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The oxygen adsorption on the Zr~0001! 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 the Zr~0001!-~131!-O and Zr~0001!-
~231!-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 found.@S0163-1829~96!06743-4#

I. INTRODUCTION

Zirconium and its alloys are widely used in the nuclear
industry because of its low neutron absorption cross section,
excellent corrosion resistance, and high temperature stability.
The oxide film that coats the Zr alloys is very stable and
effective in preventing the penetration of gases. The study of
the initial oxidation of the Zr surface is thus of academic as
well as industrial interest.

It is generally believed that dissociative adsorption of
light element gases such as hydrogen, nitrogen, and oxygen
takes place on transition metal surfaces, and adatoms are
chemisorbed at the adsorption sites above the metal surface.
This is due to the fact that the binding of the adatom onto the
surface is usually more stable than the subsurface or bulk
sites. There are, however, exceptions. In the group IV tran-
sition metal–light element surface systems such as
Ti~0001!-~131!-N,1 Ti~0001!-~232!-O,2–4 Zr~0001!-
~232!-O,5–7 Zr~0001!-~231!-O,8,9 Zr~0001!-~131!-O,10

Zr~0001!-~131!-N,11 Zr~0001!-~131!-C,12 and Zr~101̄0!-
~234!-O,13 the favorable adsorption sites have been reported
to be subsurface, based on low energy electron diffraction
~LEED!, Auger, and work-function measurements. The un-
usual adsorption energetics make these systems particularly
worth studying from a theoretical point of view. For most of
the subsurface chemisorption systems, adsorption sites are

found to be~or assumed to be! between the first and second
layer of the host. We will see that the O/Zr~0001! system
actually favors adsorption sites between the second and the
third layer, if the oxygen atoms are confined to sites between
two Zr layers.

The zirconium ~0001!-oxygen system has been exten-
sively studied by two groups.5–10,13–16 In this system, a
~232! LEED pattern was observed at 0.5 monolayer~ML !
and a~131! LEED pattern was observed at 1 ML. Results
from the LEED structure analysis favor subsurface adsorp-
tion models, but the details of the structure are still under
investigation.14 For the ~232! structure at 0.5 ML oxygen
coverage, Zhanget al. proposed a subsurface three domain
model, with three 120° rotated domains of~231! oxygen
occupying octahedral sites between the top and the second Zr
layer.8 Recently, using tensor LEED analysis, Wanget al.
proposed a~232! array model, with 0.25 ML of oxygen at
the octahedral sites between the first and second metal layer
and another 0.25 ML between the second and third layer.15

These two arrays are displaced laterally from one another by
a unit translational vector of the Zr~0001! substrate.15 For the
~131! structure, Mitchellet al. also proposed a subsurface
adsorption model, but it was not possible for them to distin-
guish convincingly between the models involving a single
oxygen layer below the zirconium surface and those with
oxygen incorporated several layers deep.10 Recently they
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proposed that 0.5 ML of oxygen adatoms are distributed sta-
tistically over the octahedral sites between the second and
the third metal layer and another 0.5 ML similarly distrib-
uted between the first and second layer.16

On the theoretical side, no first-principles total energy cal-
culation has been reported for the subsurface adsorption of
O/Zr~0001! systems, although the electronic structure of the
Ti~0001!-~131!-N underlayer adsorption system has been
calculated to compare with the photoemission
experiments.17–19In the present study, the energetics of oxy-
gen adsorption at various sites for the Zr~0001!-~131!-O and
Zr~0001!-~231!-O systems in the single layer model have
been investigated by a first-principles total energy and force
calculation. The method has been shown to give an accurate
description of the structures of solid and solid surfaces.20,21

II. FIRST-PRINCIPLES TOTAL-ENERGY
AND FORCE CALCULATIONS

The first-principles calculations have been carried out us-
ing a pseudopotential method with the local density approxi-
mation ~LDA !.22 The Hedin-Lundqvist form of exchange-
correlation functionals has been used.23 The Bloch wave
functions are expanded in a mixed basis of plane waves and
numerical localized wave functions centered on atomic
sites.24 We have used cutoff radii of 2.6 and 1.3 a.u. for the
local orbitals of zirconium and oxygen, respectively, and a
plane wave basis with kinetic energy up to 20 Ry. The cal-
culated physical properties of the zirconium dioxide in the
cubic, tetragonal, and monoclinic phase are in good agree-
ment with experiments.25

The surface system in the single layer adsorption model is
represented by a supercell with repeated slabs of eight and
ten Zr~0001! layers for the~231!-O and~131!-O systems,
respectively, and two oxygen layers on both sides of the slab.
The vacuum region between the two slabs has a thickness
corresponding to five metal layers. The surface relaxation
and the work function calculated for the clean Zr~0001! sur-
face with these slab geometries are in good agreement with
experiments.20 By choosing the origin at the octahedral site
at the center of the slab, there are 12 symmetry operations for
the ~131!-O, and four symmetry operations~inversion, mir-
ror, inversion1mirror, identity! for the ~231!-O system. We
used six specialk points and eightk points in the two-
dimensional irreducible Brillouin zone to carry out the sum-
mation overk space for the~131!-O and~231!-O systems,
respectively.

All the interlayer distances for the~131!-O system and
the interatomic distances in the lateral direction on the mirror
plane for the~231!-O system are fully relaxed using forces
calculated via the Hellmann-Feynman theorem.26 The initial
input potentials are predicted and the acceleration of the
force convergence with respect to self-consistency are imple-
mented basing on the recently proposed scheme.27

III. RESULTS AND DISCUSSION

A. Energetics

In Figs. 1~a! and 1~b!, the various oxygen adsorption sites
considered in our calculations are shown schematically for
both the~131! and~231! systems. We will use the symbol

O~xy! to denote oxygen atoms at the octahedral site between
the xth and theyth metal layer; whereasT@xy:a ~or b)z]
means the oxygen atoms at the tetrahedral site located di-
rectly above~or below! the zth metal layer and between the
xth and theyth metal layer. In Fig. 2, the calculated oxygen
binding energies for these adsorption sites are shown. The
binding energyEb is defined by

Eb~Q!5@Etotal
slab~Q!2Etotal

Zr slab#/Noxygen2Etotal
oxygen atom. ~1!

HereQ is the coverage defined by the ratio of the number of
oxygen atomsNoxygen to the number of zirconium surface
atomsNZr

surfacein the unit cell.Etotal
slab(Q) is the total energy per

unit cell of the oxygen adsorbed slab,Etotal
Zr slab is the total

energy per unit cell of the zirconium slab with a clean sur-
face, and the reference energyEtotal

oxygen atomis the total energy
of the oxygen atom calculated with a pseudopotential. From
Figs. 2~a! and 2~b!, we see that for both the~231! and
~131! systems the octahedral sites O~23! between the sec-
ond and third layer are the most stable sites. It has been the
conclusion of some experiments that the oxygen atoms oc-
cupy the subsurface octahedral site O~12! in the initial oxy-
gen process of Zr.5–10Our results support subsurface adsorp-
tion models. However, the most favorable adsorption sites
are found to be betweenthe second and the third layer,
rather than between the top and the second layer. Our calcu-
lations show that the adsorption energy of the O~23! sites is
lower than the O~12! sites by almost 0.4 eV. It is thus rather
unlikely that the O~12! sites can compete with O~23! sites.
The O~12! sites are actually less favorable than the overlayer
adsorption sites. For example, the surface fcc site has lower
energy than the O~12! site by about 0.18 eV for the~231!
and about 0.28 eV for the~131! structure.

The overlayer fcc site is slightly more favorable than the
overlayer hcp site by about 0.24 eV for the~231! and about
0.18 eV for the~131! structure. If the oxygen atoms pen-
etrate the Zr top layer, the high symmetry sites are the octa-
hedral and the tetrahedral interstitial sites in the Zr host.
From Figs. 2~a! and 2~b!, we see that the subsurface tetrahe-
dral sites are always less stable compared with the octahedral
sites. This is in agreement with the LEED structure
analysis.5,10From Fig. 1~a!, we can easily see that the surface
fcc sites can be regarded as the continuation of the subsur-
face octahedral sites, while the hcp sites are directly above
the one kind of the tetrahedral sites. We already see that the
surface hcp sites are slightly less favorable. In the subsurface
configurations, the interstitial vacancy of the tetrahedral sites
has a much smaller geometrical volume compared with that
of the octahedral sites. This will lead to large strain and
mandates a large relaxation of the host lattice, as we will see
in a later section. This probably contributes the higher en-
ergy at the tetrahedral sites.

If we compare the binding energies at the O~23! sites for
the two different coverages, we find that the binding energies
of oxygen are29.1 eV and210.0 eV for the~131! system
and the~231! system, respectively. The binding energy is
thus stronger at the lower coverage. The binding at the sub-
surface sites for the~131! system is more stable than the
calculated binding energy of cubic, tetragonal, and mono-
clinic zirconium-dioxide ~zirconia!, which are 28.83,
28.85, and28.87 eV, respectively~using bulk Zr and
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atomic oxygen as reference!.25 Basing on these results on the
~0001! surface, it is reasonable to expect that the formation
of a chemisorbed layer of the oxygen structure at subsurface
sites precedes the surface oxide growth.

The adsorption energy is defined as the energy per oxygen
atom gained by the adsorption of the oxygen molecule onto
the relaxed Zr~0001!-~131! clean surface:

Ead~Q!5@Etotal
slab~Q!2Etotal

Zr slab#/Noxygen2@2Etotal
oxygen atom2D#/2

5Eb~Q!1D/2. ~2!

We have used the experimental value of 5.116 eV for the
dissociation energyD of oxygen. The results are shown in
Table I. To the best of our knowledge, the adsorption energy
of oxygen on Zr~0001! has not been determined experimen-
tally. The heat of absorption, which is defined as the energy

difference between the oxygen in the zirconium bulk and the
gas state, has been reported to be26.42 to25.85 eV per O
atom in thea phase of zirconium,28 where oxygen atoms are
dissolved at octahedral sites in hcp zirconium metal. In our
calculation of the heat of oxygen absorption of Zr2O with
anti-CdI2 structure is26.78 eV per atom,25 which is in
agreement with the above experimental value, allowing for
the fact the LDA usually overbinds.

The calculated adsorption energy at the O~23! subsurface
site for the ~231! system is substantially more favorable
~0.67 eV! than the bulk heat of absorption, while the adsorp-
tion energy for the higher coverage~131! system is less
stable~by 0.21 eV! than the bulk heat of absorption. This
may be due to the oxygen-oxygen interaction. To carry out a
rough estimate of the interaction energy between the ada-
toms we write the chemical potential of the adsorption sys-
tem

FIG. 1. Oxygen adsorption sites for~a! the ~131! structure and~b! the ~231! structure. Here O(xy) means the octahedral site between
the xth and theyth metal layer.T@xy:a ~or b)z] means the tetrahedral site located above~or below! the zth metal layer and between the
xth and theyth metal layer. In the~231! structure, theT sites are not shown.
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m5
]@NoxygenEad~Q!#

]Noxygen
5Ead~Q!1Q

]Ead~Q!

]Q
. ~3!

In the mean field theory the chemical potential at zero tem-
perature is given by29

m5Ead22zepairQ, ~4!

where z is the coordination number of adatoms and
22epair is the pair interaction energy between the adatoms.

The positivee means the interaction is attractive. From the
above two equations the]Ead(Q)/]Q gives the interaction
energy22zepair. The calculated values of the derivative are
shown in Table I. Here we assume the derivative at the half
monolayer~ML ! is given by the difference of the adsorption
energies atQ50.5 andQ51. 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 assumez56, there is a strong repulsive interaction en-
ergy 0.24–0.30 eV per pair in the half ML system. The
]Ead(Q)/]Q 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 @0001# direction is shown for some adsorption struc-
tures. The relaxationD i j is defined as the change of the in-
terlayer distance between thei th and thej th zirconium lay-
ers, where the position of the zirconium layer is averaged
over the two atomic position on the same~0001! plane in the
case of~231! structure. The distancesr Zr-O

min andzZr-O
min 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 D12 is positive ~expansion! for the ~131! system, but
negative~contraction! for the ~231! 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 the~131! system and
less than 10% for the~231! 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 the~131! and ~231! 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 relaxationD12 becomes close to the clean surface
value24.7%~Ref. 20! when the oxygen atoms adsorb at the
deeper absorption site. This may be related to the fact that
the metallic character at the surface is recovered for the

FIG. 2. Binding energies of oxygen for~a! the ~131! structure
and ~b! the ~231! structure as a function of the distance from the
surface.

TABLE I. Calculated binding energy, adsorption energy, and differential adsorption energy per oxygen
atom.

Zr~0001!-~231!-O, Q51/2 Zr~0001!-~131!-O, Q51
Adsorption Site Eb ~eV! Ead ~eV! ]Ead /]Q ~eV! Eb ~eV! Ead ~eV!

O~01:fcc! 29.78 27.22 1.55 29.01 26.45
O~12! 29.60 27.04 1.74 28.73 26.17
O~23! 210.01 27.45 1.76 29.13 26.57
O~34! 29.98 27.43 1.80 29.08 26.53
T~01:hcp! 29.54 26.98 1.41 28.83 26.27
T(12:a2) 27.83 25.27 20.51 28.08 25.52
T(12:b1) 28.06 25.50 20.66 28.39 25.76
T(23:a3) 28.26 25.70 20.38 28.45 25.89
T(23:b2) — — — 28.35 25.79
T(34:a4) — — — 28.38 25.82
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deeper site adsorption, which can be seen from the charge
density and the electronic structure described below. Since
the accommodation required for the adsorbed oxygen per
layer in the ~231! system is less than that in the~131!
system, the relaxationD i j of the ~231! system is generally
smaller than that of the~131! system. The interatomic dis-
tancesr Zr-O

min and the interlayer distanceszZr-O
min are in agree-

ment with the experimental results determined by LEED
structure analysis.5,10,15,16The interatomic distancesr Zr-O

min at
the overlayer fcc and hcp sites are shorter than those at the
underlayer octahedral sites and almost the same as those at
the underlayer tetrahedral sites. This is in good agreement
with the LEED structure analysis.10 The interatomic distance
r Zr-O is 4.29–4.39 a.u. in the solid solutiona phase, and
3.86–4.27 a.u. in the zirconium oxide ZrO2 phase. Our cal-
culated interatomic distancesr Zr-O

min for oxygen in the interior
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-
sitions are displaced more than 10% from the ideal

tetrahedral-site position. This may be closely related to the
large interlayer relaxation, which deforms the tetrahedron
from its ideal shape.

Since the~231! structure has a lower symmetry than the
~131! structure, the structural relaxation has additional de-
grees of freedom: corrugation of the Zr~0001! planes and the
lateral displacements in the@101̄0# direction on the mirror
plane. We found that the corrugation is typically 3% to 4%
of the ideal Zr interlayer spacing. The atomic displacements
on the mirror plane are less than 1% of the zirconium inter-
atomic distance on the~0001! plane. The lateral displace-
ment obtained by the TLEED structure analysis for the
~232! structure is 5.9%,15 which is greater than our value.
This may be due to the more open structure in the lateral
direction for the~232! structure than for the~231! struc-
ture.

C. Work function

In Figs. 3~a! and 3~b!, the work function changes (Df) in
comparison to the clean Zr~0001! surface are shown for the

TABLE II. Relaxation of the zirconium interlayer spacings and the nearest-neighbor zirconium-oxygen
distances.

Relaxation~%! Distance~a.u.!
D12 D23 D34 D45 D56 r Zr-O

min zZr-O
min

Zr~0001!~10 layers!a 24.7 11.2 11.0 20.6 10.3
Zr~0001!~8 layers!a 24.4 11.0 11.0 20.8
Experimentb 2162
Experimentc 21.660.8 10.461.2 0.061.2 0.061.6

~131!-O~01:fcc! 12.5 21.8 21.3 10.6 60.0 3.95 1.88
~131!-T~01:hcp! 13.4 22.4 21.3 10.6 20.3 3.97 1.92
~131!-O~12! 110.9 21.5 10.9 20.7 60.0 4.36 2.64
~131!-O~23! 22.9 111.4 10.1 10.6 10.7 4.40 2.69
~131!-O~34! 23.9 10.1 112.2 21.6 20.1 4.39 2.68
~131!-T(12:a2) 130.1 20.8 22.4 20.3 20.9 3.92 3.92
~131!-T(12:b1) 130.1 20.6 22.2 20.7 21.0 3.90 3.90
~131!-T(23:a3) 22.8 132.1 21.3 22.2 20.4 3.94 3.94
~131!-T(23:b2) 22.7 131.5 20.5 21.6 21.8 3.96 3.96
~131!-T(34:a4) 24.2 10.7 130.8 10.3 24.1 3.92 3.92
~131!-Experimentd 4.35 2.55
~131!-Experimentc 13.1 12.3 10.4 0.0 4.31 2.48

~231!-O~01:fcc! 22.3 20.4 60.0 20.2 — 3.95 1.87
~231!-T(01:hcp! 21.9 20.8 20.4 10.1 — 4.00 1.97
~231!-O~12! 12.9 10.2 12.8 16.2 — 4.23 2.42
~231!-O~23! 22.6 17.6 11.4 12.1 — 4.33 2.58
~231!-O~34! 23.5 12.5 18.3 12.3 — 4.34 2.61
~231!-T(12:a2) 125.7 10.7 21.6 21.1 — 3.90 3.90
~232!-Experimente 4.37 2.59
~232!-Experimentf 12.3 11.6 20.8 0.0 4.23 2.46

aReference 20.
bReference 30.
cReference 16.
dReference 10.
eReference 5.
fReference 15.
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~131! and~231! structures, respectively. We have used the
work functions of the clean surface, which were calculated to
be 4.26 and 4.37 eV for the slab with eight and ten zirconium
layers, respectively.20 It is generally believed that the work
functions increase~decrease! when the negatively charged
adatom such as oxygen adsorbs above~below! the surface.31

Intuitively, we expect that charge is transferred from the Zr
atoms to the more electronegative oxygen atoms, and if the
oxygen atoms are above the surface, the surface dipole will
tend to increase the work function, whereas if the oxygen
atoms are just below the surface, the dipole points to the
opposite direction and decreases the work function. The
change inDf should diminish as the oxygen atoms are bur-
ied deeper into the bulk and screened by the Zr conduction
electrons. The general trend of our results, as shown in Figs.
3~a! and 3~b!, is consistent with this picture:Df generally
goes from positive to negative when the oxygen layer pen-
etrates the Zr surface. However, we should point out such a
simplified model basing on electronegativity and surface di-
pole arguments does not always prevail. For example, it
cannot account for simple adsorption systems such as alkali-
metal adsorption on jellium surface.32 A more careful exami-
nation of Fig. 3 shows that the work function change is

very sensitive to the position of the oxygen adatom. For ex-
ample, the overlayer adsorption at the~231!-O~01:fcc! site
decreases the work function slightly by 70 meV, while the
overlayer adsorption at the~231!-T~01:hcp! site increases
the work function by 150 meV. The adsorption at the sub-
surface sites O~12! andT~12:a2! and the innerT~23:a3! site
in the ~131! structure increases the work function by 300,
260, and 100 meV, respectively.

The work function change has been measured carefully,7,8

and the sensitivity ofDf to the position of the oxygen atoms
can help us identify the adsorption site. Experimentally, the
work function is found to decrease initially with coverage,
reaching a minimum at about a half monolayer~ML !
coverage.8 The experimentally found decrease in work func-
tion is certainly consistent with the subsurface site for the
oxygen atoms. It also indicates that the oxygen cannot be
very far from the surface because both intuition and our theo-
retical results indicate thatDf should be small if the oxygen
adatoms are deeply buried. From the calculated large posi-
tive Df for the ~131! system the overlayer O~01:fcc! and
the subsurface O~12! adsorption of oxygen may be excluded

FIG. 4. Charge distribution difference between the self-
consistent~pseudo!charge density for the slab and the superposition
of ~pseudo!atomic charge density for~a! the~131! structure and~b!
the ~231! structure. Solid and dashed contours correspond to the
regions of charge accumulation and depletion, respectively. The
planes spanned by the vectors@11̄00# and~1/2!@0001# are shown for
the ~131! structure and the planes spanned by the vectors@101̄0#
and~1/2!@0001# are shown for the~231! structure. Charge densities
on successive contours differ by 0.002 electrons/~a.u.!3.

FIG. 3. Change in the work function by oxygen adsorption for
~a! the ~131! structure and~b! the ~231! structure in comparison
with that of the clean Zr~0001! surface, which is shown as a func-
tion of the distance from the surface.
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in comparison with the experimental results. TheDf of the
oxygen adsorption at the energetically most favorable O~23!
site is280 and2120 meV for the~131! and the~231!
systems, respectively. Zhanget al. have measuredDf for
the zirconium~0001! surface oxidized at room temperature
and followed by a brief annealing at 493 K, which resulted in
the formation of the ordered phase of oxygen adatoms, and
found thatDf is2320 and2290 meV at a half ML and one
ML coverage, respectively.8 It is rather satisfying that the
energetically most favorable sites for~131! and~231! give
negativeDf, and the~231! work function is lower than the
~131! work function, in accordance with experimental find-
ings. On the other hand, we note that the experimental results
are lower than our value by approximately 200 meV. There
are two possible explanations for this difference. First, pre-
vious experience shows that LDA calculated work functions
are typically good to about 0.1 to 0.2 eV, and there is no
reason to expect a better agreement for this particular system.
In addition, the work function is determined by comparing
the vacuum level with the Fermi level in the calculation, and
the numerical results are inevitably dependent on the thick-
ness of the vacuum and the number of layers in the slab.
Since these parameters are primarily chosen for structural
and energetics considerations, there may still be room for
improvement when we consider work functions. We found
that the work function is decreased from 4.36 to 4.27 eV by
changing the number of layers in the slab20 and there is a 0.2
eV overestimation in comparison with the experimental
value of 4.05 eV.33 The second reason is hydrogen
adsorption4 and its segregation on the zirconium~0001! sur-
face below 467 K.34 The presence of the hydrogen on the
surface increases theDf by more than1150 meV compared
to the clean surface. Hydrogen contamination is almost im-
possible to remove from the group IV transition metal
surfaces.4

D. Charge density and interlayer force field

The change in the electron density is shown for some
configurations of the~131! and~231! structure in Figs. 4~a!
and 4~b!. The changeDr is defined by the difference of the
total charge and the superposition of atomic charge density:

Dr~r !5rslab~r !2(
l , j

r j
atom~r2Rl2r j !. ~5!

Hererslab is the self-consistent~pseudo!charge density of the
slab with adsorbed oxygen atoms, andr j

atom(r2Rl2r j ) is
the ~pseudo!atomic charge density of thej th atom in the unit
cell l . We found that the effect of the oxygen adsorption on
the charge redistribution is mostly local, in the sense that
only the nearest-neighbor regions are affected. A rough esti-
mate of the accumulation of the electron charge around oxy-
gen has been done by integratingDr(r ). Surprisingly the
electron accumulation around the oxygen atom~as found
from *Drdr ) has almost the same value 0.4e within the
2.0–2.2 a.u. radius for all the sites both in the~131! and
~231! structures. The excess charge of 0.4e is much smaller
than that of the O22 ion, which is consistent with the well
known fact that directional covalent bonds contribute sub-
stantially to the zirconium-oxygen interaction in zirconium
dioxide ~zirconia!.25,35 Our calculation of the electronic
charge accumulation for the oxygen in the cubic zirconia is
about 0.7e.25 The charge accumulation around oxygen ada-
toms in the slab is thus lower than that in the oxide, and may
suggest a more covalent nature of zirconium-oxygen interac-
tion in this adsorption system.

We have also calculated the interlayer force fields, and
found that they are fairly short ranged. The magnitude of
interlayer force constants between the oxygen layer and the
next-nearest-neighbor zirconium layer is approximately one-
tenth of that of the force constants between the oxygen layer
and the nearest-neighbor layer. Here the interlayer force con-
stants are obtained by applying a small displacement of the
oxygen layer in the@0001# direction from the fully relaxed
position. Using the interlayer force constants we have calcu-
lated the oxygen vibrational energy in the@0001# direction
for the ~131! structure. The vibrational energies are 67, 61,
and 58 meV for the oxygen adsorbed at the sites O~01:fcc!,
O~12!, and O~23!, respectively. We are not aware of experi-
mentally measured frequencies, but these values compare
well with the vibrational energy of 65 meV for Ti~0001!-
oxygen adsorption measured by high resolution electron en-
ergy loss spectroscopy.4

FIG. 5. Local density of states
~LDOS! of the Zr~0001!-
~131!-O structure for ~a! the
O~01:fcc! site adsorption,~b! the
O~12! site adsorption, and~c! the
O~23! site adsorption. The zero
energy corresponds to the Fermi
level.
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E. Electronic structure

The layer-decomposed local density of states~LDOS! for
the ~131! structure is evaluated using the following defini-
tion:

D~ i ,E![ (
ki ,n

E
~zi211zi !/2

~zi1zi11!/2
rn
sym~ki ,z!d@E2En~ki!#dz.

~6!

Here,ki is a wave vector in the two-dimensional Brillouin
zone,n is a band index,zi is thez position of thei th layer,
andrn

sym(ki ,z) is the layer-averaged charge density symme-
trized from the probability density of the wave functions of
the state En(ki) in the irreducible Brillouin zone.24

rn
sym(ki ,z) is normalized to unity in the unit cell. The sum-
mation ofki was done over 66 evenly spacedk points in the
two-dimensional irreducible Brillouin zone, and 112 bands
were considered. Thed-function in the above equation is
replaced by a Gaussian function with 0.15 eV width.

In Figs. 5~a!, 5~b!, and 5~c!, the local density of states
~LDOS! of the ~131! system for the O~01:fcc!, O~12!, and
O~23! sites is shown. The Fermi energy is set at 0 eV. Al-
though the oxygen-zirconium interaction is strong, the
oxygen-induced change in the Zr LDOS is short-ranged, and
is conspicuous only in the metal layers sandwiching the oxy-
gen atoms.

The most prominent feature in the LDOS is the oxygen
2p band and the corresponding bonding band of Zr. The
energies of the LDOS of this oxygen band for the O~12! and
O~23! sites are shifted downward by about 1.6 eV from that
of the overlayer O~01:fcc! site, indicating a stronger interac-
tion between oxygen and zirconium when the oxygen is sub-
surface, probably due to an increase in the coordination num-
ber. The bandwidth of the oxygen 2p band is approximately
2 eV for the three oxygen sites. The bandwidth depends
mainly on the oxygen-oxygen interaction and is approxi-
mately the same for the same coverage.

Surface states with high LDOS near the Fermi level are
found for the underlayer oxygen adsorption. Surface states
with high LDOS around the Fermi level have been found for
zirconium and titanium clean~0001! surfaces.20,36 These
states are the most ‘‘reactive’’ and are removed upon inter-
action with oxygen atoms when the oxygen atoms adsorb
outside the Zr surface. However, these surface states are
quickly recovered when the oxygen atoms go subsurface. We
can also observe this recovering from the charge difference
contour plots in Fig. 4. The contours of the charge distribu-
tion differences at the surface layer are almost the same for
underlayer oxygen adsorption at the O~12!, O~23!, and O~34!
sites. This is a manifestation of the strong screening power of
the metal conduction electrons. For the clean Zr surface, the
high LDOS of the surface Zr layer near the Fermi level con-
tributes to the surface energy. Upon oxidation, these surface
states interact with the oxygen and are quenched. It is inter-
esting to note that for oxygen atoms between the surface and
the second Zr layers, the oxygen-zirconium bonding is stron-
ger but the surface states near the Fermi level recover, lead-
ing to higher band energy contribution from the top layer Zr
atoms. The overall effect seems to favor the surface site over
the O~12! site.

In the LDOS of the O~23! adsorption structure, there is
also a high LDOS region in the surface and the second Zr
layer, with energy at about21.4 eV below the Fermi level.
This high LDOS region is not found in the O~01:fcc! and the
O~12! site adsorption systems. The charge density distribu-
tion for the states with the energy between21.6 and21.1
eV is shown in Fig. 6. From the contour plot, the states in
this high LDOS region contribute to the~metallic! bonding
between the Zr atoms in the first~surface! and the second
layer. These surface states are probably pulled downward
from near the Fermi level, and there is a possibility that these
occupied bonding states may be one of the origin of the
favorable oxygen adsorption at the O~23! site.

In Figs. 7~a! and 7~b!, the band structures of the slabs
with oxygen adsorbed at the O~23! sites are shown for both
the ~131! and the~231! systems along the high symmetry
lines in the two-dimensional irreducible Brillouin zone. In
these figures, the closed~open! circles indicate that the popu-
lation of the wave function in the oxygen~zirconium surface!
layer exceeds 40%.

The oxygen 2p bandwidth of 2.1 eV for the~131! struc-
ture is wider than the 1.1 eV of the~231! structure. The
larger dispersion originates from the strong oxygen-oxygen
interaction in the higher coverage~131! structure as men-
tioned before. The band centers of the oxygen 2p band are
located at 6.8 eV below the Fermi level for both structures.

Within about 1 eV of the Fermi level, the dispersions of
the surface states at the zirconium surface layer for the
~131! structure are almost the same as the surface states and
the resonances of the clean Zr~0001! surface.20 These surface
localized states have been found for all the underlayer oxy-
gen adsorption in the~131! and~231! systems. Using pho-
toemission measurements and a band structure calculation,
Feibelmanet al. have shown that the subsurface adsorptions
of hydrogen and nitrogen on the Ti~0001! surface do not

FIG. 6. Pseudocharge distribution contours of the states with
energies between21.6 eV and21.1 eV for the O~23! site adsorp-
tion with the Zr~0001!-~131!-O structure.
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affect the high LDOS at the surface metal layer, but hydro-
gen adsorption at the overlayer sites decreases the LDOS at
the surface layer.17 This universal ‘‘short-range screening
phenomenon’’17 is observed in the band structures for the
oxygen adsorptions at the O~01:fcc!, O~12!, and O~23! sites
in the ~131! and ~231! 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 O~23! site of the~131!-O
structure for several energies at theḠ point. We found from
the density contour that the oxygen 2p states with energy
27.6 eV below the Fermi level havepz character and the
states with energy26.0 eV below the Fermi level have
px,y character. The surface state near the Fermi level has
d3z22r2 character which has the same character as the surface
state at the Fermi level of the clean Zr~0001! surface.20

Angle resolved, polarization-dependent photoemission mea-
surements for the underlayer adsorption of the Ti~0001!-
~131!-N system have shown that the surface state at the
Fermi level hasL1 symmetry~i.e.,s, pz , andd3z22r2). This
is in agreement with our result.

In summary, we have used the first-principles calculations
to study the structural and electronic properties of the the
O/Zr~0001! system. The calculations in the single-layer ad-
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 the~131! and
~231! structures. Our calculations indicate a decrease in
work function when the oxygen atoms are in the lowest en-
ergy sites, which is consistent with experimental measure-
ments. Subsurface adsorption is not so uncommon, but stable
adsorption sites between the second and the third layer is
rather 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
migration into the bulk in the initial oxidation process. In the
current studies, the oxygen atoms are confined to one layer.
In the next step, we will also consider the energetics when
the oxygen atoms are distributed in more than one layer.
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FIG. 7. Band structures for~a! the O~23! site adsorption with the
Zr~0001!-~131!-O structure, and~b! the O~23! site adsorption with
the Zr~0001!-~231!-O structure along high symmetry lines in the
surface Brillouin zone. Open and closed circles correspond to the
localized states at the zirconium first layer and the oxygen layer,
respectively. The energy zero corresponds to the Fermi level.

FIG. 8. Density contours of theḠ point wave functions localized
at the oxygen layer and at the surface zirconium layer for the O~23!
site adsorption with the Zr~0001!-~131!-O structure. The plane
spanned by the vectors@11̄00# and ~1/2!@0001# is shown.
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