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H-enhanced mobility and defect formation at surfaces: H on BEO00J)
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First-principles calculations of the interaction of H with the close-packe(d®X) surface reveal that
adsorbed H reduces barriers and formation energies for Be surface defects. A H atom adsorbed on top of a Be
adatom reduces the Be atom’s surface-diffusion barrier by a factor of 3. Preferential binding of H to surface
defects reduces the formation energy of steps, adatoms, and vacancie®081B8ecause H adatoms repel
each other on the flat surface, but not if adsorbed at the defects studied here, the formation of these defects is
especially facile at high H coverage. These results explain the experimental findings that the H-induced
vacancy reconstructions, which dominate the high H coverage regime, form at as low as 100 K.

The H-B&000J) adsorption system involves the simplest  (ii) H reduces the formation energy of surface defects like
of adatoms interacting with asp-bonded, or “simple” steps or adatoms.
metal. Nevertheless, attempts to apply modern surface ex- (iii) Because of the H-H repulsion on the flat(Be0J1)
perimental probes to the structure of this technologically sigthis reduction of defect formation energies and barriers de-
nificant adsorption system have initially produced “more Pends strongly on the H coverage. The higher the H coverage
confusion than enlightenment™® Recently Stumpf and Fei- the higher is the H chemical potential and the H's ability to
belman proposed a H-induced vacancy reconstruction of theéduce formation energies and barriers.
(close packedBe(0001) surface at high H coveragésln Similar mechanisms should be important in understanding
these H-induced vacancy reconstructions, H adatoms sit opHrface problems where kinetics and energetics are changed
bridge sites tilted toward surface vacancies. The lowestby adsorbates that bind stronger to substrate atoms than
energy reconstruction requires 1-ML H coverage and con@mong themselves. Examples include adsorbate enhanced
sists of a honeycomb array of Be VacancieS, each decoratéglrface diﬁ:USior?,epitaXial grOWth influenced by SUrfaCtantS,
by three bridge-bonded H’s. This structure has been ConetChing or Sputtering of Surfaces, and chemical surface reac-
firmed quantitatively by Pohl, Hannon, and PlumnieHP  tions mediated by coadsorbed catalysts.
in a low-energy electron diffractioh-V analysis? The va-
cancy structures are only favorable at high H coverages |. ELECTRONIC STRUCTURE CALCULATIONS
(from 2/3 to 1 ML. At low coverage the adsorption geom-

etry is more conventional—threefold hcp sites are occupied The results reported here are based on density-functional
with little change in the underlying lattice. Because of thecalculations with the local-density approximatitirDA) for
low diffusion barrier between the hcp sites and the strongxchange and correlatiofXC). Details of the plane-wave
H-H repulsion in this phase, the H adlayer must be disorpseudopotential technique and the H{@01) calculations
dered at room temperature. are described in Refs. 4 and 7. To approximate th@@@)
Although the static interaction of H and B¥900) is now  surface | use repeated slabs at least nine layers thick, with 12
understood quite well, there remain questions concerning thg 36 atoms per layer, separated by five layers of vacuum.
kinetics of the interaction, which is the focus of this paper.Stepped surfaces are constructed in two different ways. |
The H-induced honeycomb structure forms spontaneously alompute step energy differences via 12-atomic, hexagonal
about 100K, if enough H is allowed on the surficEhis  islands on B&001) which have two possible aspect ratis.
means that at 100 K, atomic processes necessary for the faror adsorption at steps, | construct a pair of steps by remov-
mation of the honeycomb structure, like vacancy formationing half of the atoms of a & 3 or 6 X 4 surface layer. This
and Be surface self-diffusion, occur at rates faster than aboyroduces steps in the surface cell three or four atoms wide.

one event per second. Assuming the standard prefactor farhe outer three Be layers and the H adlayers are relaxed.
diffusion processes, 1bs™1, and given that the transforma-

tion occurs in less than a minute experimentallyestimate

that the barrier for surface self-diffusion and the barrier for Il H ADLAYERS ON Be (0009

vacancy formation have to be below 1/4 eV. This barrier is At coverages below and at 1 ML all the H atoms are on

about four times less than expected for vacancy formation othe surface, because subsurface sites are too high in éhergy.

a close packed surface. At low H coverage most of the H atoms sit on flat parts of
Even though a complete model of the kinetics of the for-the surface. The low calculated energy barrier for H surface

mation of the H-induced vacancy structures remains to bédiffusion (Ep=0.15 e\j suggests disorder down to low tem-

developed, some important ingredients of such a model arperatures in this phase. The H-H interaction is repulsive, i. e.,

reported here. the adsorption energy decreases with covefage Fig. L
(i) A H adatom adsorbed on top of a diffusing Be adatom At higher coverages and at temperatures above about
reduces the Be diffusion barrier by a factor of 3. 100 K, PHP find that H-induced reconstructions fdrifhus,
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< . TABLE |. Adsorption energy(eV) of H and Be on flat and
217 Hon i » gitgge stepped B@001), of H on top of Be adatoms, and of two H at the
18 B 6?300313 — - two bridge sites at step adsorbed Be adatoms. The free atom refer-
& 1.9 . “missing row ence energy for H is 1 Ry. To correct for the usual overbinding in
g 2 P LDA, | choose the atomic reference for Be so that the calculated
c - = honeycomb . . . .
o 21 - cohesive energy agrees with the experimental cohesive energy of
"E_ 2.2 o gcp H vacancy hcp Be of 3.32 eV. All calculations are performed with a cell con-
8 23 «hgp/ site reconstructions | taining 18 atoms per layer.
E 2.4 4 sites
b Be H
112 1/3 2/3 1
flat B(000) 2.04 2.40
H coverage (ML) atA step 2.49 2.07
atB step 2.74 2.35
FIG. 1. Calculated H adsorption energy as a function of cover-
age on flat and reconstructed (B802J). on Be adatom 2.33
at Be atA step 2.55
at high H coverage, the reconstructed phases are more stafleBe atB step 2.35

(see Fig. 1 and the barriers to form them are low. The H-H
interaction is attractive in the vacancy reconstructions.

The key to understanding the stability of the H-inducedstrong and short H-Be bond. The H adsorbs preferentially on
vacancy structures is that Be has a quasigap in the bulk but@p of the Be adatonisee Fig. 2 The H-Be bond length is
h|gh Fermi density of states at the ﬂat(B@Ol) surface. This Computed to be 5.5% shorter and the b|nd|ng energy per
indicates that Be, a first row element, has a tendency to forrgong is 0.99 eV or 73% greater than each of the two bonds a
covalent bonds and that the flat @801 surface is in a state adatom has in the H-induced honeycomb structure.
quite unusual for Be. H is ideally suited to saturate dangling Thjs strong bond has two consequences. It makes the
bonds, as on semiconductor surfaces, and thus to reopenga-H ad-dimer more stable than a single Be adatom, reduc-
gap at the surface. Indeed, H binds to Be surfaces by havingg the formation energy of a Be-H) adatom. Furthermore,

strong and short covalent bonds to Be surface atoms, if thosge strong Be-H bond weakens the Be-substrate bonds reduc-
atoms are low coordinated. This ability to form strong H-Being the diffusion barrier§.

bonds is the major driving force for the vacancy reconstruc-

tion. Vacancies in the top B@00J) layer reduce the coordi-

nation of the Be surface atoms. This makes the surface atoms A. Formation energy of the hydrogenated Be adatom

at the vacancies more fe?"“"e- Compared to 1 ML (.)f Hon The site on top of a Be adatom is a relevant adsorption
the flat B&000D), the binding energy per H-Be bond in the e 15 energy is at least 0.5 eV lower than for all other sites
H-induced honeycomb structure is approximately doubledy; y,o e agatom. In fact, H prefers this site to sites on flat

and the H-Be bond length is reduced by nearly 10%. At thge0007) for H coverages above about 1/15 Méee Tables
same time a 5-eV-wide quasigap forms in the H-honeycomp 5 ). Thus H reduces the Be adatom formation energy.
surface layer. The formation energy of nonhydrogenated Be adatoms is
defined as the energy difference between the cohesive energy
Ill. H ON TOP OF Be ADATOMS of Be and the adsorption energy of Be on(@&01) at low
. ) coverage. This energy is 1.27 dsee Table ). For a hydro-
H also interacts strongly with a Be adatom on the cloS€;enated Be adatom the formation energy changes by the dif-
packed B€000D surface. Be adatoms have only three neigh-grence hetween the H adsorption energy on the Be adatom

bors, six fewer than an atom in flat parts of the(@®1 (; 33 ¢\ and on the flat surface at the given coverage. For
surface. Adding one H atom to a Be adatom results in a VeN4yample, &a H coverage of 1/3 MLEH=2.24 eV), it costs
1 al . ’

only 1.18 eV to form a hydrogenated Be adatom.

TABLE Il. Formation energy of steps and Be adatoms on
Be(000)). If H adsorbs at a given H coverage preferentially at the
step or the adatom, the reduced formation energy is given. All en-
ergies are relative to the energy of clean(®1), the Be cohesive

, : \rgm
C./) ] . - energy, and the energy of H at the given coverage on fl€Q@H).

| ZA R U b

1 1

N m@Q ® | o @ 2 O@/ H coverage OML 1/728 ML 1/3ML

° ’ ' ° ° ? ! ° A step(+H) per step atom 0.27

FIG. 2. Valence charge density plot of Bkeft) and BerH B step(+H) per step atom 0.34 0.23
(right) adsorbed on B@00J). Dots indicate the position of the Be adatom(+H) on flat B€000)  1.27 1.18
atoms. The contour spacing is normally 59 millielectroh#hd 295 Be (+2 H) adatom afA step 0.83 0.54 0.22
millielectron/A2 close to the H. The maximum charge density is Be (+2 H) adatom aB step 0.58 0.54 0.36

1360 millielectron/& (left) and 340 millielectron/A (right).
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TABLE ll. Increase in energyeV) of a Be adatom and of a finally | discuss the energetics of vacancy formation at the
hydrogenated Be adatom relative to adsorption at the equilibriurrsteps_
fcc site at 1/12 ML coverage.

A. Adsorption at close packed steps

bridge hcp top
On close packed surfacfse., fcd111) or hcg0001) ] two
Be adatom 0.06 0.04 0.39 geometrically different types of densely packed steps éxist.
Be+H on top 0.02 0.02 0.09 The A step has rectanguldor (100-like] microfacets, the

B step has trianguldior (111)-type] microfacets. In general
these steps have slightly different formation energies. This
The formation energy reduction is more significant atdifference has been studied for a few (fttl) surfaceqAl,
higher H coverage. However, at higher H coverage, the inPt, In.>*213In these studies tha step tends to have a higher
teraction between adsorbed H atoms and the H-Be dimebrmation energy0—15 % of theB step formation energy
should also be stronger, and this as yet unknown interactio®n Bg000)) the B step has a 26% lower formation than the
might affect the formation energy of the Be-H dimer. To getA step(0.34 eV perB step atom and 0.27 eV pé step
an idea of the high H coverage limit | calculate different atom; see Table )I
structures with 1-ML H coverage and with Be adatoms. In all The source of the energy difference between Ahand
of these structures the formation energy of the hydrogenateB steps is still unclear. The number of bonds broken in form-
Be adatom is between 0.9 eV and 0.7 eV. ing either step is identical. Nevertheless, it is interesting,
because the different stability of the two steps leads to a
o different reactivity.
B. Be plus H diffusion Both H and Be preferentially adsorb at the less stable
Figure 2 shows that the strong H-Be bond weakens théteps(see Table)l H sits at the tilted bridge sites between
bonds of the Be adatom to its B¥01) surface neighbors. step edge atoms, as in the missing row Breconstruction
An isolated Be adatom on a fcc site is 2.00 A from its three(see Ref. 4 with the B step prefered by 0.28 eV over the
nearest neighbors, 8.1% less than the bulk nearest-neighbrstep. Aboe a H coverage of 1/12 ML, H adatoms prefer
distance. Wi a H atom sitting on top this bond length in- theseB step sites to sites on the flat ®80J) surface, sta-
creases to the bulk bond length of 2.18 A. The height abovailizing the B steps. At®=1/3 ML, H coveredB steps are
the surface also increases from 1.36 A to 1.69 A , when a Heven more stable thah steps, which will not hold H atoms
atom is added to the Be adsorbate. The top adsorbed H aats bridge sites at this coverage at @eée Table ).
to pull the adatom away from the surface. At steps Be adatoms prefer fivefold sites.B\steps their
The weakening of the backbonds of the hydrated Be adenergy is 0.25 eV lower than &t steps. Therefore, B steps
atom reduces the diffusion barrier for hopping across there rougher in thermal equilibrium. This reverses with H
twofold bridge site from the equilibrium threefold fcc site to coadsorption. H adatoms bind strongly to the two twofold
a neighboring threefold hcp site from 0.06 eV to 0.02(e¥e  sites bridging the adatom and the neighboring step edge
Table Il). The energy differences between fcc, hep, and toptoms'* Two H atoms bind with 2.35 eV each at the Be
sites are also reducéd. adatom aB steps and with 2.55 eV &t steps. Thus, H again
The H-induced reduction of the self-diffusion barrier on stabilizes the initially less stable defect, the Be adatom at the
the flat B€000Y) is not very important for the mechanism of A step, reducing the Be adatom formation energy. For ex-
the vacancy-phase formation, because the formation barri@mple, the energy needed to take a Be atom out of the bulk
is very small even withaua H on top. This mechanism, and two H atoms from a 1/3-ML H overlayer and to adsorb
however, might contribute to the H enhanced mobility ob-these three atoms at tiestep is only 0.22 eV. This is lower
served on a large number of metal surfatéss also likely  than the adatom formation energy at thestep with no H
that H has similar effects on the surface self-diffusion oncoadsorbed, which is 0.84 eV. At tH& step the formation
semiconductors, given that H-semiconductor bonds are relanergy changes less with H coadsorbed: from 0.58 eV to
tively strong. Recent calculations on the low index surface®.36 eV at®,=1/3.
of Al show that the same mechanism works for the pair H

and AI*° B. Vacancy formation at steps
To grow the H-induced honeycomb structure, vacancies
IV. NUCLEATION OF THE HONEYCOMB have to be created. There are many ways to do this, espe-
RECONSTRUCTION AT STEPS cially in the presence of H. Ideally, all of them should be

studied. Nevertheless, by studying three vacancy formation

It is reasonable to assume that the growth of vacancyrocesses at the step one can already draw some important
structures should start at preexisting steps. F6LH) it was  conclusions.
found that the barrier for vacancy formation at steps is lower In all three cases | approximately calculate the barrier for
than in the flat surfacé Therefore the Na-induced3 recon- vacancy formation in 8 step by moving one step atom half
struction starts to grow at stepsFurthermore, atoms re- way out of the step to the nearest twofold site in front of the
moved from the step do not have to diffuse far to find astep. Without H the energy in this configuration is 1.5 eV
low-energy adsorption site. The step itself provides them. higher than in the initial state, the ideal step. Therefore,
start the study of the vacancy formation at steps with thewithout H, the vacancy formation barrier might be as high as
properties of ideal steps, then with H and Be adsorbed, andl.5 eV.
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When a H atom sits on the detaching Be atom, the Be The H-induced reconstructions form at 100 K. This im-
atom is partially saturated. Thus, as discussed above for H gplies reduced barriers(1/4 eV) for the motion of Be in the
top of a Be adsorbate, the detachment barrier should be lovpresence of H. The barriers for Be self-diffusion are reduced
ered. However, calculations imply that the H does not wanby a factor of 3 wha a H atom adsorbs on the diffusing Be
to stay on the detaching Be step atom; it remains at the stepdatom. The adsorbed H weakens the bonds of the Be ad-
In another attempt | put H atoms on the step so that all ohtom to the surface and lifts it away from the surface. On Al
the Be atoms neighboring the detaching Be atom in the uppesurfaces a very similar mechanism works, which indicates
terrace are bound to H. This weakens the bonds of thes#at it is quite common®
neighbors to the detaching Be atom, and indeed gives a Calculations of vacancy formation at steps on(E®1)
0.2-eV reduction of the approximate detachment barrier. indicate that the very high barriers without H coadsorbed
This reduction is, however, far too small to account for(about 1.5 eV are only reduced significantly at H coverages
the formation of the honeycomb structure at a temperature adose to 1 ML. At high coverage, H reduces the formation
low as 100 K. The largest part of the vacancy formation barenergy of adatoms, steps and vacancies, and thus also the
rier is the formation energy of a vacancy plus a Be atonbarriers.
adsorbed nearby at the step. The additional barrier, which is All of the H effects on the energetics on Be surfaces stem
the energy difference between the saddle point and this findtom the fact that H generally binds more strongly at higher-
configuration, is very small. Thus, only if the formation en- energy surface structures. At low H coverage this reduces the
ergy of the vacancy-adatom pair is reduced can the barrieznergy differences between low- and high-energy surface
for its formation get smaller. Because the vacancy structurstructures, at high H coverage it even reverses their energetic
is the stable structure when the H coverage approaches 1 Mirdering. For exampleB steps become more stable than
this formation energy must drop to zero. | therefore concludesteps, and vacancy structures are more stable than the flat
that increasing H coverage reduces both the vacancy formaurface.
tion barrier and energy at the same time.
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