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Interaction of hydrogen with the Be(0001) surface
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Extensive 6rst-principles calculations of the H-Be interaction reveal that novel H-surface vacancy
structures dominate the high-coverage regime, from 2/3 to 1 monolayer (ML). At 1 ML the low-
energy structure is a honeycomb of Be vacancies each decorated by three bridge-bonded H's tilting
inward. At 2/3 ML the H s tilt in toward linear trenches organized in a 3x1 structure. At low
coverages H prefers ordinary hcp threefold sites. A combination of the three structural models
explains most of the experimental results. The adsorption of H in subsurface sites is shown to be
unlikely.

I. INTRODUCTION

The H-Be(0001) adsorption system involves the sim-
plest of adatoms interacting with an 8p-bonded, or "sim-
ple" metal. Nevertheless, attempts to apply modern sur-
face experimental probes to the structure of this techno-
logically significant adsorption system have so far pro-
duced more confusion than enlightenment. Because of
the generally close relation between materials' structure
and behavior, progress in surface science depends on reli-
able surface crystallography. Thus, it is important to re-
spond to challenges, e.g. , those presented by H/Be(0001)
to the idea that modern experimental methods make the
determination of surface atomic arrangements routine.

The most striking difhculty regarding H/Be(0001) con-
cerns the work function change L4. Feibelman's first-
principles electronic-structure calculations imply work
function changes in the neighborhood of —2 eV for 1x1
overlayers of H/Be(0001) in any of several adsorption ge-
ometries. The stark contradiction between this result
and the value of LC = —0.4 eV measured by Ray, Han-
non, and Plummer at saturation coverage (about 1 ML)
is a strong indication that the 1x1 geometries assumed
in the calculations are far from the actual H/Be bonding
configuration.

In the work reported here, we resolve the work func-
tion puzzle as well as a variety of other experimental and
theoretical paradoxes. We systematically investigate a
large number of possible H bonding configurations. For
the high-coverage limit, we show that H-induced vacancy
reconstructions in which H adatoms sit on bridge sites
tilted toward surface vacancies have the lowest total en-
ergy. The predicted structures represent a form of H-
induced surface reconstruction.

The vacancy structures are only favorable at high H
coverages (from 2/3 to 1 ML). At low coverage the
adsorption geometry is more conventional — threefold
hexagonal-close-packed (hcp) sites are occupied with lit-
tle change in the underlying lattice. Because of the low
diffusion barriers between the hcp sites, we expect disor-
der in the H adlayer except at the lowest temperatures.

Our calculations of H in several subsurface structures
make it appear unlikely that subsurface H has been ob-

served in the above-mentioned experiments. We find,
however, a structure involving two monolayers of H,
which might be metastable and a precursor for H-induced
ablation.

Outline

We first give (Sec. II) a summary of what we currently
know of the H on Be(0001) system. In Sec. III we describe
our first-principles calculations. We continue (Sec. IV)
with results for H on Be(0001) at difFerent coverages on
flat Be(0001). The coverage dependence of the adsorp-
tion energy and of the work function is discussed. As an
alternative to on-surface H adsorption, we treat subsur-
face adsorption geometries. Then, in Sec. V we present
our results for the H-induced 1x3 and v 3 x v 3B30' va-
cancy structures. The H-~3 x ~3B30' structure turns
out to be the most stable at high coverages. In Sec. VI
we summarize, by sketching a phase diagram for H on
Be(0001). Appendix A is a review of our calculations of
the clean Be(0001) surface. There, we discuss the im-
portance of numerical convergence and the differences of
bonding in the bulk and at the surface, and we derive
a model for the expansion of clean Be(0001). In Ap-
pendix B we discuss the fact that H adsorbed on fI.at
Be(0001) does not remove the surface expansion.

II. HISTORY

Besides the work function puzzle (the work function
reduction is much smaller in experiment than in the-
ory), there are several other contradictions between H-
Be(0001) experiments and theorys s and among dif-
ferent experiments. Most of this was discussed at length
in Ref. 6, so we will only briefly discuss the situation here.

A. Results that make no sense yet

(1) The calculations of 1 ML H predict a 2.3 eV work
function reduction. In experiment the reduction is only
0.4 eV. Thus, experiment and theory investigated a dif-
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ferent structure. The change of 4' indicates a partially
ionic character of the H-Be bond, i.e., charge is trans-
ferred from H to Be. This should. lead to an electrostatic
repulsion between neighboring H adsorbates and prevent
the formation of 1 x 1 H islands.

(2) Theory predicts that the bridge site is favor-
able. High resolution electron-electron loss spectroscopy
(HREELS) by Ray, Hannon, and Plummer (RHP) indi-
cates that a tilted bridge site should be occupied at high
cover ages.

(3) For 1 ML H on bridge sites, the clean Be(0001)
surface state, which lies above the surface projected bulk
bands, is removed in the whole surface Brillouin zone
(SBZ). Instead a surface band below the projected bulk
band appears. This theoretical result disagrees with the
angular-resolved ultraviolet photoemission spectroscopy
(ARUPS) performed by Ray, Pan, and Plummer. At a
presumed coverage of 0.4 ML of H on Be(0001) the sur-
face state of the clean surface is not completely removed.
In most of the SBZ it just shifts to lower energies, while
still staying above the bulk bands. A surface state below
the bulk band appears in the remaining parts of the SBZ.
This H-induced state is connected by a surface resonance
in between.

(4) The photoemission data are in themselves hard to
understand, because they show a 1x 1 dispersion of the H
associated surface states. At a coverage of 0.4 ML, this
would mean that 40% of the surface is in a condensed
1x1 phase and that 60% of the surface is clean. 1x1
H islands should be unfavorable because of the electro-
static H-H repulsion. Furthermore, the clean &action of
the surface should give rise to the observation of the sur-
face state of the clean surface, but it does not.

(5) The Be(0001) phonon dispersion observed in the
presence of an H overlayer (coverage 0.4 ML) also con-
tradicts the formation of 1x1 H islands. Ray, Hannon,
and Plummer observe that the clean surface phonon at
the M point is folded back to the I' point upon H ad-
sorption. Thus, the surface unit cell is larger than 1x1.

In sum, the present understanding of the H-covered
Be(0001) surface is far from satisfactory. In this paper,
we resolve problems 1 and 2 in detail and we ofFer some
ideas on how to resolve points 3—5.

B. Suggested ideas

Feibelman proposed in Ref. 6 that the 1x1 disper-
sion in both low-energy electron diffraction (LEED) and
ARUPS, as observed experimentally, ' is created by a
disordered overlayer of H adsorbates at lower coverage.
This disordered H overlayer should only increase the dif-
fuse LEED background and not change the symmetry.
The Be surface states should only be perturbed by a
smeared-out H potential, whose strength is determined
by the H coverage.

But several other pieces of experimental information
suggest that the H/Be(0001) bonding configuration is ac-
tually far from the usual overlayer structures. One clue
comes from the HREELS study of RHP. The high H vi-
brational frequency observed there is indicative of a low

coord. ination adsorption site, with rather strong bonds.
This requirement is most likely fulfilled in a steplike ge-
ometry, as shown for the adsorption of H on a stepped
Al surface. If the density of steps were high enough, we
could have the additional phase right there. However,
well-prepared close-packed metal surfaces generally have
too small a density of steps to explain the strong signal
for the high frequency H vibrations seen in HREELS.

A steplike geometry is also realized at a surface va-
cancy. The formation of such a vacancy on a close-packed
surface certainly costs energy. Recently, however, it was
observed that adsorbates can suKciently lower the en-

ergy for a vacancy structure so that it becomes stable on
a close-packed surface. In the first example, alkali-
metal atoms sit quasisubstitutionally in the first layer of
the Al(ill) surface. Every third Al surface atom is re-
moved so that the remaining atoms form a honeycomb
mesh. It was found that such a v 3x+3R30 arrangement
of vacancies is especially stable. The second example is
the adsorption of Sb on Ag(111) in substitutional sites.
Is a similar vacancy structure realized on the Be(0001)
surface and can it explain the observations made on H-
covered Be(0001)?

C. New LEED data

The idea that vacancy structures may be important
gains support from a recent LEED study by Pohl, Han-
non, and Plummer (PHP). Until recently it was reported
that the LEED picture shows 1x1 symmetry, with some
difFuse background for all coverages. In the latest exper-
iments, the procedure has been changed. The H dosing
is now performed at LN2 temperature instead of room
temperature, which perhaps allows for a higher H cover-
age. This leads to additional symmetries in the LEED
patterns. When the crystal is heated after the dosing, a
weak ~3x~3R30' LEED superstructure starts to appear
at —20' C and is most intense at 0 C. Starting at around
50 C PHP observe a weak 1 x 3 LEED pattern. Thermal
desorption spectroscopy shows that upon transformation
&om the ~3x v 3B30' to the 1 x 3 structure roughly 1/3
of the H atoms desorb. A LEED I-V analysis and an ab-
solute coverage determination are the subject of another
study. We note that a ~3x ~3R30 LEED superstruc-
ture is also observed for "clean" (0001) oriented Be films
grown on a Si(ill) substrate. ii

One should recognize that in exploring surface geome-
tries, one generally keeps close to one's starting assump-
tions. For example, "relaxing" an overlayer geometry
numerically, we will never arrive at a vacancy structure.
But numerous clues from experiment suggest that H-Be
structures are of that unusual kind. We have, there-
fore, systematically studied them and report the results
in what follows.

III. ELECTRONIC-STRUCTURE
CALCULATIONS

Our study is based on density-functional theory (DFT)
with the local-density approximation (LDA) for exchange
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and correlation (XC). Electron wave functions are ex-
panded in plane waves (PW) up to a cutoff of 20 Ry.
The Be atoms are described by soft separable pseudopo-
tentials (PP).is'i4 For the construction of the pseudopo-
tential, we use cutoff radii of r, —pp: pd: 1 67 bohr
and a 2s 2p occupation of the atomic eigenstates. We
use the d potential as the local potential, while treating
the s and p potential nonlocally. We also use the partial
core correction for XC with r = 0.87 bohr. At this
radius, the core charge density is three times the valence
charge density. We test the quality of the pseudopoten-
tial and the basis set by using cutoff radii down to 1.1
bohr and plane wave cutofF energies up to 70 Ry. The
H pseudopotential is constructed according to Refs. 16
and 17, treating the p potential as local. Its quality is
demonstrated in Ref. 18.

Generally we use an orthorhombic supercell in our cal-
culations. For comparison with the linear augmented
plane wave calculations (LAPW) in Refs. 6 and 19 we
have also used a hexagonal cell. We use special k points
and the Fermi surface smoothing technique of Methfessel
and Paxton with a width of 0.2 eV to do the Brillouin
zone (BZ) integration. For different supercell sizes, we
generate equivalent k-point meshes by folding of k points
according to the supercell size.

Our standard k-point mesh is equivalent to a mesh of
72 special k points in the irreducible 1/8 of the BZ of
a four atom bulk primitive cell. In the surface calcula-
tions we normally use the equivalent of 18 k points in
the irreducible 1/4 of the SBZ of a two atom surface cell.
We test convergence using up to four times the standard
number of k points.

We integrate the Kohn-Sham equations via iterative
minimization using steepest descent. For the calcu-
lations of the Be(0001) surface we use a repeated slab of
at least nine layers thickness, separated typically by Ave

layers of vacuum. The outer three Be layers and the H
adlayers on both sides are relaxed using a damped New-
ton dynamics technique. The two surfaces of the slab
are equivalent; we enforce mirror symmetry relative to
the center plane of the slab.

IV. H ADLAVERS QN FLAT Be(0001)

We start our investigation of H adsorption on fiat
Be(0001) with the simplest case, 1 ML H coverage. Our
results are essentially like the two earlier calculations (see
Appendix B). We find (see Table I) that the bridge site is
the most favorable with an adsorption energy E g

——1.70
eV. The fcc site is second (E d = 1.61 eV) and the hcp
site is third (E g = 1.56 eV). The H-Be bonds for H
on the bridge site are obviously much stronger and they
are shorter (2.8 bohr as compared to 3.0 bohr for the fcc
site) than at the threefold sites.

We observe a reduction of the work function by 2.3 eV
for 1 ML of H adatoms on the bridge site. This work func-
tion change is due to a polarization of electronic charge
away from the H adlayer towards the Be surface. The net
positive charge of the H atoms leads to an electrostatic
H-H repulsion.

A. Coverage dependence of the adsorption energy
of H on Hat Be(0001)

The adsorbate-adsorbate interaction is in fact repul-
sive. The adsorption energy decreases with coverage from
2.52 eV for 1/12 ML to 2.24 eV for 1/3 ML to 1.70 eV
for 1 ML of H (see Table I and Fig. 1).

This strong adsorbate-adsorbate repulsion poses ques-
tions of what the saturation coverage will be, and if 1
ML coverage as assumed by RHP (Ref. 1) can really be
achieved for the H on flat Be(0001). Thermodynamically
the saturation coverage is reached when the differential
adsorption energy E g

E.&(e) = E.,(8)+ 0 clE g(O)

is smaller than half the H2 binding energy. E g(O)
is the energy gain when one isolated H atom is added
to a H adlayer of coverage O. The derivative in Eq.
(1) can be approximated by linear interpolation of ad-

TABLE I. Properties of H adlayers on fiat Be(0001) at different coverage and at different ad-
sorption sites. We list the adsorption energy per H atom E z in eV (defined relative to 1 Ry for the
free H atom), the nearest-neighbor H-Be distance dH a, in bohr, the height hH of the H adsorbate
above the substrate nearest neighbors in bohr, the average relaxation of the two top layers Ad&2
and Ad23 in percent of the ideal interlayer spacing of 3.326 bohr, the work function 4 in eV, and
the adsorbate-induced surface dipole p, in debye.

v3 x v3a30

1/12 2v3x3

Coverage H unit cell
(ML)

Site

fcc
bridge

hcp (Ref. 25)
fcc

bridge
hcp

bridge
hcp

@~d dH —Be h H

(eV) (bohr) (bohr)
1.61 3.00 1.74
1.70 2.81 1.84
1.56 3.02 1.78
2.19 2.99 1.72
2.05 2.81 1.85
2.24 2.96 1.67
2.35 2.79 1.80
2.52 2.95 1.57

Adg2
('Fo)

3.0
2.6
2.3

2.5

Ad 23 4 p
('%%uo) (eV) (debye)
0.4 3.60 0.22
0.3 3.20 0.26
0.6 3.10 0.28

4.59 0.32
4.60 0.31

1.0 4.56 0.33
5.29 0.32

1.0 5.27 0.35
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C. Adsorption sites

On the flat Be(0001) surface, the equilibrium adsorp-
tion site is coverage dependent. At 1 ML, it is the bridge.
At 1/3 ML and lower coverage, it is the hcp site. Other
sites like the top or tilted bridge sites are not local min-
ima, whereas the fcc sites always are local minima.

The fact that the bridge site can be an equilibrium site
on a close-packed metal surface first comes as a surprise.
According to Ref. 6 the reason is that on the bridge, the H
atoms interact especially strongly with the dangling bond
like p orbitals of the Be surface atoms. Those orbitals
point out of the surface. At lower coverage the low-energy
site switches to a threefold coordinated site because this
leaves less Be surface atoms without H neighbors. The
reason why the hcp site has a lower energy than the fcc
site is not known in this or any other case. '

H-coverage (ML)

FIG. 1. H adsorption energy as a function of coverage for
the three difFerent H on Be(0001) phases discussed in the text;
the inset shorvs the corresponding cwork function changes and
compares it with the experimental values of RHP (Ref. 1).

sorption energies at the calculated coverages. We get
E~g(1/12 ML) 2.3 eV, E ~(l/3 ML) —1.9 eV, and
E g(1 ML) 1.2 eV.

These values should be compared to 2.38 eV, i.e., half
the experimental Hq binding energy. This compari-
son leaves no doubt that thermodynamically the high-
coverage phases are unstable age, inst desorption. This
analysis, however, does not include the barrier for the
recombination and desorption of H. It might cause high-
coverage H adlayers to be metastable.

B. Coverage dependence of the vrork function

To reduce the electrostatic energy, the H-Be bond par-
tially depolarizes at high coverages. The dipole moment
per H adatom is smallest at the highest coverage (0.26
debye at 1 ML compared to 0.35 debye at 1/12 ML). The
depolarization, however, is not strong enough to lead to
work function saturation. This disagrees with the exper-
imental observations of RHP (Ref. 1) as can be seen in
the inset of Fig. l.

The fact that the work function does not saturate is
in marked contrast to the otherwise similar case of the
alkali adsorption. Alkalis also have one valence electron,
and reduce the work function on most surfaces. However

D. The dilute phase of H on Be(0001)

As mentioned before, it is likely that the H satura-
tion coverage for the on-surface phase is well below one
monolayer. We must therefore consider the properties of
a submonolayer H adsorbate phase.

Down to fairly low temperatures, H adsorbed on the
flat Be(0001) surface will show a fluidlike behavior. This
is a consequence of the low difFusion barrier, which we
find for H adatoms on Be(0001) at 1/3 ML and 1/12 ML
(see Table I). Assuining that the bridges sites are the sad-
dle points for surface difFusion, and neglecting adsorbate-
adsorbate interaction and efFects of zero-point vibration,
the calculated diffusion barriers are 0.17 eV for 1/3 ML
and 0.14 eV for 1/12 ML H. Close to 300 K, where most
of the experiments were done, these barriers might be too
small to stabilize order within the H adlayer.

Certainly the neglect of adsorbate-adsorbate interac-
tion is questionable for H on Be(0001). Especially in the
1/3 ML coverage case, the H-H repulsion will increase the
apparent difFusion barriers. A detailed study of the ef-
fect of the H-H repulsion, however, will have to take into
account complicated processes of concerted motion of a
number of H adatoms with low difFusion barrier. This re-
mains to be done. The same is true for quantum efFects
in the motion of the H adsorbates.

In a dilute H adlayer on flat Be(0001) LEED, HREELS,
and ARUPS experiments must all yield lxl dispersion.
This would explain some of the experimental observa-
tions. In LEED only the difFuse background should be
increased by the dilute H adlayer.

The ¹induced surface phonon features, as measured
for example with HREELS, should be very broad because
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of the weak localization of the H adatoms. We expect
the strongest signal in HREELS from the perpendicular
vibration of a H adatom on the hcp site. We determine
the energy for that vibration at 1/3 ML coverage to be
150 meV. The rather sharp features observed in HREELS
by RHP at energies higher than 150 meV (Ref. 1) most
likely originate, therefore, from the H-induced vacancy
structures that we discuss later.

Angular-resolved ultraviolet photoemission
spectroscopy experiments done on the dilute H phase
should reveal the clean Be(0001) surface states, however,
shifted to lower energies, because of the additional attrac-
tive potential coming from the H adlayer. This potential
can be approximated within the virtual crystal model.

E. Subsurface H

Whether or not Be absorbs H is an important issue
for the use of Be as inner wall material of Tokamak fu-
sion reactors. H absorption might lead to Be embrit-
tlement, for example, and also to Be ablation into the
plasma. We do not know, however, if H does go into
subsurface layers. Subsurface adsorption was recently
proposed as a factor to explain thermal desorption spec-
troscopy measurements and to explain the discrepancies
between measured and calculated properties of H adlay-
ers on Be(0001). On the other hand, because of the high
valence charge density in Be, the highest among the 8p
metals, any stable subsurface site for H is very unlikely.

The energetics of 1 ML of H adatoms moving to an oc-
tahedral subsurface site has been investigated in a LDA
calculation by Yu and Lam. They find that the subsur-
face site is unfavorable by 1.4 eV and that the barrier to
get there is 1.6 eV. The atoms were not allowed to relax
in that calculation. We investigate layers of subsurface
H (1 ML, 1/2 ML, and 1/4 ML) at an otherwise clean
surface and at a surface precovered by 1 ML of on-surface
hydrogen. We allow the atoms of the top three layers to
relax and look both at tetrahedral and octahedral sub-
surface sites. Our findings confirm Yu and Lam's results.
With one exception, H is about 1 eV less well bound in
subsurface sites as compared to on-surface sites.

The exception is a structure, where 2 ML of H are ad-
sorbed. 1 ML of H atoms resides at fcc sites on Be(0001).
A second H monolayer, the subsurface H, is located be-
tween the outermost and the second Be layer at tetra-
hedral sites, i.e. , on top sites relative to the second Be
layer. The separation between the top two Be layers is
increased by 70%%uo relative to the clean surface. Because
of this large separation one can speculate that this H-
Be-H sandwich structure is a precursor in the process of
H-induced ablation of Be(0001).

The H adsorption energy for the H-Be-H sandwich is
1.6 eV. This is close to the adsorption energy of 1 ML
H on the Rat surface (1.7 eV). The differential adsorp-
tion energy for the 2 ML structure is even about 1 eV
larger, which means that it should be more stable against
desorption.

We do not assume that the 2 ML subsurface structure
has been realized experimentally. The work function for

the H-Be-H sandwich structure is more than 1 eV lower
than the measured work function of H-Be(0001).~ Its en-

ergy is rather high compared to the low-energy H-induced
vacancy structures we discuss in the next section.

V. H-INDUCED VACANCY STRUCTURES

Having thoroughly investigated the on-surface and
subsurface H-Be(0001) structures, and having found that
they do not resolve a host of experimental questions, we
now discuss ¹induced vacancy structures. Here, the re-
constructed surface provides dangling bondlike orbitals
which the H atoms passivate in a fashion reminiscent of
H on semiconductor surfaces. In Table II we list those
three H-induced vacancy structures which are lower or
similar in energy, compared to H on the Hat surface at
the same coverage. We gain confidence that these three
structures are the relevant high-coverage ones after hav-
ing investigated more than twenty diferent structures in-
volving Be vacancies and onefold, twofold, and subsurface
H adatoms.

A. HDneycDxnb

The adsorption energy for H in the vacancy structures
is highest (2.04 eV) for the ~3 x ~3B30' honeycomb
structure [see Fig. 2(a)]. One third of the Be(0001) sur-
face atoms are removed in this structure. The remaining
surface atoms build a ~3x ~3R30 honeycomb lattice.
Every twofold site of this vacancy surface is occupied by
a H adatom corresponding to 1 ML coverage. The H
adsorbates are all equivalent. They tilt towards the clos-
est atom in the second Be layer, i.e. , in the direction of
the hcp site of the unreconstructed surface. Thus every
vacancy is decorated symmetrically by three H atoms.
The tilt angle is 40 relative to the surface normal and
the H's height is reduced by 29%%uo compared to the bridge
adsorption on the fI.at surface at 1 ML.

One reason for the tilt of the H adsorbates is their
electrostatic repulsion. By tilting away from the ideal
brid. ge site, the H adsorbates increase their separation
until 'they reach the next hcp or fcc site. The tilt stops
shortly before the hcp site is reached.

The main driving force for the tilt, however, is cova-
lent. If the H adatoms are put on the bridge site of the
honeycomb surface with a tilt toward the fcc site and if
they are then allowed to relax, these H atoms move spon-
taneously to the hcp side. This preference is clearly a co-
valent eKect. The lowering of the H-H repulsion should
be as effective in the fcc-tilted case as in the hcp-tilted
case. It seems that the H atoms passivate Be orbitals
that incline towards the hcp site.

B Mls SlXlg rDW'

The 3x 1 H-induced missing row reconstruction is
formed by removing every third close-packed row of sur-
face Be atoms, leaving Be double rows on the surface
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TABLE II. Properties of three H-induced surface reconstructions on Be(0001). Every structure is characterized by its H
coverage, the H adsorption sites (br. -hcp is for bridge tilted towards the hcp site of the ideal surface, br. -fcc is for bridge with
tilt towards the fcc site of the ideal surface; side means beside row and on top site relative to second layer), the adsorption
energy per H atom relative to the unreconstructed surface E s (i.e. , with the removed Be surface atoms moved to bulk sites),
and relative to the already reconstructed surface Zb „s(i.e. , the energy gain due to the H-Be bonds). The H reference energy is
1 Ry. We also give the shortest H-Be distance dH B„the height hH of the H adsorbates above the substrate nearest neighbors,
the tilt angle 8 of the H-Be bond relative to the surface normal, and the average relaxation of the top Be layers Ad&2 and
Adzs in percent of the ideal interlayer spacing of 3.326 bohr. 4 is the work function [compare to 5.5 eV for the clean Be(0001)
surface]. See also Fig. l.

(ML)

2/3
2/3

~3 honeycomb
3x 1 miss. row
3xl added row

br. -hcp
br.-hcp/br. —fcc
br.-hcp/side

Coverage Reconstruction Sites g ~

(eV)
2.04
1.92
1.86

&bo a
(eV)
2.72
2.29
2.27

dH —Be
(bohr)
2.72

2.78/2. 80
2.76/2. 72

(bohr)
1.31

1.69/1.74
1.71/-0. 54

()
40

21/18
14/—

Adg2

(%)
4.5
4.0

—1.4

Ad23

(%)
1.1
1.9
0.4

C

(eV)
5.0
4.4
4.6

[see Fig. 2(b)]. The H coverage is 2/3 ML and the H ad-
sorption energy is 1.92 eV. Again the H adsorbates sit on
tilted bridge sites. They occupy all those bridge sites that
border the vacancy rows, and they tilt towards the vacan-
cies. One half of the H atoms tilts toward hcp sites of the
flat surface [the ones which tilt to the left in Fig. 2(b)],
the other half tilts toward fcc sites. It appears that the H
atoms tilting toward hcp sites are bound more strongly.
They tilt farther and their H-Be bonds are shorter.

C. Added row

The third H-induced reconstruction of Be(0001) that
we discuss here is of the added row type [see Fig. 2(c)].
The unit cell of the reconstruction is 3x1, the H coverage
is 2/3 ML, and the adsorption energy is 1.86 eV. There
are two inequivalent H adsorbates in this structure. One
half cover the bridge sites of the Be row, tilting 14 to-
wards the hcp site of the unreconstructed surface. This
is rather similar to sites on the other two ¹induced va-
cancy structures. The other half of the H adsorbates sit
on top of a second layer Be atom and beside a Be atom
of the added row. Their height is 0.54 bohr lower than
that of the added row atoms. The on-top bond to the
second layer Be atom is 1.5% shorter than the bond to
the Be atom of the added row. The tilt angle of the H-Be
bond relative to an ideal on the top position on the sec-
ond layer Be is 10 in the direction away from the added
row. The second layer Be atom bonded to the H relaxes
outward relative to the other atoms of the second layer
by 6%.

i!3.$$ixlg zuw

D. Nature of the three vacancy structures
without the H adlayer

The adsorption energy for the three ¹induced vacancy
structures can be broken into two contributions. One
is the cost in energy to form the vacancy structure by
removing the Be surface atoms and moving them to bulk
equivalent sites like kinks (Er, in Table III). There
the removed Be atoms gain the Be bulk cohesive energy.
The other contribution is the energy gain in forming the
H-Be bond on the reconstructed surface (Eb „din Table
II). We will flrst discuss the formation of the vacancy
structure.

The honeycomb vacancy structure on Be(0001), with-
out the H adatoms, is energetically especially unfavor-
able. The vacancy formation energy in the honeycomb
structure is 2.05 eV as compared to 0.73 eV for the miss-
ing row structure (see Table III). The energy to create
one 3x 1 cell of the added row structure is also lower (0.82
eV).

There are two reasons for this difference. The first
involves bond counting. To create one cell of the honey-
comb structure from flat Be(0001) one removes a nine-
fold coordinated surface atom and puts it at a sixfold
kink site, which means that three bonds are broken in
this process. To build the missing row structure, only
eight bonds have to be broken per removed atom (only
in starting a row are nine bonds broken), which adds up

TABLE III. Comparison of Aat and reconstructed
Be(0001) with no H adsorbed. We quote the formation energy
of the reconstruction Ero, (with the removed atoms put to a
bulk site) and the relaxation energy AE„r„,both per three
atom surface cell. Adq2 and Adq3 are the average relaxation
of the top two interlayer spacings in percent of the ideal in-
terlayer spacing of 3.326 bohr. The slabs we use to model the
reconstructed surfaces are nine layers thick, including the two
defective layers.

a) b) c)

FIG. 2. Model of the three H-induced surface reconstruc-
tions discussed in the text.

Reconstruction

Flat Be(0001)
v 3 honeycomb
3x1 miss. row
3xl added row

&form
(eV/cell)

2.05
0.73
0.82

+@relax
(eV/cell)

0.02
0.02
0.30
0.14

Edge
(%)
2.7

-1.1
-3.5
-8.6

Ad2g

(%)
1.2
1.9
2.6
3.0
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to two broken bonds per 3x1 cell. To create a cell of the
added row structure, one removes a sixfold coordinated
atom from a kink site and adds it at the fourfold site at
the end of an added row. Again two bonds are broken
relative to the flat Be(0001). A reasonable estimate of
the energy gain by one Be-Be bond is 1/6 of the cohesive
energy of hcp-Be, or 0.55 eV per bond. Thus, about
half of the difference in formation energy between the
honeycomb and the two other structures comes from a
different number of broken bonds. The other half has to
do with surface stress and relaxation.

The flat Be(0001) surface is under tensile stress (0.2
eV/A. = 2.6 eV per three atom cell, according to our
preliminary calculations). The stress tells us that the
surface atoms want stronger in-plane bonds. In the hon-
eycomb structure every second in-plane bond is broken
and the remaining in-plane bonds are hindered from get-
ting stronger because the symmetry does not allow them
to get shorter. The energy gain by relaxation (E„i„ in
Table III) is therefore small. In fact it is as tiny as for
flat Be(0001) (0.02 eV per three atom cell). The reduced
symmetry of the missing and the added row vacancy
structures, on the other hand, allows for a strengthening
of in-plane bonds, explaining the rather large relaxation
energy of 0.30 eV and 0.14 eV per 3x1 cell. It is instruc-
tive to compare the nature of the relaxation of the 3xl
reconstructions.

In the missing row structure, the paired rows reduce
their separation by 12% of the ideal row-row distance.
This reduces inter-row bond lengths by 9%. The strongly
bonded paired rows relax inward by 3.5% and cause a
rumpling of the second layer. Second layer atoms not
covered by surface atoms relax outward by about 10% of
the layer spacing relative to the covered atoms.

For the added row structure the relaxation can be de-
scribed as the initial stage of incorporation of the added
rows into the second layer. This reduces the bond length
between the atoms of the added rows and their neigh-
bors of the second layer and also the in-plane bond length
within the second layer. The tensile surface stress should
be effectively reduced for both 3x1 reconstructions after
the relaxation.

It is interesting that for Al(111) the situation is very
difFerent. Al(111) is the only other sp-metal surface for
which a similar analysis of the vacancy formation energy
has been done. 's ss At Al(ill) the honeycomb struc-
ture is relatively stable. Its formation energy is only
0.36—0.41 eV (Refs. 9 and 38) as compared to 0.67 eV
(Ref. 30) for the isolated vacancy and about 0.4—0.5 eV
(Ref. 39) for the missing row structure. Vacancy for-
mation on Al(ill) costs two to five times less energy
than on Be(0001) even though the cohesive energy of
both elements is nearly identical. Still, or perhaps as
a result, these vacancy structures on Be(0001) can be
stabilized by H passivation. Thus, the energetics of the
alkaline-induced vacancy structures on Al(111) and of
the H-induced vacancy structures on Be(0001) are quite
different. In the alkaline-on-Al case a low vacancy for-
mation energy favors the honeycomb structure, for H on
Be(0001) it is the strength of the H-Be bond, as we will
see.

E. Bonding of H to the vacancy structures

In general, more stable surfaces provide less stable ad-
sorption sites. Thus H-Be bonds should be stronger in
the ~3x ~3B30' honeycomb structure than in the 3x1
missing and added row structures, and this is what we
find (see Eb „din Table II). In the H-~3x~3B30 struc-
ture the H-Be binding energy is about 0.44 eV bigger
than for the two 3x 1 structures. The stronger bonding
is accompanied by a ca. 2% shorter H-Be bond length.

One reason for the weaker H-Be bond on the 3x 1 re-
constructions is that the relaxation of the clean vacancy
structures is undone or even reversed (see Tables II and
III) by the H adsorbates, which costs energy. The main
reversal of the relaxation is that the nearest-neighbor dis-
tance in the double rows of the missing row reconstruc-
tion is changed from 9% below to 8% above the bulk
nearest-neighbor distance.

We learned that the H adatoms are more strongly
bound in the H-~3xv 3B30' structure than in the H-3x 1
structures. Additionally there are 3 H adatoms per sur-
face cell in the H-~3x i/3B30' structure which "pay" for
the vacancy formation as compared to only 2 H adatoms
in the 3x1 structures. We directly calculate that the
number of H adatorns per cell is important. If only 2/3
ML of H is adsorbed on the i/3 x ~3B30' structure, the
adsorption energy per H atom is reduced from 2.05 eV
to 1.82 eV, which makes the ~3x ~3B30' structure less
stable than the H-3x1 structures. Those provide for ad-
sorption energies of 1.92 eV and 1.86 eV.

The reduction of adsorption energy with reduced cov-
erage means that the H-H interaction is net attractive
in the H-~3x ~3B30' structure as opposed to the H-H
repulsion on the flat surface. Therefore, a condensation
into the H-~3x ~3R30 structure above a certain cov-
erage can be expected. This H-~3x ~3B30 structure
will transform into the observed 3x1 structures when H
atoms are removed, e.g. , by evaporation.

A crude estimate of the differential adsorption energy
E s [see Eq. (1)j by using E~z(1 ML) = 2.04 eV and
E g(2/3 ML) = 1.82 eV gives a value of 2.6 eV for E g.
This means that the H atoms in this structure should
desorb at higher temperatures than the on-surface H
atoms (E g = 2.3 eV at 1/12 ML). This agrees with
the two thermal desorption peaks found by Lossev and
Kuppers. They assign the high-temperature peak to
subsurface H. We presume that it comes from the va-
cancy structures.

F. %fork function

The work function reduction relative to the clean
Be(0001) is much smaller for the H-induced vacancy
structures than for H adlayers on the flat surface at the
same coverage (see Fig. 1). The H-Be bonds are less ionic
in the vacancy structures. The calculated work function
of the H-~3x i/3B30' phase is practically the same as
that measured for H saturated Be(0001) by RHP. i This
is a strong hint that the H-~3x i/3R30 phase was the
main phase present in experiment.
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VI. PHASE DIAGRAM OF H ON Be

By combining our results for the different H phases
considered above we can try to assemble a phase diagram
for H on Be(0001).

A. Low temperature

At low temperature, so that no surface vacancies can
form, the H adatoms will reside on the Hat Be(0001) sur-
face on hcp sites. The saturation coverage for the "H on
fiat Be(0001)" phase is very likely below one monolayer
because of the strong H-H repulsion.

If there are preexisting steps on Be(0001) they will
likely be decorated by H adatoms 6rst, before the "H
on flat Be(0001)" phase growth. Steps will provide the
same kind of low-energy twofold binding sites as in the
H-induced vacancy phases.

Above some temperature, the "H on flat Be(0001)"
phase mill be disordered. The low-energy barrier for H
surface diffusion (E~ 0.15 eV) suggests that the order-
disorder transition is at a "low" temperature. Disorder
of the "H on Hat Be(0001)" phase is also in agreement
with the 1x 1 dispersion, which is observed in ARUP S
and LEED under certain conditions already at LN2 tem-
peratures.

B. High temperature

If the temperature is high enough that vacancies in the
Be(0001) surface can be formed and that the removed Be
atom can move to the next kink site, the H-v 3x ~3R30'
phase will form. With increasing H coverage the H-~3x
~3R30' phase will grow in size until the whole surface is
covered. Below 1 ML coverage the H-~3x ~3R30 and
the disordered H on fiat Be(0001) phase will coexist.

There is good reason to assume that the growth should
start at preexisting steps. It is reasonable to assume that
the barrier for vacancy formation in steps is lower than
on the fiat surface. At least this was found for Al(ill). s

Furthermore, Be atoms removed from the step do not
have to difFuse far to And a low-energy adsorption site.
The step itself provides them.

The barriers to creating the H-induced vacancy struc-
tures are reduced by the presence of the H adatoms. This
H-assisted vacancy formation will be discussed in a forth-
coming paper.

We noted that the formation of the H-v 3 x ~3R30'
phase, is very likely an activated process and will there-
fore happen only above certain temperatures at ob-
servable rates. This temperature could, however, be
above the temperature when H adatoms desorb at sig-
ni6cant rates. This could prevent the formation of the
H-v 3 x ~3R30' phase. There are experimental indi-
cations that H desorption and the growth of the H-
~3x~3R30 phase compete at the relevant temperature
and coverage. ~'4 The observed H-induced ~3x ~3R30
LEED spots are weak and can only be seen after very

careful control of dosage and temperature. In order to
produce a better ordered H-~3x ~3R30' phase we pro-
pose that one deposit Be atoms during the H exposure.
This way the vacancy structures should be able to grow
at lower temperatures, which would reduce the H desorp-
tion rate.

Pohl, Hannon, and Plummer showed that the H-~3x
~3R30 phase transforms into a 3x1 phase upon heating
to 370 K. This structural transformation is accompanied
by a partial desorption of H, which reduces the coverage
by about 1/3. This is in agreement with our calculations,
at 2/3 ML coverage the H-3xl structures are lower in

energy than the H-~3x ~3R30' structure.

VII. CONCLUSIONS

We have presented. the results of our first-principles cal-
culations of the unusual properties of H-covered Be(0001)
surface. Our calculations identify several phases of H ad-
sorbed on Be(0001): the H on fiat Be(0001) phase, the
H-~3x~3R30 honeycomb phase, and the H-3x 1 missing
and added row phases.

In the H on 8at Be(0001) phase, the H coverage is well
below 1 ML. The H adatoms sit in hcp sites, which are
separated by only small difFusion barriers. This and some
experimental observations (1x1 dispersion in LEED and
ARUPS) indicate that this phase is disordered at least
down to LN2 temperatures. The H adatoms are posi-
tively charged relative to the substrate, which leads to
a reduction of the work function and contributes to a
strong H-H repulsion. The work function does not satu-
rate with H coverage.

Our calculations rule out the idea that subsurface H
contributes to the observed properties of H on Be(0001).
However, we do Gnd a Be-H-Be-H sandwich structure at
the surface corresponding to 2 ML H coverage, which is
metastable and might be important for H-induced abla-
tion of Be.

At high H coverage, H-induced vacancy arrays, the first
found on any surface, are the most stable structures. A
H-~3x~3 honeycomb geometry, where 1 ML of H atoms
is adsorbed on tilted bridge sites, has the lowest energy
of these H-vacancy arrays. The H-Be bonds are very
strong and nearly covalent in the honeycomb geometry,
which pays for the rather large energy of formation of
the honeycomb array of vacancies. The H-H interaction
in this structure is net attractive.

At a reduced coverage of 2/3 ML two H-induced 3x1
vacancy structures, one of the missing row, the other
of the added row type, become energetically favorable.
Again the H adatoms are twofold coordinated, the H-Be
bonds are however slightly weaker. The energy of these
geometries is low because the vacancy formation energy
is small. Both the H-~3x~3 honeycomb and the H-3x1
structures were observed in experiment.

This work is an example of hom modern erst-principles
calculations can solve the surface structure of a unique
and complex adsorbate-surface system and how valuable
insight into the physical driving forces of that adsorbate-
surface system can be gained. There remain important
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problems to be solved however. The H-induced surface
phonons as measured in Ref. 1 should be calculated and.
discussed in more detail. The H-induced surface states
with their 1x1 symmetry are not yet fully explained. It
also would be de-irable to know more about the im-
portant barriers for H desorption, for Be surface self-
d.iffusion, and for vacancy formation on the flat surface
and finally close to steps in the presence of H.

bohr, is 2.5'%%uo smaller than the experimental value of
a = 4.32 bohr. This difference is large but still rea-
sonable for a well-converged LDA calculation using the
Ceperley/Alder potential for XC. The calculated c/a
ratio of 1.573 is 0.4%%uo larger than the experimental value4s
and 3.7%%uo smaller than the ideal c/a ratio corresponding
to close packing of spheres. The Poisson ratio we deter-
mine to be v~ ——0.02 + 0.01. This value is within the
range of experimental values (0.02 —0.05).45 4s
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APPENDIX A.
BULK Be AND CLEAN Be(0001)

Bonding in bulk-Be and at the Be(0001) surface is
quite different. Bulk hcp-Be is nearly a semiconductor,
whereas the bonding at Be(0001) is much more metal-
lic. Understanding this difference helps in understanding
the adsorption of H on Be(0001). Investigating bulk Be
and clean Be(0001) also permits tests of computational
accuracy.

1. H.esults for bulk Be

We determine the hexagonal lattice constants a and
c and the Poisson ratio v~ in order to check the qual-
ity of our plane-wave basis set, the Be pseudopotential,
and the k-point mesh for later use in the surface cal-
culation. a, c, and v~ are determined first by calculat-
ing the energy per atom for 16 pairs of values for the
a-lattice constant and the c/a ratio. The resulting en-
ergy values are then used in a least squares fit of the ten
coeKcients of a general two-dimensional cubic polyno-
mial. From this polynomial, we extract the equilibrium
lattice constants a and c and. the Poisson ratio v~. For
the Be-pseudopotential, plane-wave cutoff, and k-space
sampling as described in Sec. III, we get a = 4.23 bohr,
c/a = 1.573, and vJ = 0.025.

Using a fully converged basis of plane waves, the a and
c lattice constants are both reduced by 0.4%. Choosing a
smaller cutoff radius for the pseudopotential and given a
converged plane-wave basis, the two lattice constants get
smaller by less than 0.3%. The partial core correction~s
turns out to be important for Be. Without it the lattice
constants are smaller by l%%uo.

A comparison of our best; converged lattice parame-
ters with the experimental values for hcp-Be shows the
following. Our value for the a lattice constant, 4.21

Be(0001) is the surface that shows the largest out-
ward relaxation of the top layer, in percent of the inter-
layer spacing, of all the surfaces investigated yet. This
was first established in a LEED analysis by Davis et
al. (Adq2 ——5.8%, see Table IV). This observation
was qualitatively confirmed by two first-principles calcu-
lations. Feibelman used the LAPW method and Wigner
for XC and got Edq2 ——3.9%. Holzwarth and Zeng
used a plane-wave pseudopotential (PWPP) method.
Within LDA they got Adq2 ——2.1%, and using the gen-
eralized gradient approximation (GGA), they calculated
Ad] 2 —2 5% Our calculations also yield an expansion
of Be(&001) (Adq2 ——2.7%).

The quantitative agreement of the different results is
rather poor. We first discuss the possible reasons for
this disagreement which is larger than usual for modern
LEED analysis and LDA calculations. Then we address
the physical origin of the observed large outward relax-
ation.

The cause for the difference between the LAPW results
of Ref. 19 and the two other calculations is for the most
part the different k sampling. Both calculations agree
reasonably well if the same set of 14 k points in the irre-
ducible 1/12 of the hexagonal SBZ is used (see Table IV).
The top layer relaxes outward by ca. 4%%uo for this sam-
pling. Using a better converged set of k points reduces
this value to ca. 2.5%. The better k-point sampling can
best be achieved with the orthorhombic supercell. For
this cell, which contains two atoms per surface cell, al-
ready 18 k points in the irreducible 1/4 of the SBZ give
reliable values of the relaxation as can be seen in compar-
ison with the 72 k-point calculation of the same cell.

The relaxation of Be(0001) is not only very sensitive
to k-space sampling, but also to a variation of the slab
thickness (see Table IV). If the goal is to get a precision
of better than 0.5%, the slabs have to be as thick as 13
layers. The size of the basis set is less crucial in our
calculations. A change of the plane-wave cutoff &om 20
Ry to 30 Ry changes the values for d,~ by less than 0.1.

The energy gain associated with the relaxation of
Be(0001) is small, as for other close-packed surfaces.
We get a value of 6 meV per surface atom. The surface is
softer than the bulk. We calculate that the force constant
for vertical displacement of the top layer on Be(0001) rel-
ative to the second layer is 20'%%uo smaller than for the dis-
placement of the third. layer relative to the fourth which
should be close to the bulk value.

It is unclear why experiment and theory disagree as
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TABLE IV. Relaxation of outer layers of Be(0001), according to LEED analysis and to
6rst-principles calculations. The results of the calculations are given for two difFerent surface
unit cells—hexagonal with one atom per surface cell and orthorhombic with two atoms —difFerent
k-space meshes, and diferent number of atomic layers in the slab. Always both sides of the slab
were relaxed. The last row gives our best estimate for the converged LDA result.

Experiment
LEED (Ref. 47)
Theory
LAPW (Ref. 19)

PWPP, LDA (Ref. 48)
PWPP, GGA (Ref. 48)
This work

Best estimate

cell
hex.

hex.

hex.

ortho.

14

18

7
9
9
11
13
9
11

k points layers
14 7

9
55 9

Adg3 (%)
5.8

Adi3 (%)
4.4
3.9
2.1
2.5
4.0
3.7
2.3
2.9
2.6
2.5
2.9
2.7

2.0
1.5
0.9
1.7
1.2
0.8
1.3
1.2

-0.5
0.2
0.9
0.6
0.3
0.8
0.6

Ad+3 (%) Ad34 (%)
-0.2 0.2

Zkd33 (%) Ad34 ('%) Ad43 (%)
2.2
2.2

much as they do. The value of Davis et a/. for the outer
layer relaxation is more than 3% larger than the best
converged LDA value. This could be a failure of LDA
as compared to an exact treatment of the XC functional.
The GGA should be a better approximation to the ex-
act XC functional. The recent results of Holzwarth and
Zeng, however, show that using the GGA instead of the
LDA increases dq2 by only 0.4%. Therefore, it is unlikely
that LDA fails dramatically in the calculation of the re-
laxatian of Be(0001).

Another explanation for disagreement between exper-
iment and theory might be that temperature e8'ects are
not included within the theory. Temperature might in-
duce an expansion of the outer layer separation. To in-
vestigate that, LEED spectra of Be(0001) were taken by
Pohl, Hannon, Rous, and Plummer at room tempera-
ture and at liquid nitrogen temperature. Those LEED
spectra are almost identical. Therefore, also, the relax-
ation is almost identical in both cases.

We can understand the agreement of room and low
temperature data as a consequence of the very high De-
bye temperature OD of Be. Experimental values for bulk-
Be range from 1100 K to 1500 K. ' " The LEED analysis
gives a value for OD in the erst layer that is only a few
hundred K smaller than that. Vibrational anharmonic-
ity expands the lattice noticeably only at and above the
Debye temperature.

3. Relation between bonding in Be bulk
and at the Be(0001) surface

Be is not a typical 8p metal. It is a first row element
and can, therefore, form the strongest bonds among the
alka1ine earths. Bulk hcp Be is nearly a semiconductor
in its electronic and elastic properties. It has a band gap
in most of the BZ. The Fermi density of states is nearly
four times smaller than for a free-electron metal of the

same density. The bonds in hcp-Be are anisotropic.
The band length in the basal plane is about 3% larger
than in the perpendicular (0001) direction. This leads
ta a cja ratia about 4% smaller than ideal. The elastic
properties are also very anisotropic. The Poisson ratio,
for example, is ten times smaller than for all other ele-
ments. Be is unlike nearly all metallic systems in that
noncentral forces are important for an even qualitative
description of lattice dynamics in the bulk. ' This is
similar to the situation in semiconductors.

L Glean Be(0001)

The character of the Be(0001) surface is very different
from the bulk. The main change is that the Fermi den-
sity of states is very close to the free-electron value in
the surface layer and is still larger than in the bulk for
the second and third layer. ' The add. itional density of
states originates from surface states, which extend over
most of the SBZ.

The bonding character at the surface is much more
metallic than in the bulk. In a force constant model de-
scribing the vibrational properties of Be(0001) the non-
central force constants, which are essential for the bulk,
can be set to zero. ' This is indicative of a more
isotropic screening at the surface.

The more metallic and isotropic bonding at Be(0001)
also appears related to the observed expansion, . Isotropic
bonding means that all bonds should be equal in length.
So locally at the surface the c/a ratio increases toward
the ideal ratio, i.e., the surface expands. Because the
surface states extend to the second and the third layer,
the expansion is nonoscillatory.

It would be desirable if this explanation applied to
systems other than Be(0001). It does not apply for
Mg(0001) (Ref. 51) or far Al(ill); " however, Mg and
Al are good metals already in the bulk and neither sur-
face has important surface states like Be(0001).

Another consequence of the surface states at Be(0001)
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Edge Adg3

Po) (%%ua)

~H —Be
(bohr)

1.76
1.85
1.77
1.75
1.87
1.82
1.68
1.74
1.69
1.74
1.84
1.78

g ~

(eV)
1.73
1.82
1.64
1.23
1.38
1.16
1.60
1.51
1.59
1.61
1.70
1.56

(eV)
PWPP (Ref. 5) hex. fcc

bridge
hcp
fcc

bridge
hcp
fcc
hcp
fcc
fcc

bridge
hcp (Ref. 25)

LAPW (Ref. 6) hex. 1.4
-0.3
0.4
2.4
1.3
2.7
3.0
2.6
2.3

3.9
3.2
3.5
3.8
3 4
3.8
3.6
3.2
3.1

hex.This work -0.1
-0.2
0.1
0 4
0.3
0.6

TABLE V. Adsorption energy, geometry, and work function of 1 ML of H adsorbed on Hat

Be(0001) at three high symmetry sites. We compare our results with two previous LDA calculations
(Refs. 5 and 6). We report our results for difFerent k-space samphng and slab thickness. E q is
the H adsorption energy relative to 1 Ry for the free H atom, dH z, is the distance between the
H adlayer and the Be surface layer„&dq2 and Ad23 represent the relative outer layer expansion
[compare Table IV for clean Be(0001)], and C is the work function [for clean Be(0001) we get
4 = 5.5 eV]. Note that in Ref. 6 the Wigner form for XC (Ref. 44) and a reduced basis set are used
so that only adsorption energy difFerences should be compared.

Cell k points Layers Site

is the appearance of four distinct surface core-level shifts
(SCLS).s s The shift is 0.94 eV according to our calcu-
lations, more than for any other metal. The SCLS's at
Be(0001) are to 75Pp caused by an upward shift of the
potential at the surface and to 25%% by the better screen-
ing of the core hole at the surface. Prominent surface
states and large SCLS's are typical for semiconductor
surfaces.

APPENDIX B:DOES H REMOVE
THE B.ELAXATION OF He(0001)'?

According to Ref. 6 the adsorption of a monolayer of
H atoms should remove the relaxation of the Be(0001)

surface. This is an eKect that is often found upon adsorp-
tion of H both on semiconductor and metal surfaces. ~ '

Tables I and V show that the relaxation is not or only
partially removed. The main reason is that the H adlayer
does not allow the Be surface to recover its covalentlike
bonding. The Fermi density of states in the surface layer
after adsorption of 1 ML of H is still more than twice
as high as in bulk-Be. The more metallic and isotropic
bonding because of the higher Fermi density of states in
the surface is the driving force for the outward relaxation.
We note that as for the clean surface, careful k-space
sampling is essential to get converged results for the re-
laxation of the H covered surface (compare Table V).
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