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Model  Study in Chemisorption:  Molecular  Orbital  Cluster 
Theory  for  Atomic  Hydrogen on Be(0001) 

Abstract: The  interaction between atomic hydrogen and the (0001) surface of Be  has  been studied by using clusters of Be atoms to 
simulate  the substrate.  The largest cluster used contains 22 Be atoms, 14 in the first layer  and 8 in a second layer. An H atom is added to 
the Be clusters  at  four high symmetry adsorption  sites. Ab initio molecular  orbital Hartree-Fock  wave functions have  been  obtained  and 
the  interaction  energy of H with the Be cluster is studied as a  function of vertical  distance  from the  surface. Thorough studies of various 
aspects of the computations and of the appropriate interpretation of the cluster  results  are  reported. Our results show that  three of the 
sites considered have similar binding energies, De = 50 kcaYmol ( ~ 2 . 1  X lo5 J/mol), and (vertical) equilibrium distances  from  the 
surface,  re = 0.1 nm.  For  the  fourth  site, H directly over a  Be atom, De is =30 kcaVmol(l.3 X lo5 J/mol), and re is =O. 14 nm. We expect 
that  the dissociative adsorption of H, on Be(0001) will be  exothermic. A model calculation  for diffusion of H into  the bulk indicates  that 
this process is energetically  unfavorable for  an ideal (0001) surface.  The vibrational  energies for  the motion of H normal to  the surface are 
found to be substantially different for sites with different  surface coordinations.  The  nature of the covalent bond formed  between H and 
Be(0001) is  analyzed. 

1. Introduction 
There  has been  a great deal of interest in the problem of 
chemisorption [l]. The binding energies of various  ad- 
sorbed atoms and  molecules are known for a variety of 
materials and  there  exists a  wealth of other  data obtained 
by photoelectron spectroscopy  (ESCA  or XPS), low en- 
ergy electron diffraction (LEED), and other  spectrosco- 
pies. Much has been  learned  from these  experiments but 
there  are some questions  that  are not  easily answered. 
Among them are,  for example, the  nature of the bonding, 
site preference,  the mechanisms of dissociative adsorp- 
tion,  and  the changes in charge  distributions  upon adsorp- 
tion. Ab initio molecular orbital theory has shown itself 
capable of answering these types of questions  for many 
small molecules [2]. Application of the  same techniques 
to  the surfaces of solids could add to  the understanding of 
chemisorption  and aid in the interpretation of experimen- 
tal results. 

Within the  past five years, many molecular  orbital cal- 
culations relating to surface  electronic structure and 
chemisorption and involving small clusters of metal 
atoms  have been performed. By far  the largest  number of 
these calculations [3-161 have used  semi-empirical  meth- 
ods  or the local, approximation for exchange.  It is 
clear  that many systems of interest are difficult to  treat 

with current ab initio techniques;  other  methods must  be 
used. One use of this work and other ab initio [17-241 
calculations is in helping to calibrate and  evaluate semi- 
empirical methods  for  surface calculations. 

With an ab initio molecular  orbital approach, we are 
likely to be  restricted to  clusters of about 30 metal atoms, 
even with light atoms  such  as Be or Li. Although a cluster 
of 30 atoms may not yet have metallic properties, it may 
still be  possible to  study chemisorption. We are not inter- 
ested in the bulk properties of the metal, but rather in 
what occurs  at  the surface  during chemisorption. It is rea- 
sonable to  consider  that  the bonding of an  adatom  to a 
surface is strongly  dominated by the interaction of the 
adatom with its  near neighbors on the  surface;  i.e.,  that 
the bonding is local in nature. In this case  the  cluster need 
only be large enough so that  the  atoms directly  involved 
in the bonding do not feel large “edge  effects” due  to  the 
finite size of the cluster. If this  can be achieved, a  molecu- 
lar orbital approach  to chemisorption would be  desirable 
because it has  the ability to accurately describe  the local 
bonding. 

In this paper, we consider  the  chemisorption of H on 
the (0001) surface of Be. We have  obtained  self-consistent 
field (SCF) wave  functions for  clusters of n Be atoms 
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Table 1 Experimental  and calculated  values of the dissociation 
energy De and the  equilibrium  bond length re for BeH.  The calcu- 
lations  involve  different  basis sets  and  theoretical  methods. For 
the  SCF calculations, De is defined as the difference between  the 
SCF energy of the  molecule at re and the SCF energies of the 
separated atoms Be(’S) and H(3).  The basis sets used in the 
present work are  described in Section 3. 

Method re (nm) D e  
[kca lho l ;   Jho l  (lo5)] 

SCF (present  work) 
_ _ _ _ _ ~ _  

Minimum Basis 1 0.1420 46.4; 1.94 
Double Zeta Basis I 0.1352 44.5; 1.86 

SCF (large basis)[26] 
Near  Hartree-Fock limit 0.1338 50.3; 2.11 

Large configuration 
interaction [26] 0.1345 48.8 2 0.7;2.04 2 0.03 

Experiment [27] 0.1343  49.8 * 0.2;  2.09 ? 0.008 

(Ben)  chosen  to model the (0001) surface. The number of 
atoms ranges  from 1 to 22. To the Be,, clusters we have 
added an H atom (Ben-H).  The H  atom has been placed in 
four adsorption sites  and the vertical distance from the 
Ben c!uster has been  varied. We have also obtained SCF 
wave  functions for  these Ben-H systems. Several  chem- 
isorption properties, including bond energies, equilibrium 
geometries, and surface  force  constants, have  been deter- 
mined by using the Ben  and Ben-H  wave  functions. 

For the  smaller clusters, we have  been able  to use both 
minimum and extended (double zeta) Gaussian  basis sets 
[2] for  the  SCF calculations. For  the larger clusters, only 
minimum basis sets could be  used. Tests  for  the smaller 
clusters showed that  the minimum basis set  SCF wave 
functions  gave reasonable results. Results  for the  larger 
clusters showed that  the chemisorption  properties  were 
reasonably well converged with respect to cluster size. 

There  are several reasons for  choosing  a beryllium sub- 
strate. 1) Since the Be  atom has  four  electrons, only rela- 
tively small basis sets  are  required; Li is the other small 
metal.  This fact allows us to  treat large clusters. 2) Be has 
a closed-shell ‘S ground state and the metal is known to 
have no magnetic properties [25]. Thus,  the larger clus- 
ters would be expected  to  have closed-shell singlet 
ground states.  This simplifies our theoretical  treatment 
since we do not have  to investigate  configurations with 
several open shells. 3) The  SCF approximation is reason- 
ably accurate  for  BeH,  the simplest Ben-H  system. In 
Table  1, we give  a  comparison for several  calculations of 
the  dissociation  energy De and  the equilibrium bond dis- 
tance re for  BeH. We note, in particular, that the mini- 
mum basis set  SCF  results  (where  the Be basis set in- 
cludes a single 2p function) are in reasonable  agreement 

21 4 with accurate  theoretical configuration-interaction  (CI) 

[26] and experimental values [27]. 4) The bonding in BeH 
is essentially covalent and  involves  substantial 2p hybrid- 
ization of the Be 2s orbital [26]. A minimum basis set (op- 
timized for  the neutral  atoms) can be  used to  describe  the 
bonding and interaction  energies in this case. A minimum 
basis set would not  be  expected  to  be satisfactory for a 
case where the bonding  had  substantial ionic character, 
e.g., as might be  expected  for oxygen adsorption.  For 
small Ben-H  clusters [21, 241 the bonding of H  remains 
covalent  and  a minimum basis set can also  describe  the 
cluster De and ye fairly well. On the basis of consid- 
erations of the relative  positions of energy  levels, 
Schrieffer [28] has argued  that an adsorbed atom will be 
neutral  (covalently bonded) if its  ionization  potential ZP is 
greater than  the substrate work function 4, and if its elec- 
tron affinity EA is less  than 4. This is clearly satisfied for 
H on Be since  for H, ZP = 13.6 eV and EA = 0.75 eV [29], 
and for  Be, 4 = 3.8 eV [30]. From all these consid- 
erations, we expect  that a minimum basis  set can be  used 
for the larger clusters where  calculations with a  double 
zeta basis set would be  very difficult. 

There  has not been  a  great  deal of experimental work 
for chemisorption on beryllium,  possibly  because of the 
toxicity of Be metal. The interaction of H,, N,, 0,, and 
CO with  Be(0001) crystals and Be films has been studied 
[3 11. It has been reported [31] that  molecular  hydrogen is 
not adsorbed on either surface. Low energy  electron dif- 
fraction experiments [32] have shown that surface  recon- 
struction does not occur  for  the (0001) surface. Finally, 
we note  that Be surfaces have  been  studied by Auger 
electron spectroscopy [33]. 

Preliminary descriptions of the work presented in this 
paper, giving results  for clusters of up to thirteen Be 
atoms,  have already  been  presented [21, 241. We now 
present  results  for larger  clusters  containing  up to 22 Be 
atoms. We provide  detailed information on the  computa- 
tional procedures  and  discuss, in particular, problems 
that arise from the application of molecular  orbital  theory 
to surface clusters. We also investigate the convergence 
of various properties of interest with respect  to  cluster 
size. 

In Section 2, we describe  the various clusters  for which 
calculations have been  performed  and define a  notation 
system to  describe  the  clusters.  The  electronic  states  for 
which SCF calculations have been  performed are also de- 
scribed.  Section 3 deals with the computational  details of 
the  work. Extensive basis set  tests  are  described.  Other 
computational details related to  convergence problems 
and methods used to  determine  the ground  electronic 
states of the  clusters  are also discussed. In Section 4, the 
results of calculations on the Ben  clusters  are  reported. 
Several properties,  e.g., ionization potential,  cohesive 
energy, and singlet-triplet separation,  are shown to mea- 
sure edge eEects in the  cluster,  rather than “bulk” prop- 
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erties of the  metal. The results for  the Be,,-H clusters  are 
given in Section 5. They  are analyzed in terms of proper- 
ties of the  charge  distributions. We discuss in detail the 
results for  the chemisorption bond energies  and bond dis- 
tances  for the various sites considered.  The convergence 
of these properties with respect to  cluster size is studied. 
In Section 6, we use the results given in previous  sections 
to describe several features of the  chemisorption of H on 
the Be(0001) surface.  The relative  stabilities of the  four 
adsorption sites and the energetics of dissociative adsorp- 
tion of H, and of the diffusion of H into  the crystal are all 
considered.  The vibrational motion of the  H  atom normal 
to  the Be surface is discussed, and the  computed vibra- 
tional frequencies  are analyzed in terms of a simple ball 
and spring model. The frequencies are shown to depend 
strongly on the  coordination of the  H  adsorption  site. In 
Section 7 ,  the  conclusions of this  study are reviewed. 

2. The cluster model 
Since LEED studies [32] have shown that the (0001) sur- 
face of beryllium does not reconstruct, we use  the struc- 
ture of the bulk metal in all our  cluster calculations. Be- 
ryllium has  two  atoms per uni t  cell and is described as 
being hexagonal close-packed 1341, even though the c/a 
ratio (1.567) is somewhat smaller  than  the ideal value of 
(8/3)’” = 1.633. The (0001) surface is defined such that 
the surface normal is along the  c axis [35]; each  surface 
atom has nine near neighbors, six in the same layer  and 
three in the  layer below. The nearest-neighbor distance 
within a  layer is  0.22866 nm, while the  distance between 
the surface atoms and  their neighbors below is shorter, 
being only 0.22255 nm  1341. Figure 1 shows the Be,, clus- 
ter we used, illustrating  the hexagonal close-packed 
structure of interest. This cluster, the largest considered, 
contains 14 atoms in the first layer,  denoted I to 14, and 
8 atoms in the  second layer, denoted  a to g. The  cluster 
had Cs point group  symmetry. 

An H  atom may be added to any one of four distinct 
high symmetry sites on the (0001) surface of Be. The 
sites and the specific choices of geometry for  the Be,,-H 
cluster  are  as follows. 1) Open site-The H atom  ap- 
proaches the  center of a triangle formed by three surface 
Be atoms (12, 13, and 14  in Fig. l ) ,  where there is no 
second-layer Be atom below the  H. 2) Eclipsed site- 
The H  atom approaches  the  center of a triangle (1 I ,  12, 
and  14),  where there is a  second-layer Be atom  (g) below 
the H. 3 )  Bond midpoint site-The H  atom approaches 
the center of a line joining  two Be atoms (12 and 14). 4) 
Directly overheud site-The H atom approaches directly 
above one of the  surface Be atoms (1 1). For all sites, the 
Be,,-H cluster  has C, symmetry. 

All of the clusters studied  have  one or two layers, and 
we have denoted this by enclosing the number of atoms in 
each  layer in parentheses.  For  example, a six-atom clus- 

3 

5 

1 6 

x 
Figure 1 The Be,,(14,8) cluster. This cluster illustrates the 
(0001) surface used in our studies of hydrogen  adsorption  on 
beryllium. The  atoms in  the first layer are  denoted by numbers, 
those in the  second layer by letters. 

ter with  all the atoms in the first layer is denoted Be,(6,0). 
The Bez2 cluster in Fig. 1 is denoted Be,,(14,8). For clus- 
ters  other than Be,,(14,8), the geometries and adsorption 
sites used are  described in Appendix A. 

All the results reported in this  paper are based on single 
configuration SCF wave  functions. Since Be metal is non- 
magnetic 1251, we would expect  that  the  ground state of a 
cluster that simulates  condensed Be would be  a  closed- 
shell singlet. In some  cases, edge effects for  the finite 
clusters  have led to a double-open-shell configuration 
which has a  lower  energy  than the lowest  closed-shell 
configuration. However, we shall refer to  the lowest SCF 
closed-shell state of Bell as its  “ground state.” We have 
obtained SCF wave functions for this  ground state and for 
the lowest triplet coupled  double-open-shell states of the 
various  Ben clusters. We have  also  determined  the first 
ionization potential for Ben by obtaining the lowest single- 
open-shell (doublet) configuration SCF wave  function for 
the ion. For  the Ben-H clusters, we have  obtained SCF 
wave functions for  the lowest single-open-shell doublet 
state.  For each  site  considered on any Ben  cluster, we 
have varied the vertical distance of the  H  atom from the 
top layer of the  cluster in order  to obtain  a minimum of 
the SCF energy of Ben-H. We call the  vertical distance  for 
which the energy is minimum the equilibrium bond length 
re. The binding energy of H to form Ben-H (chemisorption 
bond energy) is obtained  as the difference  between the 
Ben-H  SCF energy  at re and  the SCF energies of Ben 
(closed-shell ground state) and of  H(’S). 21 5 
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Table 2 Equilibrium  bond  lengths re and  binding  energies De 
obtained  with  different  basis  sets for Be7(7,0)-H and Be,,(lO,O)-H 
clusters.  Descriptions of the  clusters  and  adsorption  sites  are giv- 
en in  Section  2  and  Appendix  A. 

Cluster and site  Basis  set 

Be7(7,0),  Minimum I 
directly  Minimum IIb 
overhead  Double  Zeta I 

Double  Zeta I1 

Be,,(lO,O), Minimum I 
bond Minimum 111 
midpoint Double  Zeta I 

Double  Zeta I1 

re (nm) 

0.143 
0.139 
0.139 
0.138 

0.116 
0.111 
0.110 
0.106 

D e  
[kcaVmol; J/mol (lo5)] 

71.3; 2.99 
73.9; 3.10 
60.9; 2.55 
64.0; 2.68 

31.5; 1.33 
32.9; 1.38 
38.4; 1.61 
35.8; 1.50 

Table 3 Equilibrium  bond  lengths re and  binding  energies De 
obtained with different  basis  sets for Be,-H, n = 3 to 7  clusters. 

Cluster and site  Basis  set re (nm) De 

Minimum I 
Minimum  IIb 
Double  Zeta I 

Minimum I 
Double  Zeta I 

Minimum I 
Double  Zeta I 

Minimum I 
Double  Zeta I 

Minimum I 
Double  Zeta I 

Minimum I 
Double  Zeta I 

Minimum I 
Double  Zeta I1 

Minimum I 
Double  Zeta I1 

Minimum I 
Double  Zeta I1 

[kcaVmol; Jlmol (io5)] 

0.125 19.1;0.80 
0.117 22.5; 0.94 
0.110 22.0; 0.92 

0.124 28.7; 1.20 
0.117 33.0; 1.38 

0.126 70.1; 2.94 
0.119 65.4; 2.74 

0.102 23.2; 0.97 
0.091 31.9; 1.35 

0.115 30.1 ; 1.26 
0.106 36.4; 1.53 

0.114 
0.106 

32.4; 1.36 
38.1; 1.60 

0.118 47.3; 1.98 
0.106 45.9; 1.92 

0.111 55.3; 2.32 
0.103 60.6; 2.54 

0.111 40.8; 1.71 
0.102 47.8; 2.00 

3. Computational details 

A .  Basis set tests 
In any ab initio calculation,  the  choice of the  basis  set E361 
is extremely important  and  determines  whether the  wave 
function will give an  accurate description of the system of 
interest. Special care must  be  taken when a minimum 
basis set is used. Several different basis sets of contracted 
Gaussian functions were tested,  the primary  objectives 
being to obtain a minimum basis set suitable for use  with 
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larger clusters,  and  to determine the quality of this set  for 
the  calculation of chemisorption properties. We believe 
that the tests  support  the reliability of the minimum basis 
set used in the larger clusters. 

The minimum basis  sets consisted of three  contracted 
Gaussian functions  centered on each Be atom,  denoted 
Is,  2s, and 2p, and a 1s function centered on H. (All three 
components of the 2p  function are included in the basis 
set.)  Four basis sets of this  type  were  used. In Minimum 
Basis Set I, the Be parameters  are  those optimized for  the 
free  atom. In Minimum Basis Sets  IIa  and  IIb,  the Be 2s 
and 2p parameters were  optimized for use in the 
Be1,(l0,3)A cluster [see  Appendix Fig. Al(f)]. For Set 
IIa, the  Gaussian functions used to  represent  the 2s and 
2p basis functions  were constrained to  have  the  same  ex- 
ponents, while for  Set  IIb, this constraint  was not im- 
posed.  In Minimum Basis Set 111, the 2s and 2p parame- 
ters were  optimized for use in the Be,,(lO,O) cluster.  Sets 
IIb and I11 are very similar to each other.  The double zeta 
basis sets  contain  two functions of each  type (Is, Is', 2s, 
2s',  etc.) on each  atom. In addition, a single p  function on 
H was used. Roos and Siegbahn [37] have  discussed  the 
importance of including this  function in double zeta basis 
sets.  Two  sets, Double Zeta I and 11, were  studied. They 
differ only in the Gaussian  functions  used to form the two 
Be 2p basis functions.  Set I1 uses  four elementary 
Gaussian functions €or this  purpose  rather  than  the  two 
used in Set  I. This  allows  a better description of the  Be 2p 
character, which was  found to be quite important for 
bonding in the  clusters. Details concerning the basis sets 
and  tables of the parameters used are given in Appendix 
B. 

The evaluation of the basis sets was  based on com- 
parison among  the calculated  values (using different basis 
sets)  for  the equilibrium bond distance and the binding 
energy of adsorbed H. For several small clusters,  these 
values are  tabulated in Tables  2  and 3. (Except  for  the 
Be(l0,O) cluster,  no spatial  symmetry constraints  [2, 381 
were  imposed on the  SCF wave functions used for  the 
tables. For Be,,(lO,O), the molecular  orbitals  were of D,, 
symmetry for Belo and of  C,, symmetry for Be,,-H. In all 
cases, spin symmetry  was imposed; the (Y and p spin or- 
bitals for a given shell have  the same  spatial dependence.) 

Calculations for  the smaller clusters were  performed by 
using Minimum Basis Set I .  These calculations  showed 
that  p  functions  were  very  important for several clusters, 
as  seen  for  the ground state configuration of Be,(7,0). The 
D,,-symmetry ground state  occupation  expected  from 
seven Be atoms with configuration ls22s2 is (1s cores) 
3a:g2e~,2e~g2b~,4a~,[39], where the molecular orbitals (MO) 
are  ordered  according  to the expected  SCF orbital ener- 
gy &;&(3a1,) < &(2el,), etc.  However,  the  SCF ground state 
was  actually  found to be (1s cores) 3a:g2e~,2e~,1b~,4a:,. 
The lb,, MO can  be formed  only from combinations 
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of Be p  basis functions. It is possible that Minimum Basis 
Set I might be  favoring the p  functions in such a way as  to 
predict the wrong  ground state.  The  SCF wave 
function for  the  cluster was  recomputed by using both 
double  zeta basis sets;  the ground state configuration was 
found to  be  the  same.  The same  problem  was  noted for 
the Be,,(10,0) cluster.  Here  also,  the  double  zeta basis 
sets gave the  same ground state configuration as  the 
minimum basis set. We conclude that  the  importance of 
the p  functions is  not a  basis set artifact. 

A measure of the importance of the Be 2p character 
may be obtained from a Mulliken gross population  analy- 
sis [2]. For Be,,(lO,O), the 2p character  per  atom ranges 
from 1.1 to 1.5 electrons [21]. Clearly, the  charge distribu- 
tion around a Be atom in a  cluster is very different from 
the  ls22s2  free  atom.  For this reason, we optimized  the 
parameters of the minimum basis set Be 2s and 2p func- 
tions for  the Be,,(lO,O) cluster. The resultipg  basis set is 
denoted Minimum Basis Set 111. With this  basis set, the 
cohesive  energy  (binding energy per  atom) of  Be,,(lO,O) 
increased  from 8.9 kcaVmol  (3.73 X lo4 J/mol) (Minimum 
Basis Set I )  to 12.2 kcaVmol(5.11 X lo4 J/mol). However, 
as shown in Table  2,  the changes in the bond  energy and 
distance  for H  chemisorption  were  small. The Be 2s and 
2p parameters were also optimized for  the Be1,(l0,3)A 
cluster  to obtain Minimum Basis Sets  IIa and IIb. With 
these basis sets,  the cohesive  energies of the Be,(7,0) [Set 
IIb]  and Be1,(l0,3)A [Set Ira] clusters increased by 3 kcal/ 
mol (1.3 X lo4 J/mol) over  the Minimum Basis Set I val- 
ues.  However,  for Be,(7,0), as  for Be,,, the effect on the 
chemisorption properties was small (cf.  Table 2 ) .  Al- 
though the use of the optimized minimum basis sets in- 
creased  the  cohesive energies of the  clusters by approxi- 
mately 30 percent, only small changes occurred in the 
chemisorption properties.  The bond lengths for Be,(7,0) 
and Be,,(lO,O) shorten and lie between the Minimum 
Basis I and  the  double  zeta basis set  results.  The bond 
energies change by less than five percent.  In general, the 
minimum basis  description of chemisorption is very  rea- 
sonable. The bond energies are within 20 percent of the 
double  zeta  results, except for  the Be,(4,1) open  site, 
where the Minimum Basis I yields only 75 percent of the 
Double Zeta I value. They are usually smaller  than the 
double  zeta  values, although Be,(7,0) and Be4(4,0) are ex- 
ceptions to this. These clusters have large  edge  effects 
that  cause  anomalous binding energies. For all of the 
larger clusters,  the minimum basis binding energy is, 
therefore,  expected  to be too small. The minimum basis 
set bond lengths are all -0.01  nm longer than  the double 
zeta values. 

B .  Selection of the ground state electronic configuration 
The description of the electronic configuration (i.e., num- 
bers of singly and doubly  occupied MOs in each symme- 
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try) is  an item of input for an SCF calculation. If the input 
configuration is not that of the ground state,  the SCF pro- 
cedure will naturally  converge to  an excited state. For 
most  molecules, chemical intuition and group theoretic 
analysis  lead to a correct determination of the ground 
state configuration. For  clusters of Be atoms designed to 
model surface  and bulk properties,  the determination of 
the ground state configuration is not  a  trivial  matter. 

In order  to  determine  the ground state configuration, 
we obtained the 4n electron SCF  wave function for  the 
larger clusters in several  steps.  First, we obtained a 2n 
electron wave function with only the n 1s’ MOs occupied. 
Then we added 2m electrons  in the  lowest rn (unoccupied) 
virtual orbitals of the previous SCF  wave function  and 
iterated to self-consistency.  This step  was repeated until 
all the electrons were  included.  This procedure of adding 
electrons a few at a  time to  the virtual  orbitals with the 
lowest  eigenvalues  was  particularly  useful for choosing, 
among  orbitals of the  same  symmetry, which to occupy 
and which to  leave unoccupied. It  was,  however, not 
foolproof for  choosing between  orbitals of different  sym- 
metry having the  same orbital energy  [within about 0.05 
hartree (1 hartree = 2  rydbergs = 27.212 ev)].  This was 
important  only in the final steps of the  procedure  when 
almost 4n electrons were  included in the  wave function. 
When it occurred, both  possible occupations had to be 
tested with separate  SCF calculations. In this way it was 
necessary to  test only a small number of configurations in 
order  to find the closed-shell  ground state.  Further,  the 
configurations to be tested were  clearly identified. 

Even when the ground state configuration is correct  as 
to rhe number of occupied  orbitals in each  symmetry, it is 
still possible to  converge  to  an excited state. This is easily 
seen  for  the Be atom. If  we require only that  the ground 
state  have  two doubly  occupied s shells, it is possible to 
converge to  the highly excited state 1sz3sz. For  the Be 
atom, it is trivial to avoid this problem,  but  for larger  Be 
clusters, differences  among the orbital  energies of the 
highest occupied  MOs  become fairly small. For Be,,, the 
average difference between  the energies of adjacent MOs 
for  the highest five occupied  levels is only 0.23 eV. When 
the MOs show  this “bandlike” behavior, it is difficult to 
be sure  that  the  SCF  process  has  not converged to  an 
excited state.  It might be  possible to  converge  to a state 
where a level somewhat  above  the  Fermi level is filled 
and one  somewhat below is empty. It  is  not useful to try 
to  detect  such  an excited state by comparing the orbital 
energies of the occupied  and virtual MOs of the final, 4n 
electron  wave function. In the  Hartree-Fock method [40], 
the energies of the canonical  virtual orbitals  are defined 
differently from  those of the occupied  orbitals. Our proce- 
dure of adding electrons in steps should allow us  to avoid 
these  excited states.  In this procedure, we choose which 
orbitals to  occupy only from among the virtuals. The or- 21 7 
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Table 4 Expansion coefficients of the C, SCF molecular orbit- 
als for the 2A' state of Be,-H, Eq. (3), in terms of the C,, SCF 
MOs for the 2A, state, Eq. (2). 

C,, MO basis C ,  MO expansion coeficients 

3a' 4a ' 5a ' 2a" 

Occupied 
lal -0.0001 +O.o001 -0.0001 
2% +0.9984 +0.0050 +0.0551 
3a1 
le -0.0002  +0.0004 -0.0001 +0.0008 
2e -0.0487 +0.3825 +0.8831 +0.9996 

- 
- 

+0.0153  +0.9236 -0.3721 - 

Virtual 
4a1 -0.0133 +0.0181 +0.1852 - 
5a1 +0.0006 -0.0104 -0.0214 - 
3e -0.0168 +0.0090  +0.1986  +0.0183 
4e +0.0069 -0.0040 -0.0666 +0.0112 
5e +0.0049 -0.0063 +0.0051 +0.0132 
1 az - - - +0.0140 

bital energies of the virtual MOs are all defined in the 
same way and it is  reasonable  to  choose  to  occupy a  virtu- 
al MO with a lower energy and leave one with a higher 
energy  unoccupied. With these orbitals as a  starting 
point, we expect  the  SCF iterations to converge to the 
lowest state of the given configuration. 

However,  for Be1,(14,0) and Be,,(14,8)  we did make a 
final check to  ensure  that we had indeed  obtained  the 
ground state  wave function. We formed  a set of configu- 
rations by removing one electron  from an occupied MO 
(4,,) and placing it in a virtual MO (4,). (For Be,,,  we 
removed the  electron from one of the  ten  occupied MOs 
with the highest orbital  energies  and  placed it  in one of ten 
low-lying virtual MOs. For Be,,, the electron was  re- 
moved from  one of the 22 highest occupied MOs and 
placed in one of 25 virtuals.) The configurations  were lin- 
ear combinations of two determinants so that the  total 
wave  function was a singlet. Only one of these configura- 
tions  had an energy  less  than  1 eV above  that of the 
closed-shell SCF wave function.  In this one  case (for 
Bel,), the energy  was 0.07 eV above  the closed-shell 
state. We formed  a new closed-shell state by placing both 
electrons in the  appropriate $,, leaving +,, unoccupied. 
Starting with these orbitals,  a new SCF wave  function 
was  obtained  and its energy was higher than  that  pre- 
viously obtained.  Since all other configurations had con- 
siderably  higher energies, we assumed that none of them 
would lead to a new closed-shell ground state. 

For Be: and  the triplet states of  Be,, much  simpler pro- 
cedures were  followed. For Be:, we simply removed an 
electron  from  the occupied  orbital with the highest  orbital 
energy  and  used the ground state MOs as a  starting  point 
for  the  SCF  iterations.  For  the triplet state,  the  electron 
was  removed from  the highest  occupied  orbital and 

placed in the lowest virtual orbital, and  the  SCF calcu- 
lation was performed. No tests were made  to  determine 
whether these configurations  were the lowest states. 

For  Ben-H, we added an electron in a singly occupied 
orbital to  the closed-shell Be, ground state. As we show 
in the  next section, this procedure  can easily  lead to ex- 
cited state configurations when the Be,-H cluster  has a 
point  group symmetry higher than C,. For this reason, we 
report results  for  SCF wave functions  obtained by using 
either  no spatial  symmetry at all or C, symmetry,  even 
though the Be,-H cluster may have had higher symmetry. 
When C, symmetry  was used,  the open-shell  orbital was 
placed in both a'  and a" symmetries  and the configuration 
with the lowest SCF energy was taken  as  the ground 
state.  The initial guess of the MOs for  Ben-H,  at  the first 
hydrogen-to-cluster  distance for which an  SCF calcu- 
lation was performed, consisted of the  doubly-occupied 
Be, orbitals  plus  a singly-occupied 1s orbital on hydro- 
gen. Even though the self-consistent MOs are quite dif- 
ferent  from these trial functions (see Section 5 ) ,  the den- 
sity matrix  derived  from them corresponds  to a  neutral  H 
and  a  neutral Be, cluster, and is sufficiently good that  the 
calculations  converged. At other hydrogen distances, the 
trial functions  were chosen  as the  converged MOs at a 
nearby  distance for  the  same  cluster  and  site. 

C .  Symmetry  considerations; ground state configuration 

One of the most puzzling aspects of our earlier work 
[21, 241 was  a large change in the chemisorptive  bond  en- 
ergy when we changed  from a spatially-restricted to a 
spatially-unrestricted wave function [ 2 ,  381. One cluster 
showing this effect was Be,(3,0), which has D,, symmetry 
[see  Appendix A, Fig.  Al(a)].  The H atom is added to the 
open  site and Be,(3,O)-H has C,, symmetry. 

We performed  two sets of SCF calculations for Be, and 
Be,-H. In the first set, we constrained the MOs to  have 
the symmetry of the point  group of the cluster: D,, for Be, 
and C,, for Be,-H. In the second set, we only constrained 
the MOs to  have C, symmetry. The C, reflection plane 
used was one of the  three equivalent (T, planes of D3h or 

The ground state configuration of the Be, cluster was 

of Be,-H 

c 3 v -  

found to be 

la: le'  2a: 2e' , 

where la,' and le'  are  the 1s cores of Be. We obtained 
this fully symmetry-adopted  result even when we im- 
posed  only the C, constraint [38, 411. The hydrogen 1s 
orbital  transforms as a,(C,, symmetry).  Hence, we as- 
sumed that  the ground state configuration of Be,-H 
would be 

la~le42a~2e*3a,(2A,). (2) 

2 4 2 4  

(1) 
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Table 5 Equilibrium bond lengths re,  binding energies De, and total energies EtOt, at re for Be,-H  obtained with different wave functions 
and for different states. 

Type of calculation 
and  state 

D e  
[kcaymol; J/mol ( lo4)] 

Etot (eV; hartrees) 

0.102  6.16;  2.58 
0.106  17.72;  7.42 
0.121  19.23;  8.06 
0.117  22.48;  9.42 
0.122  23.59;  9.88 

-1187.7;  -43.64793 
- 1191.2;  -43.77335 
-1188.3;  -43.66876 
-1188.5; -43.67394 
-1191.4;  -43.78270 

The  correspondence between C,, and C, symmetry is 
such that  the  a' representation of C, contains  the a, and 
one component of the e  representation of C,,. The a" rep- 
resentation of C, contains a' and the  other  component of 
e.  Thus, in C, Eq. (2) becomes 

3a"4a"2a'r25a'('Af), (3) 

where only the valence shells are  shown. With the C,, 
symmetry constraint (and by using Minimum Basis Set 
IIb), the SCF  results were obtained for  the 'A, state of 
Eq. (2). The binding energy of H was 6.2 kcal/mol(2.60 x 
lo4 J/mol) and the equilibrium bond length (distance of H 
from the Be, plane)  was 0.102 nm. When the calculations 
were  performed with only the C, symmetry  constraint 
[Eq. (3)], the  results were very different. The binding en- 
ergy increased by a factor of three [to 22.5 kcal/mol (9.43 
X IO4 J/mol)] and the bond length increased by 0.015 nm 
(to 0.117 nm). 

In order  to  interpret  the large differences  between the 
C, and C,, results, we performed C, SCF calculations on 
Be,-H, using as basis  functions  the C,, MOs (occupied 
and  virtual)  obtained  from  the C,, SCF calculation on the 
'A, state of Eq. (2). The results of the  SCF calculations 
are, of course, identical  whether the  contracted Gaussian 
basis or  the MO basis is used [42]. However,  the  charac- 
ter of the C, MOs can be much more easily identified from 
the expansion coefficients when the C,, MOs are used as 
the basis. For a  representative H-to-Be  distance 
(0.117  nm above the Be  plane), these  expansion coeffi- 
cients  are given in Table 4. If the C, MOs had maintained 
the C,, symmetry of Eq. (2), we would have had 3a' = 

2a,, 4a' and 2a" = 2e,  and  5a' = 3a,. From Table 4, we 
see that  the 3a' and 2a" MOs are very much what we ex- 
pect them to be. The 4a' and 5a',  however,  are not at all 
as  expected;  the  4a' is dominantly  3a,  and the 5a' is domi- 
nantly 2e.  Thus,  the C,, configuration most closely re- 
sembling the C, wave function is 

2a:3a:2e3('E). (4) 

We then  performed C,, constrained SCF calculations for 
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this state.  The hydrogen binding energy and bond length 
are,  as shown in Table 5, quite  close to  the C, results. 

It is clear that  the 'E configuration of Eq. (4) is the 
ground state of Be,-H. It is also  clear  that most of the 
large apparent "symmetry-breaking''  effects  noted  earlier 
are merely the result of our having assumed  an  incorrect 
ground state in C,, symmetry.  The  use of the  lower, C,, 
constraint allowed the  orbitals to reorganize so that  the 
total  wave  function closely approximated the  correct,  'E, 
ground state  symmetry.  The differences  between the 
C,,  'E state  results and the C, results are  the  proper mea- 
sure of the effect of removing the C,, symmetry  and 
equivalence restrictions [38]. These relatively small dif- 
ferences may be  viewed as resulting from a  partial in- 
clusion of correlation effects in the C, wave  function. 
Large differences  between the symmetry-constrained and 
unconstrained results [21, 241 are a good indication that 
the  correct high symmetry ground state  has not  been 
found. 

The closed-shell ground state  SCF  wave functions for 
Be,, were  obtained by using both the  appropriate high 
symmetry constraint  and using either no symmetry  or C, 
symmetry. We always obtained  the same total energy and 
electron  density whether we imposed high symmetry or 
not [41]. For  the triplet state of Be,, for Be:, and for 
Ben-H, we report  here only the results  obtained by using 
no symmetry or C,  symmetry. We feel that  these low 
symmetry results transform  approximately as  one of the 
representations of the  appropriate high symmetry point 
group. However,  except  for Be,-H, this  was  not checked. 

Configuration-interaction  (CI)  calculations  were  per- 
formed for  the 'E and 'A, states of Be,(3,O)-H. Only ex- 
citations from  the valence  orbitals  were allowed and  the 
configurations were  restricted to  the interacting space 
[43]; that is, all singly- and  doubly-excited  configurations 
with a nonzero matrix  element with either  the configura- 
tion of Eq. (2), for 'A,, or  Eq.  (4),  for 'E, were  included. 
The results of the CI computations are summarized in 
Table 5. The 'E state C1 result is very  similar to  the C, 
symmetry SCF result  and suggests that  our single config- 
uration  description is reasonably accurate. Unlike the 'E, 
the 'A, state  has  an extremely large correlation effect. 21 9 
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Table 6 Some properties of Be,, clusters.  The  results in parentheses were  obtained by using the Double Zeta I Basis Set; all others were 
obtained by using a minimum basis, as described  in  Section 3D. 

Cluster AST (eV) IP (eV) &oh 
[kcal/mol;  J/mol (IO4)] 

Be  atom  1.78 ( 2.02) 8.44 (8.04) 
Be3(3 ,O) 0.73  (-0.98) 6.97  (6.47) -5.03; -2.11(-3.24; -1.36) 
Be4(3, 1) 1.15( 1.08) 7.18  (6.68) 4.07; 1.71(4.84;  2.03) 
Be4(4,0) -1.18(-0.79) 5.13 (4.94) -9.78;  -4.10(-6.69; -2.80) 

Bed3,3)  -0.43 5.30 1.81;0.76 
Bed6,O)  -0.24  5.58 
BeA6,l)  -0.24 5.58 1.49;  0.62 

Bed6,3) - 1.56  4.81 3.53; 1.48 
BeI0(7,3) 0.04 6.05 8.98; 3.76 
BedlO,O) 0.02  5.17 8.94; 3.75 
Be13(10,3)A -0.62  4.32 14.15;  5.93 
BeI3(l0,3)B -0.62  4.70 14.03; 5.88 

Bezz(14,8)  not  calculated 4.71 20.59;  8.63 

~e,(4,1) -0.68 (-0.40) 5.73  (5.11) 0.23; O.lO(1.68; 0.70) 

-1.53; -0.64 

~e,(7,0) -0.73  5.21 3.64; I .53 

~e,,(14,0) -0.39 4.73 14.44; 6.05 

220 

D .  Final choice of basis  sets and wave  function  symme- 

For  the  results  to be described below,  the following 
choices  were made unless otherwise noted. The  clusters 
with ten  or  fewer Be atoms  use Minimum Basis I. The 
two Be,, clusters  use Minimum Basis IIa  and  the Be,, and 
Be,, clusters  use Minimum Basis IIb.  (These basis sets 
are described in Section 3A and  tabulated in Appendix 
B.) The  SCF wave functions  for  clusters with ten  or  fewer 
Be atoms  and Be,,(l0,3)B [see Appendix A, Fig. Al(g)] 
were  computed without  any  spatial  symmetry  restriction 
[38]. (The  open-shell minimum basis set triplet state of 
Be,(4,1) was computed in  C, symmetry to avoid con- 
vergence  problems.) The wave functions involving the 
Be1,(l0,3)A, Be,,, and Be,, clusters were constrained  to 
have C, symmetry. All wave functions were spin  restrict- 
ed  and  are eigenfunctions of s’. 

4. Results: clusters without H 
The most serious  questions about the  use of cluster mod- 
els  are related to  the  fact  that a finite and  rather small 
number of atoms  are used to model the  surface of a crys- 
tal. The  atoms at the edges or  ends of the  cluster  are not 
in a proper long-range crystalline  environment. We refer 
to  the effects of these edge atoms  on various properties of 
the  cluster  as “edge  effects.” Even  for fairly  large  clus- 
ters,  the  number of edge atoms  is large,  especially when 
counted as  the  ratio of edge to interior atoms. (In the 
present  context,  we  use “interior” to  mean  that  an  atom 
has  the  appropriate number of neighbors for a (0001) sur- 
face, not that  it  is in the interior of a model for  the bulk 
crystal.) For our  largest  cluster, Be,,(14,8), only the  four 
atoms in the first layer numbered 11 to 14 in Fig. 1 can be 

try 
clearly  considered  interior atoms. Atom  h is in the inte- 
rior of the second layer  but  lacks  its  nearest neighbors, 
which are in the  third layer. At least 17  (77 percent) of the 
22 Be atoms  are clearly  edge atoms.  Our  clusters were 
chosen  to  represent  the (0001) surface.  We could, with 
about the  same  number of atoms,  have  chosen configura- 
tions that would have had fewer atoms  at edges or  other 
nonequivalent positions,  e.g., a  linear chain. With such 
clusters, we would have been  able to  study edge  effects in 
more detail, but  clearly we could not  have modeled the 
properties of the (0001) surface. 

A  second  pro&m,  closely  related to  that of edge ef- 
fects,  concerns td l  konvergence of various properties  as a 
function of clustd bize. At first glance, it would seem  that 
as  the  clusters  become larger the  computed  properties 
would become  less  affbdkil by the edge atoms.  However, 
this is not  always the Bise, as we shall show below; cer- 
tain properties,  e.g.,  the first ionization potential,  are al- 
ways likely to be strongly influenced by edge atoms. 

In certain cases, it is possible to  reduce  or eliminate 
edge  effects by including a model or effective  crystalline 
environment into  the cluster treatment. Cartling et al. [44] 
have  done this for silicon. They  terminated a five-atom 
cluster by saturating  the dangling bonds of the edge Si 
atoms with hydrogens.  For a  covalently  bonded sernicon- 
ductor like Si, this is most likely to  be a satisfactory pro- 
cedure.  However,  for a metal like Be, where the con- 
duction electrons  are delocalized over  the  entire  crystal, 
this approach  is  not suitable. 

Edge  effects may be  important for  both  bare  clusters 
and for  clusters with H. However,  the  properties related 
to chemisorption  involve  differences between a cluster 
(Be,) with an H atom  at infinite distance  and  the Be,-H 
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open-shell  triplet states of Be,,. The differences of the 
SCF energies of the lowest closed-shell state  and this trip- 
let state,  denoted  as  the singlet-triplet separation AST,  

AST = Es,,(open-shell triplet) - Es,,(closed shell), (5) 

are given in Table 6. A negative value of AST indicates 
that  the  SCF energy of the  triplet is lower  than that of the 
closed  shell.  It  can  be noted from Table 6 that AST is 
negative for most of the clusters. For Bel,(10,3)A for ex- 
ample (see Appendix A, Fig. Al(f),  the energy of the 
16a’17a‘ 3A’ state is 0.6 eV lower than  that of the lowest 
closed-shell  ‘A’, (16a’)’ state. 

For  the large clusters, the negative values of AST arise 
from edge effects  coupled with limitations of MO SCF 
wave  functions. This may be seen by considering the 
charge  distributions  (orbital  densities) of the 16a’ and 17a’ 
orbitals of the ,A’ state of Be1,(l0,3)A, which are plotted 
in Figs. 2 and 3. (We  emphasize that  these orbitals are 
obtained  from  a SCF calculation on the  triplet state; they 
are not taken from the ground state results.)  Clearly, 
there  are not bonding or antibonding  orbitals  distributed 
over  the  entire  cluster.  The orbitals are  best described as 
being localized on the  top and  bottom of the  cluster. A 
similar sort of behavior is seen  for  the H, molecule at 
large internuclear  separation [45], where the closed-shell 
MO SCF  wave function, lui = (Is, + ls,)’, becomes 
very  poor  and has an energy considerably above  that of 
the open-shell configuration ls,ls,. 

It is not possible  from our calculations to  separate  the 
limitations of the closed-shell MO SCF wave  function 
from the inherent edge effects.  It is certainly  possible that 
the lowest  triplet state would involve excitations on edge 
atoms  even if better wave  functions  were  used. It is also 
possible that this would be true  for finite clusters of arbi- 

0 

I 

e 

e 

Figure 3 Contour plot of the  orbital density of the singly-occu- 
pied  17a‘ SCF MO for the 3A‘ state of Be,,(l0,3)A. The plane of 
the  plot  and the contour values are the same as in Fig. 2. 

trarily large size. In any case, it is clear that we cannot 
use our calculated AST as a measure of the  “bulk” behav- 
ior of the  cluster. 

For Be,,(14,0) and Be,,(14,8),  we used a different ap- 
proach to examine the energies of excited states of the 
cluster. The closed-shell-state  orbitals, both occupied  and 
unoccupied  (virtual),  were  used to  construct wave func- 
tions for  the  excited  states. Double-open-shell configura- 
tions  were formed by making excitations  from  the highest 221 
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Table 7 The  energies of double-open-shell  excited  states of 
Be,,  and  Be,,  obtained by using a frozen  orbital  approximation, 
as  described in the text. 

Cluster State Lowest 
excitation 

energy (eV) 

Number of excited 
stutes within 1 eV of 

Jirst excited  state 

'A' 'A" 
SA' 
3.4" 

'A'  'A" 
SA' 
S A "  

1.29 
1.48 
0.76 
0.96 

1.27 
0.07 
1.18 

-0.07 

occupied  orbitals into low-lying virtual orbitals.  Slater de- 
terminants  were  combined to form singlet and triplet spin 
functions. The  procedure  is described in detail in Section 
3B. We hoped to avoid or reduce the problem  described 
above (differential edge effects obtained  from separate 
SCF calculations on the closed-  and open-shell states) by 
using a  common set of orbitals  determined for  the closed- 
shell state.  The energies of these open-shell states  are 
summarized in Table 7. We report  the  energies  (relative 
to  the closed-shell state) of the  lowest  open-shell state of 
each symmetry,  'A',  "A', 'A", and "A".  We also report the 
number of open-shell states within 1 eV above  the lowest 
state of each symmetry. 

The low energies of the 'A" and 3A'' states  for  Bel4  are a 
feature of that particular cluster since  such low energies 
are not obtained for Be,,. For Be2,, the excitation 
energies are reasonably  large, -- 1 eV, and  the  separation 
of singlet and triplet states is also  large, -0.5 eV.  Thus, 
with this  model, Be,, is not large enough to  show metallic 
character.  However, the  number of low-lying excited 
states is larger for Be,, than  for Be,,. In particular, the 
increase in the  number of low-lying states is much larger 
than the  increase in the number of atoms in the  cluster. 
By this measure, Be,, is beginning to  show "bulk" char- 
acter. 

The next bare-cluster  property  considered is the first 
ionization potential ZP. The IP of Be,, is defined as the 
difference of the SCF energies of the  lowest  closed-shell 
state of Ben and  the lowest single-open-shell doublet state 
of  Be: (separate variational  calculations are performed). 
The values of the ZP are tabulated in Table  7.  If,  for  the 
larger clusters,  the IF' resulted  from  removal of charge 
from the  interior atoms, it  would be appropriate  to  com- 
pare  the ZP to a "bulk" work function. From Table 6, it is 
seen that the ZP for  the larger clusters appear  to be  con- 
verging toward a value  near 5 eV. It is tempting to believe 
that this value is  one  characteristic of a work  function for 
infinite one-  or two-layer  systems. 222 

BAUSCHLICHER, BAGUS, AND SCHAEFER 

In Table 8,  we give for  our largest cluster [Be,,(14,8)], 
the  charges on each atom, Q, (given in units of electron 
charge e ;  1 r = 1.602 X 10"' coulombs),  for  the neutral 
cluster  and for the ion.  The charges are determined  from  a 
Mulliken gross population  analysis [46]. The difference 
AQI = QA(Bez,) - Q,(Be;,) is a measure of the charge 
removed from each  atom upon ionization. If charge  were 
removed uniformly from all 22 atoms, each AQ, would be 
0.045 e .  The five interior  atoms of the Be,, cluster ( I  1-14 
and h in Fig. 1) would lose  a total of 0.23 e. However, 
three of these five atoms ( 1 1 ,  13, and g) actually have 
larger charges in the ion than in the neutral cluster (AQ, 
< 0). The sum of the AQA for the five interior atoms is 
such that they gain 0.01 e .  The gain of atomic  charge in 
the ion  is possible because  the  separate  SCF calculation 
for Be:, allows the charge  distribution to reorganize  (re- 
lax) in response  to  the removal of an electron [47]. The 
Be;, ion is formed by removing an electron from the 27a' 
orbital. The atomic  populations [46] of this  orbital for  the 
SCF wave function for neutral Be,,, QA(27a';  Bez2),  are 
also given in Table 8. These values correspond to AQ, for 
the unrelaxed ionic wave function  where the MOs are not 
allowed to reorganize.  They  are  quite different from the 
AQ,. Clearly,  reorganization effects characteristic of lo- 
calized behavior are important in the ionization of  Be,,. 
Another measure of reorganization is the relaxation  en- 
ergy [47] (the  difference  between the  Koopmans' Theo- 
rem ZP and the ASCF value  reported in Table 7).  For 
Be,,, this  relaxation  energy is 0.7 eV. 

The key conclusion to be drawn is that in forming Be:, 
the electron is, in essence, removed entirely from edge 
atoms.  Thus, it is clear  that the  Bez2 IP is not at all charac- 
teristic of a "bulk" work function  value. The IP for large 
finite one-  and  two-layer clusters  may, in fact, converge 
to a value of =5 eV.  However, it  is possible that it will 
also  continue to involve the removal of the electron from 
edge atoms. 

the binding energy per atom.  It is represented by 
The cohesive  energy Ecoh of a Be,, cluster is defined as 

Values of Ecoh for  the various  clusters are also given in 
Table 6. It is clear  that these values are by no means  con- 
verged;  nor are they  even  close to  the 78 kcaVmol(3.27 X 

I o "  J/mol) cohesive energy of Be metal [48]. This is hardly 
surprising. 

A measure of edge effects in the ground state charge 
distribution of Be,, may be  obtained from the population 
analysis [46] of the valence electrons. We define the va- 
lence population on  an atom to be the total  population 
less two 1s electrons.  The remaining population is as- 
signed as 2s or  2p.  This population decomposition is given 
in Table 9. For a semi-infinite surface, all first-layer atoms 
must be equivalent. The interior atoms in the first layer of 
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Table 8 Gross atomic  charges QA in units  of  electron  charge e for Be,,  and  Be:,. The  interior  atoms  are  listed  first. 

Atom  number 

11 
12 or 14 

13 
h 

1 or 10 
2 o r 9  
3 o r 8  
4 o r 7  
5 o r 6  
a or g 
borf 
core 

d 

QA(Be22) 

3.981 
4.027 
4.030 
3.998 

3.983 
4.037 
3.937 
4.048 
3.971 
4.010 
3.979 
4.019 
3.971 

Q A(Be:z) 

4.028 
4.002 
4.037 
4.006 

3.879 
3.975 
3 372  
3.990 
3.897 
3.985 
3.911 
3.996 
3.914 

A QA 

-0.048 
+0.025 
-0.007 
-0.008 

+0.104 
+0.062 
+0.066 
+0.057 
+0.074 
+0.024 
+0.068 
+0.022 
+0.056 

Q~(27a’;  Be2,) 

0.051 
0.068 
0.020 
0.030 

0.082 
0.035 
0.039 
0.082 
0.061 
0.033 
0.023 
0.012 
0.033 

the Be,, cluster ( 1 1  to 14) do, in fact,  have very similar 
valence populations; ~ 0 . 6  2s and ~ 1 . 4  2p electrons. 
Their  hybridization is very different from those of the  ex- 
terior  atoms. Atom h ,  the interior atom in the second lay- 
er, is much closer in hybridization to  the  other interior 
atoms than to  that of the exterior atoms.  Thus, the Be,, 
cluster may  well be large enough to contain  interior atoms 
with charge  distributions  characteristic of those which 
would be  found for a semi-infinite surface.  This is of par- 
ticular importance  for  the ability of the  cluster  to give 
meaningful results  for  the chemisorption process.  The in- 
terior atoms  form  the sites at which we have added the 
adsorbed H  atom to Be,,. It is clear  from Table 9 that  sites 
involving exterior  atoms would not be  satisfactory. With 
many of the smaller  clusters used in our previous work 
[21, 241, we were forced  to use  such sites. 

We have  shown  that the singlet-triplet splittings AST 
and  the ZP are  best viewed as reflecting edge  behavior in 
the  clusters.  The  clusters  are also far  too small to give  a 
converged  behavior for Ecoh. However, the ground state 
population analysis  indicates  that the interior atoms of 
Be,, are likely to  be sufficiently free from  edge  effects to 
form  suitable sites  for  the study of chemisorption. 

5. Results:  clusters  with H 
For each of the Be, clusters  a  hydrogen  atom was added 
in one  or more of the  four chemisorption sites described 
in Section  2. (The specific geometries of the sites used are 
described in Appendix  A.)  The SCF energy of Be,-H was 
computed for  several different vertical distances of H 
from the  “surface” of Be, in order  to obtain  a  potential 
interaction curve.  The spacing between adjacent points 
was 0.1 uo (Bohr radius; la,, = 5.29 x IO-’ nm). The dis- 
tances were chosen in order  to bracket the minimum of 
the potential curve  and the three  points  about  the mini- 
mum were  fit to a quadratic polynomial. The equilibrium 

Table 9 Decomposition of the  valence  electron  gross  atomic 
populations of Bez2  into 2s and 2p character. The  interior  atoms 
are listed first. 

Atom number 2 s  Population 2p Population  Total  valence 
population 

11 0.59 1.39 1.98 
12 or 14 0.61 1.42 2.03 

13 0.63 1.40 2.03 
h 0.52  1.47 2.00 

1 or 10 0.90 1 .os 1.98 
2 o r 9  0.70 1.33 2.04 
3 o r 8  0.92  1.02 1.94 
4 or 7 0.80 1.25 2 .OS 
5 o r 6  0.92 1.05 1.97 
aorg 0.76  1.25 2.01 
borf 0.75 1.23 1.98 
core 0.67  1.35 2.02 

d 0.93 1.04 1.97 

hydrogen distance (position of the interpolated minimum) 
re and the dissociation energy (or chemisorption bond en- 
ergy) De were computed.  The De are defined as  the inter- 
polated depth of the  curve with respect to  the  SCF 
energies of separated Be, and H. In this  section we focus 
on these  two properties of the Be,-H clusters. We also 
consider Mulliken population  analyses [46] of the charge 
distributions for Be,,-H  in order  to examine the  nature of 
the substrate-hydrogen  bond. As in the previous section, 
an important concern is with the identification and mea- 
surement of edge  effects  and  convergence of the calcu- 
lated chemisorption  properties. 

In Table 10, we give a complete  summary of the  calcu- 
lated values for re and De. A careful comparison of Tables 
6 and 10 shows  that no simple correlation exists which 
connects any of the  bare cluster  properties with the chem- 
isorptive properties. This lack of correlation is easily un- 223 
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Table 10 Summary  of the values of re (nm) and De [kcaYmol; 
Jlmol (lo,)] for  the  various Be,-H clusters and  adsorption  sites. 
The results given were  obtained using minimum basis sets as 
described in Section 3D. 

Site Model re (nm) D e  

[kcal/mol;  J/mol (IO5)] 

Open  Be3(3,0)  0.125 19.1;0.80 

Be14(14,0) 0.111 56.1;2.35 
Be,(4,1) 0.102 23.2; 0.97 
Be,(3,3) 0.111 55.3;  2.32 
Be,(6,3) 0.113 50.2;  2.10 
Be13(10,3)A 0.099 39.0; 1.63 
Be,,(14,8) 0.094 55.1; 2.31 

Eclipsed Be4(3,1) 0.124  28.7; 1.20 
Be,(4,1) 0.115 30.1; 1.26 
Be,(6,1) 0.111 40.8; 1.71 
BeI3(l0,3)A 0.090 57.2; 2.40 
Be13(10,3)B 0.094 58.3; 2.44 
Be,,(14,8)  0.097  51.9;  2.17 

Bond  midpoint Be4(4,0) 0.126  70.1;  2.94 
Be,,(lO,O) 0.117  45.3; 1.90 
Be14(14,0) 0.017 53.1; 2.22 
Be,(4,1) 0.114 32.4; 1.36 
Be13(10,3) 0.105 44.8; 1.88 
Be,,(14,8) 0.104 53.4; 2.24 

Directly Be,(l,O) 0.142  46.4; 1.94 
overhead  Be,(7,0) 0.143 71.3; 2.99 

BeI4(14,0) 0.140  59.0; 2.47 
Be1,(7,3) 0.143 27.3; 1.14 
Be13(10,3) 0.141 31.1; 1.30 
Be,,(14,8) 0.139 31.4; 1.32 

Bee(6,O)  0.118  47.3;  1.98 

derstandable.  The  cluster properties are affected by the 
cumulative  edge  effects. However, we expect  the  chem- 
isorption properties  to be  determined primarily by the in- 
teraction of the H adatom with its  nearest surface neigh- 
bors. Only those  edge effects that influence the charge 
distribution about  these  substrate bonding  Be atoms will 
strongly affect the chemisorption results.  Thus, edge ef- 
fects  measured by the  bare cluster properties do  not sim- 
ply or directly correlate with those  that  are important for 
chemisorption. As we shall see below,  much  more  careful 
and  detailed analyses  are required. 

Before we continue with the  analysis of the  con- 
vergence of re and De,  we  will present  some  features of 
the charge  distribution  and  wave functions of  Be,,-H. We 
consider the Be,,-H results at  the calculated  point closest 
to  the minimum of the interaction  potential: r = 1.8 u, for 
the  open  and eclipsed sites, r = 2.0 a, for the bond mid- 
point site,  and r = 2.6 a, for  the directly overhead  site, 
where r is  the  distance of the H  atom above  the first Be,, 
layer. In Table 11, we give Mulliken gross population 
analyses  for  the bond midpoint site  as a representative 
case; we give the total  charge per  atom, Q, (in e ) ,  and 
the difference of the populations with Be,,, AQ, = 
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Q,(Be,,-H) - Q,(Be,,). The QA for Be,,-H are reasonably 
close to four for  each Be atom, suggesting that edge  ef- 
fects on the  gross distribution of charge are not  large. The 
Q, of H is only slightly different from l e  and  the AQ, for 
the  Be  atoms  are fairly  small, the largest  value  (for  atom 
h) being 0.0%. Both of these features  are suggestive of 
covalent  bonding of the H to  the Be cluster and of the 
relative  unimportance of edge  effects. The population 
analysis for  the  open (singly-occupied) shell of Be,,-H, 
QA(28a'), gives a different  impression of the  importance 
of edge  effects.  As shown in Table 1 1 ,  this MO is quite 
localized; 84 percent of the charge is on edge atoms 1 and 
10 (cf. Fig. 1). Thus, although the total charge  is  rather 
uniformly distributed  over  the Be,, cluster,  the spin  den- 
sity shows  strong  edge  effects.  A consequence of this lo- 
calization may be  seen in the Be,,-H bond midpoint va- 
lence shell orbital  energies given in Table 12. The open- 
shell ~(28a ' )  lies considerably  lower  than the E of the 
closed-shell-valence MOs. It  is 2.15 eV lower in energy 
than ~(27a')  [49]. The reason for  the localization of the 
28a' MO follows from restricted Hartree-Fock MO theory 
[50]. The closed-shell  orbitals all have a self-coulomb in- 
teraction.  Since  this  repulsive  interaction is large for lo- 
calized MOs,  the  closed shells  tend to  be delocalized over 
the  cluster.  The open-shell  orbital does  not  have this in- 
teraction and can gain nuclear attraction energy by local- 
izing. If the  orbital  energy is a  guide to  the energetic  con- 
sequences of localization,  then the De is uncertain by 
-2 eV or -45 kcal/mol ( ~ 1 . 9  X lo5 J/mol), which is as 
large as  the  computed De. 

This is,  however, likely to be  a gross  overestimate 
since the total  energy of Be,,-H can  be expected  to de- 
pend  more  strongly on  the spin-independent coulomb in- 
teractions  than on  the smaller  spin-dependent exchange 
interactions [40]. In  order  to obtain  a  more reliable esti- 
mate of the effects of having a strongly  localized  open- 
shell MO, we performed an SCF calculation for the 
closed-shell positive ion Be,,-H', at  the bond midpoint 
site.  The closed-shell  MOs of the  ion,  together with the 
virtual 28a' MO, vV(28a'), were  used to  construct a  wave 
function for Be,,-H. The population  analysis for this 
Be,,-H wave function  and for  (~"(28a')  are given in Table 
13. Unlike the localized  occupied  open-shell 28a' MO, 
vV(28a')  is delocalized over the entire  cluster.  However, 
the energy obtained with this wave function is only 
0.57 eV [or 13 kcaVmol(2.4 X lo3 J/mol)] higher than the 
Be,,-H SCF energy. Since some  relaxation  effects are  to 
be expected  for a finite cluster, it seems reasonable to 
estimate  that  the uncertainty in De associated with the lo- 
calized  behavior of the open-shell MO is about half of this 
(= 1.2 X 10' J/mol).  This is  an  acceptably small value. 

Another indication that  the edge  effects are reasonably 
small may be seen in the local symmetry of the Be-H 
overlap  populations for  the bond midpoint, open, and 
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Table 11 Gross atomic charges Q A  in units of electric  charge e for the bond midpoint site of  Be,,-H and for Be,,. 

Atom number Q.dBe,,-H)  QA(Bezz) AQA Q~(28a') 

11 3.989  3.981 +0.008 0.019 
12 or 14  4.062 4.027  +0.035  0.003 

13 3.994 4.030  -0.036  0.002 
h 4.052 3.998  +0.054  0.012 

4 

1 or 10 
201'9 
3 or 8 
4 o r 7  
5or6 
a o r g  
bo r f  
co re  

d 

H 

3.958 
4.007 
3.947 
4.018 
3.973 
4.025 
3.974 
4.040 
3.949 

1.009 

3.983 
4.037 
3.937 
4.048 
3.971 
4.010 
3.979 
4.019 
3.971 

- 

eclipsed sites. For  a sufficiently  large cluster, the overlap 
populations of H with the nearest-neighbor substrate 
atoms must  be equal. These populations are given in 
Table 14; for the bond  midpoint site, we include the sec- 
ond-nearest-neighbor Be atoms (11  and  13) as well. For 
all other sites, the overlap with second nearest neighbors 
is  negligibly small. The equality of the H-12  with the H-14 
overlap population  is  imposed by the C, symmetry of the 
Be,,-H cluster. The near equality of  H-11 with  H-12 for 
the eclipsed site and H-13  with  H-12 for the open site are 
consequences of the size of the cluster. In the worst case 
(eclipsed site) these differ by only 16 percent. For the 
bond  midpoint site, the small next-nearest-neighbor over- 
lap  populations  H-11  and H-13 are not too different  from 
each other. These results support the belief that there are 
a sufficient  number of interior atoms in the Be,, cluster to 
accurately describe chemisorption  without serious con- 
sequences from  edge effects. 

The nature of the bonding of H to the Be surface can 
also be considered by examining the decomposition of the 
valence  shell population analysis into 2s and 2p character. 
In Table  15,  this  decomposition is  given for the Be atoms 
nearest to the H. For each adsorption site, the amount of 
2p character of these bonding  Be atoms increases over 
that found for the bare Be,, cluster. This is reasonable 
since the 2p can provide directional character needed for 
bonding  with H.  The increase is  most  marked for the di- 
rectly overhead site, which requires substantial p, charac- 
ter  to form the one Be-H bond. We also note that for the 
threefold sites the populations on  all three "equivalent" 
bonding Be atoms are rather similar. For all sites, the H 
atom  population  is  nearly characteristic of covalent bond- 
ing. 

We  now return to a comparison of the computed  values 
for De and re for the various clusters (cf. Table 10).  Each 
of the four sites is considered separately as follows. 

-0.025 
-0.030 
+0.010 
-0.030 
+0.002 
+0.015 
-0.005 
+0.021 
-0.022 

1 .Nb9 

0.410 
0.006 
0.003 
0.004 
0.004 
0.026 
0.017 
0.009 
0.002 

0.001 

Table 12 Valence  shell orbital energies E for  the  bond  midpoint 
site of  Be,,-H.  The 28a' MO is the  open-shell  orbital. 

na' E (hartree;  eV) na" E (hartree; eV) 

14  -0.699; - 19.02 10 -0.586; - 15.95 

16 -0.555; - 15.10 12 -0.398; - 10.83 
17 -0.517; - 14.07  13 -0.347; - 9.44 
18  -0.462;  -12.57  14  -0.290; - 7.89 
19  -0.438;  -11.92 15 -0.264; - 7.18 
20  -0.372;  -10.12 16  -0.222; - 6.04 
21 -0.331; - 9.01 17 -0.214; - 5.82 
22 -0.303; - 8.25 
23 -0.299; - 8.14 
24 -0.268; - 7.29 
25 -0.233; - 6.34 
26 
27 
28 -0.281; - 7.65 

15 -0.623; - 16.95 11 -0.487;  -13.25 

-0.218; - 5.93 
-0.202; - 5.50 

Table 13 Gross  atomic  charges in units of electron  charge e for 
a wave function for  the bond midpoint site of Be,,-H cohstructed 
from the occupied and 28a'  virtual SCF MOs of the closed-shell 
positive ion  Be,,-H+.  The  atomic  charges  of  the 28a' virtual MO 
are given separately. 

Atom number QdBezz-H) QA(28a', virtual MO) 

11 3.959  0.033 
12 or 14 4.097  0.016 

13 3.990  0.031 
h 4.064 0.037 

1 or 10 3.984  0.098 
2 o r 8  3.993  0.018 
3 or8 3.917  0.045 
401-7 4.032  0.070 
5or6 3.966  0.060 
a o r g  4.008 0.0% 
borf 3.991  0.058 
core  4.051  0.035 

d 3.909  0.023 

H 0.9% 0.006 
225 
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Table 14 Overlap  populations  between H and  the  nearest 
neighbor  Be atoms  for  the bond  midpoint, open,  and eclipsed 
sites of Be,,-H. For  the bond midpoint site, overlap populations 
are  also given for the  hext  nearest Be atoms. 

Overlap  populations 

H-1 I H-12 or H-14 H-I3 

Bond midpoint 0.018 0.409 0.013 
Open - 0.310  0.278 
Eclipsed 0.267 0.317 - 

Table 15 Decomposition of the valence electron  atomic popu- 
lations of the  bonding  Be atoms, for all four adsorption sites for 
H on  Bez2,  into 2s and 2p character.  The values for the bare Bez2 
cluster  are included for comparison. 

Atom  Atoms  Atom H 
11 12 or 14 13 

S 0.59 0.61 0.63 - 
Bezz P 1.39 1.42 1.40 - 

total 1.98 2.03 2.03 - 

S - 0.56 0.59  1.02 

total - 2.02 2.07 1.02 

S 0.57 0.57 - 1.02 

total 2.06 2.02 - 1.02 

S 0.58 - - 0.96 
1.73 - - 

Overhead t:al 2.30 - - 0.96 

Open P - 1.46 1.48 - 

Eclipsed  P 1.49 1.45 - - 

Directly - 

Table 16 Distance, in nm, of the  H atom from  various Be 
atoms  surface  for all four  adsorption  sites  considered.  The 
vertical distance  from  the surface is the re calculated for  the 
Be,,-H clusters. 

Distance  Site 

Directly  Bond  Open  Eclipsed 
overhead  midpoint 

Vertical (re) 0.139 0.104 0.094 0.097 

Nearest neighbor 0.139 0.155 0.162 0.164 
(first layer) 

Next  nearest 
neighbor 0.268 0.224 0.280 0.281 
(first layer) 

Next  nearest 
neighbor 0.344  0.291  0.303  0.276 
(second layer) 

I .  Directly  overhead  site. The results for  the largest  two- 
layer clusters, Be,,(l0,3)B and Be,,(14,8), are quite 
similar to  each  other.  Since,  for both of these  clusters, 
the  bonding Be atom is in the interior of the  cluster,  it 
is reasonable to  take re = 0.14  nm and De = 30 kcall 
mol (1.3 X IO5 J/mol) as converged  values for this site. 
For all clusters, including the Be  atom  [Be,(l,O)], the 
re are about the  same. This  suggests that  the bonding is 
similar in every  cluster.  The larger changes in De 
among the  clusters may be ascribed to edge  effects. 
The De for  the one-layer Be,,(14,0) and  two-layer 
Be,,(14,8) clusters  are quite  different; for Be,, the De is 
larger by about a factor of two. This is quite  unlike the 
results for  the bond midpoint and open  sites where the 
De for Be,, and Be,, are extremely  close to  each  other. 
We speculate  that this is because of a large p, charac- 
ter in the directly  overhead Be-H bond.  The increased 
p, character in the bond will reduce  the bonding be- 
tween the two  Be  layers  and hence  reduce De for  the 
two-layer cluster. Preliminary results  for a three- 
layer Be,,(14,8,14) cluster also give ~ 1 . 3  X 10' 
Jlmol for De.  

2 .  Bond midpoint  site. The De for  the largest  two-layer 
clusters, Be1,(l0,3)A  and Be,,(14,8), differ by -9 kcall 
mol (3.8 X IO4 Jhol) .  Thus,  for this site both the next- 
nearest  Be  neighbors  and the  nearest neighbors to  the 
adsorbed H should also be  interior atoms  (as is the 
case in  Be,,, but not in Be,,). In Table 16, we give 
vertical ( re) ,  nearest-neighbor,  and  next-nearest-neigh- 
bor distances  from H for each  site on Be,,. For  the 
bond midpoint site,  the distance between H  and the 
next-nearest  neighbors is fairly short  and  the overlap 
populations (Table 14) are small but non-negligible. 
Thus,  the  next-nearest neighbors should  be  more im- 
portant  for this site than  for  any other. 

The De value for  the one-layer Be,,(14,0) cluster is 
almost  identical to  that  for  the two-layer Be,,(14,8) 
cluster.  The re value for Be,, is approximately ten per- 
cent larger  than that  for Be,,. Further,  as we show in 
the next section, the curvature of the interaction poten- 
tial (force constant) is almost the same for Be,, and Be,,. 
The one-layer  and  two-layer  results are  rather similar. 
This may be because much less p, character is re- 
quired to form the Be-H bond for this  site than  for  the 
directly overhead site. (For this site,  the Be-H bond is 
directed at  an angle of  42" to  the surface for  the Be,,-H 
cluster;  for  the directly  overhead site,  the bond angle 
is 90".) Thus,  the bonding of the  top  layer with the 
second layer will be  less modified by the bonding of 
the nearest-neighbor Be atoms with H and the  one- and 
two-layer De values will be similar. This argument is 
supported by the  fact  that  the  increase of the 2p char- 
acter of the nearest-neighbor  Be atoms when the H 
atom is added (cf. Table IS) is much less for this  site 
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than for  the  directly  overhead  site.  The  decrease in re 
from Be,,(14,0) to Be,,(14,8) corresponds  to a  de- 
crease of bond angke from 46 to 42". The smaller bond 
angle for  the two-layer cluster means that  less p, char- 
acter  is required to form the Be-H bond. 

3. Open site. The De for the  largest  two-layer clusters, 
Be,,(l0,3)A and Be,,(14,8), are different by =16 kcal/ 
mol (6.7 X lo4 J/mol) or -30 percent;  the re differ by 5 
percent. This is not  surprising since all the bonding 
(nearest-neighbor)  Be atoms  are not interior  atoms  for 
Be,,. The behavior of the De and re for BeI4(14,0) and 
Be,,(14,8) are  very similar to  that  for  the bond mid- 
point  site. The  same explanations for  the behavior  ap- 
ply to this site. 

4. Eclipsed site. As for  the open site, De for Bc,,(14,8)  is 
fairly different from  the values for  the next-largest 
cluster (Be,,). Again, it is only for the Be,, cluster that 
all the bonding Be atoms  are also interior  atoms. 

We may summarize by recalling that all of the consid- 
erations put forward  argue for a local nature  for  the Be-H 
bonding. However, De and re may  well be affected by 
modification of the bonding between layers of the  cluster,, 
which results as a consequence of the bonding to  H. It is 
tempting to  conclude  that De and re will be  fairly well con- 
verged for any  given  site when all the bonding surface 
atoms  are in the  interior of the  cluster. This  convergence 
has,  however, only been  shown for  the directly overhead 
site.  It is difficult to estimate  accurately the  consequences 
of edge effects on De and re. However,  the calculations 
using Be,,H+ orbitals  do suggest that,  for  the Be,, cluster, 
edge effects will (reasonably) only introduce an uncer- 
tainty of =6 kcal/mol (1.2 x lo" J/mol) in De. 

Lavery and  Hillier [51] have  studied the adsorption of 
both H atoms and H, molecules on Be(0001). They used  a 
tight-binding crystal orbital method that permitted them 
to  consider infinite two-dimensional arrays of adsorbate 
on as many as  three layers of substrate Be atoms.  The 
matrix elements  for  the tight-binding Hartree-Fock ma- 
trix were approximated by completely neglecting dif- 
ferential  overlap [52]; the  authors described the approach 
as semi-empirical. For adsorption of an atomic overlayer 
on all possible threefold  sites (both open  and  eclipsed), 
large differences were found between the  results  for  one 
layer of Be  and those  for two  layers of Be atoms.  For 
three  layers, they reported essentially the  same results as 
for two layers.  The De value for a one-layer substrate was 
given as 67 kcal/mol (2.81 x 10; J/mol) and was  reduced 
to 39 kcal/mol (1.63 X lo5 J/mol) for  two  layers.  Our De 
values for  the  open  and eclipsed sites  are nearly the same 
for Be,,(14,0) and Be,,(14,8). Lavery  and Hillier found 
that re increased by approximately  ten percent in going 
from one layer to  two layers; we  find a decrease of about 

I a' molecular orbit 

Figure 4 The fractional number of H  electrons in each  valence 
MO of a' symmetry for the bond midpoint site of Be2,-H. The 
orbital energies for this  case are given in Table 13 .  

ten  percent. They also studied  monolayer  adsorption at 
directly overhead  sites but only for a  one-layer substrate, 
and found a De of 31 kcal/mol (1.3 x IO' J h o l ) .  This is 
exactly our result for the  two-layer clusters. In every 
case, their results and trends  are different from  ours. It is 
not likely that  their semi-empirical method can describe 
chemisorption of H on a metal surface. Their results for 
H, adsorption cast  further  doubt on the utility of the 
method. They find that H, is molecularly chemisorbed 
with binding energies between 2.3 and 3.0 eV, depending 
on the site. With this  large  a binding energy, H, would be 
expected  to easily adsorb on Be(0001). However, A d a m  
[32(a)] and Hurd  and A d a m  [32(b)] have  reported  that H, 
was not adsorbed  either on Be films or on the (0001) face 
of a Be crystal. 

The adsorption of H on metal surfaces has also  been 
treated  theoretically by using a jellium model for  the 
metal substrate [53, 541. Lang  and Williams [53], for a 
high-density metal substrate with electronic  radius r s  = 

2 a,  (for Be, r, = 1.88 [ 5 5 ] ) ,  find De = 35 kcal/mol (1.47 X 

lo5 J/mol) Wang and Weinberg [54], with an rs suitable to 
Be, find De = 50 kcal/mol (2.10 X I O 5  J/mol). Since jel- 
lium models cannot  take account of the differences  among 
adsorption sites,  these  values, in particular  those of Wang 
and Weinberg [54], may be regarded as being  reasonably 
close to  our  results  for Be,,-H. 
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Figure 5 Binding energies of H on Bezz at the  directly  overhead 
(DOH), eclipsed (ECL), bond  midpoint (BMP), and  open sites. 
The  energies  are  shown  along  the  line  connecting  the four sites 
and passing through atoms 11 and 13 of the cluster. The  origin is 
placed  at  the  midpoint of atoms 12 and 14 (see Fig. 1). 

Finally, it seems worthwhile to indicate  how the H 
atom population is distributed over  the Be,-H MOs. Con- 
sider for  example  the  bond midpoint site  for Be,,-H. Fig- 
ure  4 is a  histogram  showing the (fractional)  number of H 
electrons in each valence MO  of a'  symmetry  as given by 
a Mulliken gross population  analysis [46]. (The H popu- 
lation of the a" MOs is zero by symmetry considerations.) 
The hydrogen  population is mostly in those orbitals with 
approximately the  same orbital energy as  the  free hydro- 
gen orbital, -0.5 hartree (13.606 eV). Orbitals 16a' and 
17a' have  orbital  energies of -0.56 hartree and -0.52 
hartree (cf. Table 12) and  together  they  contain 63 percent 
of the hydrogen population. 

6. Chemisorption of H 
In this section, we apply the results described in the  pre- 
vious  sections to  the analysis of various  aspects of the 
chemisorption of H on Be(0001). The  results  for De and re 
for  the  four  sites  treated  are summarized  and  some con- 
sequences  for  coverage  dependence of the adsorption en- 
ergy and the dissociative  adsorption of H, are described. 
A simple model for  the incorporation of H into  the bulk of 
Be is also  considered. Finally,  vibrational  energies for  the 
motion of the H normal to  the surface are  presented  and 
the  dependence of these energies on  the  adsorption  site 
coordination is  analyzed.  Our  results  for Be are  compared 
to  electron energy loss (EEL) [56] measurements of sur- 
face vibrations for H on W(100). 

From  the  discussion in the previous section, it seems 
reasonable to  assume  that  the Be,, cluster is large enough 
to  describe  the bonding at all four chemisorption sites 
with nearly equal  accuracy. We may summarize  the re- 
sults  for  the binding  energy and equilibrium bond length 
by recalling that  three sites (bond midpoint, open, and 
eclipsed) have  rather similar values; De = 50 kcal/mol 
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(2.1 X IO5 J/mol) and re = 0.1 nm. The  fourth  site, di- 
rectly overhead, is' substantially  different, having De = 
30 kcal/mol (1.3 x lo5 J/mol) and re = 0.14 nm. Fur- 
ther,  for this last  site,  the one- [Be,,(14,0)] and two- 
[Be,,(14,8)] layer  clusters gave very different values for 
De. The one-and  two-layer De values for  the  other  sites 
were rather  close  to each other. We have interpreted  this 
as being due  to  the larger  involvement of  p, character  for 
bonding at  the  directly overhead site  than  at  the  other 
sites.  The bonding to H does  not differ significantly be- 
tween the one- and two-layer clusters.  However,  for  the 
two-layer cluster,  the p, character required for bonding 
between the  two  substrate layers is reduced in order  to 
form the Be-H bond. This  results in an  increase of the 
total  energy of the system of adsorbate plus  adatom be- 
cause  the  substrate is now more weakly bound  together. 
This  reasoning suggests  that  the binding energy of H in 
the directly overhead site may be significantly coverage 
dependent. As more H atoms are  added  at  these  sites,  the 
p, character required for bonding the first to the  second 
substrate  layer will become  more depleted.  Thus,  the 
binding energy per  adatom would become smaller with 
increasing coverage. It is interesting to note that this  anal- 
ysis is consistent with the behavior observed by EEL 
spectroscopy for H on W(100) [56]. Here,  the  adsorption 
at low coverage is ascribed  only to directly overhead 
sites.  At  higher coverages, H begins to  adsorb  at bridge 
(bond midpoint) sites  as well as  at  the directly overhead 
site. At full coverage, adsorption is exclusively at  the 
bridge site. 

The calculated binding energies of two H atoms ad- 
sorbed at some  combination of bond  midpoint, open,  and 
eclipsed sites is 104-110 kcal/mol (4.4-4.6 X lo5 Jho l ) .  
This is only slightly smaller than the dissociation  energy 
of the H, molecule [57]; De(H,), = 109.5 kcal/mol (4.6 x 
lo5 J/mol). The  basis  set  tests described in Section 3A in- 
dicate  that  the minimum basis set De is most likely to be 
smaller  than  the double  zeta basis set value. Moreover, 
SCF calculations usually give a  value of De that is smaller 
than the  experimental value [2]. Thus, it is reasonable to 
expect  that  the dissociative  adsorption of H, will be exo- 
thermic. In Fig. 5, we show  the variation of the calculated 
H binding energy on Be,, as a function of site along the 
line connecting the  four adsorption sites. This line (the x 
axis of the  cluster)  passes through atoms 1 1  and 13 (see 
Fig. 1). It  is  quite possible that  there  is a  relatively flat 
attractive portion of the  interaction  potential along this 
line between  the eclipsed  and open  sites. If so, an Hz 
molecule could approach  the surface  and  dissociate into 
two adsorbed H atoms at nearly (adjacent) high binding 
energy sites. Of course, this  analysis is oversimplified. It 
does not take  into  account a  potential barrier  for  the 
breaking of the  Hz bond or a change in De when H atoms 
are  adsorbed  at nearby  sites. 
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Since  hydrogen is known [58] to be absorbed into the 
bulk for mar.y metals, this possibility was  considered for 
the  open  site of Be,,-H. When the H atom is placed on  the 
surface ( r  = 0.00 nm) the energy is only 4 kcalhol (1.7 x 
lo4 J/mol) below the asymptotic limit of  Be,, plus H. 
When the H is halfway  between the  top and  bottom  layers 
(r  = -0.09 nm) the system has a total  energy only 2 kcal/ 
mol (8.4 X lo3 J h o l )  below this limit, and is 53 kcalhol 
(2.22 x lo5 J/mol) above  the chemisorbed equilibrium 
value. The total  energy  appears to become  continuously 
higher as r is decreased from its equilibrium value, re = 

0.094 nm. Thus it appears unlikely that absorption  into  a 
perfect beryllium crystal will occur without  some  defor- 
mation of the  crystal  structure. 

For  the Be,,(14,8) and  the  one-layer Be1,(14,0) clusters, 
the vibrational frequency of H for motion normal to  the 
surface has been computed in order  to investigate the site 
dependence of the surface  vibrations.  It is well known 
that  the SCF method is able to provide  reasonably  accu- 
rate  force  constants [2]. A good rule for molecules is that 
the computed quadratic  force  constants  are in error by 
=15 percent.  Thus, if the Be, cluster is sufficiently large 
to model the  interaction of a  surface with an adsorbed H 
atom, we may expect reasonable  results for surface vibra- 
tions. To  our knowledge, our results are  the first calcu- 
lations of vibrational  energies  that explicitly include the 
geometric structure of the substrate;  other  approaches 
have been  based on jellium models [54]. 

For  each  site,  the  force  constants were  determined by 
fitting the  three  points of the Be,-H interaction  potential 
nearest the minimum (cf. Section 5 )  to a  parabola. The 
mass of the  cluster was  assumed to be infinite. The results 
are  reported in Table 17. The frequencies are quite similar 
for Be,, and Be,,; larger  differences  between these two 
clusters were found  for either De (directly overhead site) 
or re (bond  midpoint,  eclipsed,  and open  sites), cf. Table 
10. Thus it would appear that the  shape of the interaction 
potential is well determined by the first layer even though 
the binding energy and equilibrium geometry are not so 
well determined. 

The frequencies are clearly dependent  on  the site coor- 
dination of the  adsorbed  H. It is largest for  the directly 
cverhead (onefold site)  and  smallest and  about equal for 
the  two threefold sites. Clearly the frequencies  depend on 
the  site coordination, since the  amount  that a bond is 
stretched is Az cos a ,  where Az is the vertical dis- 
placement  and (Y is the angle between the bond  and  a line 
normal to  the  surface.  However,  as  the  numbers of bonds 
change,  the  strength of any bond may be expected  to 
change as well. In order  to analyze  and separate  these 
effects, we assume a model where the H  atom is con- 
nected by springs of force  constant k to its  nearest-neigh- 
bor Be atoms.  For  any  site, all k must be the  same since 
the Be atoms  are all equivalent.  Then 
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Table 17 Vibrational frequencies, w e  (in cm-l), for H adsorbed 
on Be,,(14,8) or Be1,(14,0). Relative values of the effective bond 
force constants k, are also given for Bezz. 

Site o,(Bez,) w,(Belr) k,(Be,,) 

Directly overhead 2060 1960 1 
Bond  midpoint 1360  1300 0.48 
Open 1230 1150 0.34 
Eclipsed 1220 - 0.35 

w,(n) = C cos a,  d nkn , (7) 

where n is the number of nearest  neighbors for  the site 
and C is simply a constant.  The relative  values of kn are 
given in Table 17. Clearly the  force  constants  are quite 
different for different  sites. The relation nkn = 1 holds al- 
though there is no obvious  reason why this  should  be SO. 

These vibrational  energies for motion normal to  the 
surface are  appropriate  for comparison with the results of 
EEL  spectroscopy.  For low primary energy electrons, 
there will be a large cross section for inelastic  loss  only 
for normal vibrations [59]. Recently,  Froitzheim et al. 
[56] have obtained EEL results for H adsorbed  on 
W(100). They observed two  losses  (vibrational  frequen- 
cies),  one  at 0.155 eV and  a  second at 0.130 eV.  The high 
energy  loss  was ascribed  to a  directly overhead site  and 
the low energy loss to a bridge (bond midpoint)  site for 
the  adsorbed H atom.  In their  analysis of the site depen- 
dence of the vibrational  energies,  Froitzheim et al. [56] 
made the assumption that the relation nk, = 1 would hold. 
Our results, albeit for H on Be rather than on W, provide 
the first theoretical justification for making this  assump- 
tion. 

7. Conclusions 
From  the analysis  given in Sections  4  and 5 ,  we were able 
to draw  several  conclusions  concerning  both the  nature of 
the chemisorption of H and the use of the  cluster model. 
Even  the largest bare  cluster,  Bez2, did not  have proper- 
ties characteristic of a bulk metal. Further, properties 
which might be  thought to measure bulk behavior,  e.g., 
first ionization and first excitation  energies, may in fact be 
characteristic of edge properties even for arbitrarily large 
clusters.  However,  the interaction of the H adatom with 
the Be substrate is determined in large measure by the 
bonding of the  adatom  to  its nearest Be neighbors. Thus, 
we expect  that  properties associated with chemisorption 
will converge rapidly as a  function of cluster size.  Our 
analysis  suggests that a cluster  for which all the substrate 
atoms involved in the local bonding to  the  adsorbed H 
atom are interior atoms of the  cluster will give  reasonably 
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well converged results for bond energy and bond dis- 
tance. Our largest cluster, Be,,(14,8), meets  this  require- 
ment for all four  sites considered.  This is, of course, a 
rather large cluster. It is possible  that such a large cluster 
is needed because  for H on Be the De for  the various sites 
are not  very  different from each other and also  because of 
the special features of the covalent bonding in this sys- 
tem. For oxygen on Li(lOO), where the  adsorbate bonding 
is ionic in character  and  the De and ye for different sites 
are quite  different, there  is evidence that smaller  clusters 
are satisfactory [60]. 

The bonding of H to Be(0001)  is covalent. When  H  ad- 
sorbs  on  Be,  the bonding Be atoms rehybridize to  have 
added  p character in order  to facilitate bonding with the 
H.  The rehybridization is particularly important  for  the 
directly overhead  site where, we believe, it leads to a  re- 
duction of the bonding between the  layers of the Be sub- 
strate. This may result in a large coverage dependence of 
the  chemisorption  energy for this site. 

We find that, with the exception of the directly  over- 
head site,  the H bond energies  and equilibrium bond dis- 
tances  are  rather similar, being =50 kcal/mol(2.1 X lo5 J/ 
mol) and ~ 0 . 1  nm. For  the directly overhead  site, De is 
30 kcal/mol (1.3 x lo5 J/mol) and re is 0.14 nm. It is inter- 
esting to  note  that  the calculated  chemisorption  energy 
value of 2.2 x lo5 J/mol is similar to  that  for H on transi- 
tion metals [l], where the energy is in the range 60- 
70 kcal/mol, even though Be has  no d electrons.  The cal- 
culated  values for De are most  probably too small due  to 
the use of a minimum basis set (see Section 3) and to  the 
errors of SCF wave functions. If the  actual De are only 
slightly larger  than our computed  values, the dissociative 
adsorption of H, on Be(0001) will be  exothermic. We 
have also  modeled the diffusion of H into  the Be lattice 
through the  open site on Be,,(14,8) and find that it is ener- 
getically unfavorable. 

The adsorption sites  have very different vibrational fre- 
quencies for motion normal to  the  surface.  The  order of 
frequencies is u (directly  overhead) > U  (bond midpoint) 
>u (open) =u (eclipsed). We have  analyzed our calcu- 
lated frequencies using a spring and ball model. We  find 
that  the spring force  constant  for each Be-H bond is in- 
versely  proportional to  the number of bonds. 

Some of the most significant results of this work, how- 
ever,  do  not  depend  on  the particular system  chosen  for 
the calculation.  A  molecular orbital cluster model can  be 
used to obtain  a  detailed and, we believe,  reasonably ac- 
curate description of various aspects of the chemisorption 
of atoms  on metal surfaces. Of particular  importance is 
the  fact  that  we  have obtained properties which require a 
knowledge of the relative  energies of the system with the 
adatom at different geometries.  Such properties  are quite 
difficult to obtain by other theoretical methods.  The 
model system Be plus  H was chosen  to allow us to make 

extensive  studies of convergence patterns.  The  cluster 
sizes  required for convergent  results are fairly large. 
However, if model potentials for  the  core  electrons  as  de- 
veloped, for  example, by Bonifacic and  Huzinaga [61] 
and Melius et al. [62] are  used,  the  methods described in 
this paper can  be  applied to heavy  atom substrates,  e.g., 
transition metal atoms. 
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Appendix  A: Cluster  geometries 
In this appendix,  we give figures showing  models of the 
clusters used for  the calculations  reported in this paper. 
The chemisorption sites used for each cluster  are also 
given. The bond distances and the (0001) surface  geome- 
try are given in Section 2 .  The  atoms in each cluster  are 
denoted by using numbers  for  the  atoms in the first layer 
and  letters for  those in the second layer. 

Figure Al(a)  shows  the Be,(3,1) cluster; when the  sec- 
ond-layer  atom  a is removed, this is a model for Bes(3,0). 
The threefold site (center of atoms I ,  2, and 3) is an open 
site in  Be,(3,0) and an eclipsed  site in Be,(3,1). Both 
Bes(3,0)-H and  Be,(3,l)-H  have C,,  symmetry. Figure 
Al(b) shows the Be,(4,1) cluster; the top layer  alone is 
Be,(4,0). For Be,, the open (center of atoms  2,  3, and 4), 
eclipsed (center of atoms 1, 2, and 4), and bond midpoint 
(center of atoms 2 and 4) sites  were all used;  for Be, only 
the bond midpoint site  was  used. The symmetry of 
Be4(4,0)-H is C2,; that of Be5(4,1)-H is C,. Figure Al(c) 
shows the Be,(6,1) and Be,(6,0) clusters. Only the  three- 
fold site  formed by atoms 2,4,  and 6 was used. Both  clus- 
ters with H have C,, symmetry.  Figure Al(d) shows the 
Be,(6,3) cluster;  the Be,(3,3) cluster is formed by remov- 
ing atoms 1 ,3 ,  and 5. The  open  site  at  the  center of atoms 
2, 4, and 6 was used. The Be1,(7,3) and Be,(7,0) clusters 
are shown in Fig. Al(e). Only the directly overhead site 
above atom  7  was  used. The  two  Bels  clusters, 
Bels(10,3)A and Be1,(l0,3)B, are shown in Figs. Al(f) and 
(g), respectively. In Bels(10,3)A, the  open  site  (center of 
atoms 7 ,9 ,  and lo), the eclipsed site (center of atoms 3 ,9 ,  
and lo), and the bond midpoint site (center of atoms 9 and 
10) were used. In Be,,(l0,3)B, the eclipsed  site at  the  cen- 
ter of atoms  3, 4, and 10, and  the directly overhead  site 
above atom 10 were  used. In the Be,,(lO,O) cluster, 
formed by removing atoms a,  b, and  c from either Be,, 
cluster, only the bond midpoint site noted above was 
used. The B,,(14,8) cluster is shown in Fig. 1 of the text; 
Be,,(14,0) is the  top layer of this cluster. 
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Appendix 6: Basis sets hydrogen. Each function  was  a  three-Gaussian  expan- 
The basis sets used in this work are tabulated in Tables sion [63] of a Slater function. The  Slater function  ex- 
AI-AS, and are described  below. ponents  were  those of Clementi and Raimondi [64]: 

[(Is) = 3.685 and ((2s) = 0.956. The 2p exponent, 
I .  Minimum Basis Set I .  Here Is, 2s, and 2p functions on ((2p) = 0.890, was optimized [6S] for  the  3P(ls22s2p) 

Be were  used  and  a single Is function  was centered on state of Be. Finally,  for  the hydrogen  atom {(ls) = 231 
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Table A1 Be  Minimum  Basis Set I. Each function is a  three- 
Gaussian fit to a single Slater  exponent. 

Type  Gaussian  Contraction  Slater 
exponent  coeficient  parameters 

30.249896 
S 5.510056 

1.491243 

2.359399 
S 0.143270 

0.055003 

0.728128 

0.063446 
P 0.186871 

0.154329 
0.535328 L(ls) = 3.685 
0.444635 

-0.059945 
0.596039 5(2s) = 0.959 
0.458179 

0.162395 
0.566171 
0.422307 

L(2p) = 0.89 

Table A2 Be Minimum Basis Set 11. 

Set IIa 
Exponent s Coeficient p Coeficient 

0.994203 -0.099672 0.155916 
0.231031 0.399513 0.607684 
0.0751386 0.700115 0.391957 

Set IIb 
Exponent  Coeficient 

2.581580 -0.059945 
S 0.156762 0.596039 

0.060183 0.458179 

0.919238 0.162395 
P 0.235919 0.566171 

0.080098 0.422307 

Table A3 Be  Minimum  Basis Set 111. The 1s functions  are  the 
same as  for Minimum Basis  Set I. The 2s and 2p functions are fit 
to  Slater  exponents optimized for Be,,(lO,O). 

Type  Gaussian  Contraction  Slater 
exponent  coeficient  parameters 

2.633470 -0.059945 
S 0.159913 0.596039 

0.061393 
5(2s) = 1.01 

0.458179 

0.882836 0.162395 
P 0.226577 0.566171 

0.076926 0.422307 
5(2p) = 0.98 

_ _ _ _ _ ~  

1.15 was adopted.  The atomic SCF energies  obtained 
with this basis were Be, -391.632 eV [66], and H,  
-13.168 eV.  The minimum basis set  Slater  SCF en- 

232 ergy [64] is -396.117 eV. 
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2. Minimum Basis Set IIa. The hydrogen  basis set re- 
mained the  same,  as did the Be 1s function.  The Be 2s 
and 2p Slater  exponents were constrained to be equal 
and  were  optimized for  the  BeI3(l0,3)A  cluster, 5 = 

1.00 [see  Appendix A, Fig. Al(f)]. An additional con- 
straint imposed,  as a  computational device, was that 
the 2s and 2p Slater functions  be fit to  the  same  three 
Gaussian functions. 

3 .  Minimum Basis  Set Ilb. This basis set is the  same  as 
Minimum Basis Set Ha, except  that  the 2s and 2p func- 
tions  were fit separately  to  the best  three-Gaussian fit. 
The choice  between using IIa  or IIb depended upon 
which system of programs was being used; for  some, 
the  constrained fit offered a significant computational 
advantage. 

4. Minimum Basis  Set H I .  The Be 2s and 2p functions 
were  optimized  separately for  the Be,,(lO,O) cluster. 

5. Double  Zeta  Set 1. This  basis is a contracted Gaussian 
set of Be(9s2p/4s2p) and H(4slp/2slp).  The Be s func- 
tions are  from van Duijnevelt [67], and  are  contracted 
(6,l , I  ,1) to yield an SCF energy of -396.490 eV 
(-14.5704 hartrees);  the  Hartree-Fock energy [68] is 
-396.560  eV (- 14.5730 hartrees). The two Be p func- 
tions  were  taken  from  a  previous study [69] on BeF,. 
For  the hydrogen atom,  van Duijneveldt’s [67] s set 
was contracted  (3,l) and  a  scale factor of 1.2 was ap- 
plied. This  basis yields an energy of -13.543 eV 
(-0.4977 hartree). A set of p  functions with a = 1.0 
was added [37]. 

6. Double  Zeta  Set I I .  The H basis set  and  the Be s func- 
tions are  unchanged, but a set of four p  functions re- 
placed the previous set of p  functions. The functions 
were  optimized for Be(3P) [70]. 
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