems along the high symmetry
states are the most “reactive” and are removed upon interlines in the two-dimensional irreducible Brillouin zone. In
action with oxygen atoms when the oxygen atoms adsorthese figures, the closédpen circles indicate that the popu-
outside the Zr surface. However, these surface states al@tion of the wave function in the oxygemirconium surfacg
quickly recovered when the oxygen atoms go subsurface. Wiayer exceeds 40%.
can also observe this recovering from the charge difference The oxygen » bandwidth of 2.1 eV for th€1X 1) struc-
contour plots in Fig. 4. The contours of the charge distribu-ture is wider than the 1.1 eV of th€x1) structure. The
tion differences at the surface layer are almost the same fdarger dispersion originates from the strong oxygen-oxygen
underlayer oxygen adsorption at th€¢1l®), O(23), and G34)  interaction in the higher coveragéXx 1) structure as men-
sites. This is a manifestation of the strong screening power dioned before. The band centers of the oxygenldand are
the metal conduction electrons. For the clean Zr surface, thiwcated at 6.8 eV below the Fermi level for both structures.
high LDOS of the surface Zr layer near the Fermi level con- Within about 1 eV of the Fermi level, the dispersions of
tributes to the surface energy. Upon oxidation, these surfacdie surface states at the zirconium surface layer for the
states interact with the oxygen and are quenched. It is intefl X 1) structure are almost the same as the surface states and
esting to note that for oxygen atoms between the surface artie resonances of the clean(@01) surface?’ These surface
the second Zr layers, the oxygen-zirconium bonding is stronlocalized states have been found for all the underlayer oxy-
ger but the surface states near the Fermi level recover, leaden adsorption in thélx 1) and(2X 1) systems. Using pho-
ing to higher band energy contribution from the top layer Zrtoemission measurements and a band structure calculation,
atoms. The overall effect seems to favor the surface site ovdfreibelmanet al. have shown that the subsurface adsorptions
the (12) site. of hydrogen and nitrogen on the (0D01) surface do not

[0001] —
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FIG. 8. Density contours of thgpoint wave functions localized
(b) Zf(0001 )-(2X1 )'O at the oxygen layer and at the surface zirconium layer for 830
40 o TTETETY site adsorption with the ZB001)-(1x 1)-O structure. The plane
b 0 g 5 0914 ; ¢ é ¢ 9% ! g g 1199 spanned by the vectof¢100] and (1/2)[0001] is shown.
| ‘%%%ﬁg HITHH
z }"{i" % LY @’Qé' é 121 s ; Angle resolved, polarization-dependent photoemission mea-
‘; HE %% i gz Py surements for the underlayer adsorption of thé0001)-
) -2.0 (Lz gé;§+ é % 8.5 % S+ :? : g g—{— (1x1)-N system have shown that the surface state at the
o P g 9 g S IBEPEE: Fermi level has\ ; symmetry(i.e.,s, p,, andds,2_,2). This
w40 ;;v : ey is in agreement with our result.
Ll t In summary, we have used the first-principles calculations
60 geeeede, . tsbsesebevs PR ] to study the structural and electronic properties of the the
3ssesgeedeg oo ilecdttss: 0/Zr(0001) system. The calculations in the single-layer ad-
. g .
8.0 T T 7 T T sorption model have shown that the octahedral adsorption

site between the second and third metal layer is the most
energetically favorable site for both of th@x1) and

FIG. 7. Band structures fde) the O(23) site adsorption withthe  (2x 1) structures. Our calculations indicate a decrease in
Zr(0001-(1x1)-O structure, andb) the Q23) site adsorption with  work function when the oxygen atoms are in the lowest en-
the Z1(0001-(2x 1)-O structure along high symmetry lines in the ergy sites, which is consistent with experimental measure-
surface Brillouin zone. Open and closed circles correspond to thgnents. Subsurface adsorption is not so uncommon, but stable
localized states at the zirconium first layer and the oxygen 'ayeradsorption sites between the second and the third layer is
respectively. The energy zero corresponds to the Fermi level. oihar intriguing. The adsorption is found to be strongly exo-

thermic and the oxygen atoms at subsurface adsorption sites

are energetically more favorable than those in bulk oxides,

indicating that the subsurface sites are stable against further
affect the high LDOS at the surface metal layer, but hydro-migration into the bulk in the initial oxidation process. In the
gen adsorption at the overlayer sites decreases the LDOS atirrent studies, the oxygen atoms are confined to one layer.
the surface layel’ This universal “short-range screening In the next step, we will also consider the energetics when
phenomenon®’ is observed in the band structures for thethe oxygen atoms are distributed in more than one layer.
oxygen adsorptions at the(@.:fcg, O(12), and Q23 sites
in the (1x 1) and(2X 1) structures.

In Fig. 8, the charge densities of states localized at the
oxygen layer and at the surface zirconium layer are shown
for the oxygen adsorption at the(ZB) site of the(1x1)-O Ames Laboratory is operated for the U.S. Department of
structure for several energies at thigooint. We found from  Energy by lowa State University under Contract No.
the density contour that the oxygerp Xtates with energy \W-7405-ENG-82. Part of the present work has been sup-
—7.6 eV below the Fermi level have, character and the ported by the Director of Energy Research, Office of Basic
states with energy-6.0 eV below the Fermi level have Energy Sciences, including a grant of computation time in
pxy Character. The surface state near the Fermi level hathe Cray computers at the National Energy Research Super-
ds,2_,2 character which has the same character as the surfacemputer Center at Livermore. C.T.C. also acknowledges
state at the Fermi level of the clean (@00 surface?®  support from DAG95/96-SC12 from HKUST.
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