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ABSTRACT 

Chemisorption of hydrogen atoms at four distinct sites on 

two different 13 atom beryllium clusters are investigated using 

ab initio electronic structure theory. Single configuration self

consistent~field (SCF) calculations were performed using an 

optimized minimum basis set of contracted gaussian functions. 

Several properties of beryllium metal have been calculated for 

these clusters and for 12 smaller clusters for which chemisorption 

was previously investigated. The ionization potential, the 

dissot:iation energy per atom and the singlet-triplet separation 

are correlated with the hydrogen adsorption on these surface 

models. Electronic structure considerations are discussed using 

MUlliken populations. 
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·Introduction 

In a previous paper1 the chemisorption of a hydrogen atom 

on the (0001) surface of beryllium was considered for .4 different 

sites and for clusters of up. to 10 Be atoms. We hoped that· ·it 

would be possible to describe the chemisorption of an H atom.·· 

on a metal surface with a finite cluster of atoms, the number of 

which was within the range of currently available ab initio 

. 2 
techniques. The ultimate goal of such research is of course 

the ability to describe catalysis on this surface, answering 

many fundamental questions which currently elude experimental 
3 

techniques. 

· Although the previous results indicated that 10 atom clusters 

were too small to predict the infinite surface chemisorption, they 

were encouraging as to the ultimate cluster size required. The 

large clusters had produced no results outside of a reasonable 

range for the adsorption. This, combined with the importance of 

understanding catalysis, led us to continue the study. 

The most unfortunate result obtained previously was the lack 

of a fully satisfactory correlation of the cluster size and/or 

shape with the adsorption energy. Edge effects are certainly 

responsible for the large variation in adsorption energies of the 

smaller clusters. Furthermore, the natu're of the bonding in Be 

metal prevents simple saturation of the edge bonds as done by 

4 Goddard and co~workers for silicon. However, other bulk properties 

are also expected to reflect these edge effects. Therefore, another 



measure of the importance of ~dge effects might be gained by 

looking at several bulk properties as a function of cluster 

size. Thus the course of action taken on this project was 

~fold: 1) the cluster size was increased~, 2) the bulk 

properties of the present and earlier~studied~clusters were 

inves~igated~ 

.j 
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Choice of Bulk Properties 

Discussing bulk properties associated with these small 

clusters may seem unusual, since we have no bulk atoms in any 

of our calculations, only face and edge atoms. However,' a 

careful consideration of bulk properties shows that several 

are applicable to our clusters. 

The first is the ionization potential, for the infinite 

cluster this being the work function. 5 This quantity is 

available experimentally. Unfortunately, an accurate measure-

ment is exceptionally difficult, producing a sizeable un.certainty 

in the results. Of course our clusters are expected to better 

reproduce thework function as they become better representa~j.ons 

of metal surfaces. 

Another interesting property of the metal is the separation 

between lowest closed shell singlet state and the lowest triplet 

state. No experimental data is available, but there are two facts 

about Be metal which allow us to infer singlet-triplet information. 

6 Be metal is a conductor and it diamagnetic. The · 

first indicates that the separation between the ground state and the 

lowest excited state should be small, allowing easy transport of the 

electrons in the metal. The absence of observed paramagnetic properties 

guarantees that there will be a singlet ground state. 

The dissociation energy per atom of the cluster is easily. 

calculated and expected to show two effects for larger clusters. 

The cluster should be bound with respect to the atoms and the 
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addition or repositioning of one atom should not greatly effect 

the results. The first is statement of the existence of Be metal 

at room temperature and second is to be expected for any stable, 

large crystal lattice. If an arbitrary restriction is adopted to 

lattices of only 3 layers or less, it is clear that one will not 

obtain the correct value since the ratio of bulk to face and edge 

atoms is incorrect~ But we can expect convergence to some fixed 

value. 

It should be pointed out that these bulk properties are only 

used as a measure of the edge effects, and we are not attempting 

to obtain accura~e bulk·properties with a very limited number of atoms. 

Aid in interpretation of the chemisorption results is all we seek. 

And we further note that chemisorption involves only differences 

between cluster plus atom at infinite separation and the bound 

cluster-atom. Thus we expect the theoretical description of 

chemisorption to 'converge much more rapidly as a function of 

cluster size than do the bulk properties. 
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Details of the·calculations 

The two Be
13 

clusters we chose to investigate are shown in 

Figures 1 and 2. The first has C symmetry and is referred to s 

as Cluster A. This cluster possesses at least 3 sites of interest. 

They are:· an eclipsed site (above atom 7), a bond midpoi~t (between 

the two equivalent atoms 4) and an open site (above the center of 

the· triangle formed by atoms 4 (two of these) and 6). 1 The second 
' 

cluster also has 10 Be atoms in the first layer and 3 in the lower, 

but the lower layer is positioned to give the cluster no symmetry. 

It willbe referred to as Cluster B. This cluster has both an 

eclipsed site (above atom.ll) and a directly overhead site (over 

atom .7) suitable for study. 

1 · .As a check on the minimum basis set used previously, we 

decided to optimize the 2s and 2p Be exponents in the cluster A. 

This was performed with the constraint that the exponents of the 

3 gaussians used to fit the 2s Slater orbital be the same as those 

used to fit the 2p .function. This constraint was introduced
7 

as 

a computational convenience which reduces the integral evaluation 

time. These calculations produced a 3 gaussian fit to a Slater 

function with I; (2s) = I; (2p) = 1.00. The previous minimum basis 

set1 involved 3 gaussian fits to Slater functions with ~xponents 

l;(ls) = 3.685, 1;(2s) = 0.956, and 1;(2p) = 0.890. The former optimized 

basis set was used here for all calculations involving both 13 atom 

clusters. The hydrogen basis set is that previously used, a 3 

gaussian fit to a ls Slater function with I; = 1.15. For the Be
13 



cluster A, the new basis set yields a total energy 0.0630 hartrees 

lower than the previous minimum basis. 

In general, of course, one is hesitan~2 to place confidence 

in the results of theoretical studies carried out using minimum 

basis sets. However, as we have shoWn in the earlier paper, for 

clusters of size Be5 and smaller, the minimum basis chemisorption 

predictions parallel quite closely those obtained using a much 

larger basis set~ 

As in the earlier work, the structure of the present two 

8 . 
Be

13 
clusters is based on the known crystal structure of Be 

0 0 

metal: a0 = 2.2866 A, c
0 

= 3.5833 A. a0 is the nearest neighbor 

distance within a layer, while the nearest neighbor distance 
0 

between adjacent layers is 2.2255 A. As before, only sites on 

the face of highest symmetry (0001) were considered. 
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Chemisorption 

The adsorption of hydrogen was then considered. The 

wavefunction for cluster A interact:fng With H possessed C 
s 

symmetry, while the cluster B-H waveftinction of course 

possessed no symllietcy• The results of these calculations 

are summarized in Table I.. The most striking result is the 

similarity of the results for the two eclipsed sites. 

The 58.3 kcal/mole vs. 57.2 kcal/mole is extremely encourag-

ing considering that at crystal size convergence, the reposition-

ing of one atom, not directly involved in the bonding, should 

not effect the adsorption energy. It appears as if the 13 atom 

clusters are nearing this point. The results of the 13 atom 

clusters are compared to the other calculations for the same 

sites in Table II. Discussion of these results is postponed 

until the bulk properties are reviewed, since they are more 

meaningful in that context. The orbital energies and Mulliken 

populations for both clusters are giv.en in Tables III and .IV. 

These are given in order to allow a detailed comparison with 

the smaller clusters. 1 
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Bulk Properties 

Spatially unrestricted1 single-configuration wavefunctions 

were calculated for the various metal clusters. Considered were 

the closed shell singlet~ the lowest triplet. and the positive ion 

(a doublet state)~ The ionization potential reported here is the 

energy difference be~een the lowest singlet state and the positive 

ion. The dissociation energy per atom is calculated as the per~atom 

energy difference between the singlet and n Be atoms, where n is the 

number of atoms in the cluster. This normalization of the dissociation 

energy is necessary if one hopes to make it independent of cluster 

size. The singlet~triplet separation is self~explanatory, with a 

negative S-T separation in Table II indicating that the triplet is 

lower in energy than the singlet. 

We should note that the Be5 minimum basis set triplet state 

was done in C symmetry, ~ue to convergence problems with s 

the no symmetry calculation. For the Be5H system, the earlier 

study showed no dependence on the choice of point group in which 

the calculations were carried out. 
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Correlation of Chemisorption with Bulk Properties 

Table II shows that the adsorption of the hydrogen atom at 

a given site (using a similar basis set) is related to both the 

ionization·potential and the cluster dissociation energy per 

atom. In general the lower the ionization potential the more 

strongly the H atom is bound; similarly the less the cluster 

dissociation energy, the more strongly the H atom is bound to 

the Be surface. 

The dependence on the cluster dissociation energy is most 

1 readily seen as a result of the H atom basis function mixing 

in more strongly with the weakly bound clusters in order to 

help the cluster overcome its "discomfort". The best example 

of this effect is for the bond midpoint site: Be4 (4,0). and 

Be10 (10,0) have the same ionization potential (~ 0.188 h~rtree), 

but the unstable Be4 (-9.8 kcal/mole) has a chemisorbed bond 

energy of 70.1 while the stable Be10 (8.9 kcal/mole) has an.H 

adsorption energy of 45.3 kcal/mole. 

The ionization potential can be seen as a measure of how 

strongly the electrons are bound and therefore how willing the 

cluster will be to donate electrons to the bonding site and the 

H atom. 

Comparison with experiment is possible for the predicted 

ionization potential. The two most reliable values for the experimental 

work. function appear to be 3.92 ev5a and 3.22 ev5b. · The agreement 

between calculation and experiment is quite good for the larger 



-1~ 

clusters. On this basis, the cluster appears to be rapidly 

approaching a reasonable representation of a.metal surface. 

All the chemisorbed species Ben~H were assumed to have 

doublet electronic ground states~ At infinite separation the 

open shell is the hydrogen orbital,.while at the cheinisorptive 

bond equilibrium position, the open shell is a linear combination 

of Be orbitals and the hydrogen orbital is now part of a Be~H 

bond. A smaller singlet~triplet separation would be expected 

to produce a stronger- cluster~hydrogen bond, due to this open 

shell switching. This might conceivably be visualized if the 

bonding is considered as a two~step process. First the cluster 

is excited .from the singlet ground state to the triplet, then 

the hydrogen bonds with an open shell of the cluster. Unfortunately, 

this line of reasoning represents an oversimplification for Be -H, 
. n 

due to the hydrogen atom orbital energy lying lower than eleven of 

the thirteen occupied valence molecular orbitals of the Be13 clusters. As 

will be discussed later, it is also true that the Be -H bond is 
n 

11smeared" over a number of molecular orbitals of Be -H. Perhaps 
n 

for this reason, the disappointing fact is that we have been unable 

to establish a definite correlation with the singlet~triplet 

separation. Of course this might also be due to the limited data 

available. 
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Conclusions Concerning·the Di"fferent Sites for Chemisorption 

Now that a plausible method for evaluating the quality of 

the results exists, a qualitative discussion of the binding by 

site may be attempted. 

Directly overhead site. One of the most inconclusive 

aspects of our earlier study was the vast difference between 

the Be
7

(7,0) result (71 kcal/mole chemisorbed bond energy) and 

the Be
10

(7,3) result (27 kcal/mole). There we concluded that 

the Be
7 

result might be unreliable due to relative instability 

(small dissociation energy with respect to 7 Be atoms) of this 

cluster. The present cluster B result of 31.1 kcal/mole confirms 

the earlier conclusions and suggests that the directly overhead 

site is less favorable for chemisorption than the other three 
0 

sites considered. The bond distance for this site is ~ 1.4 A 

regardless of model and can be considered a converged result 

representative of reality. 

Eclipsed site. This appears to be the most favorable site 

for chemisorption of hydrogen, with the bond energy approaching 

60 kcal/mole, a value characteristic of transition metal surface

hydrogen bonds. 9 We note, however, that larger clusters must 

be studied to·pin this prediction down, and in addition basis 

set and correlation effects2 should be given careful consideration. 
0 0 

Note that the H-surface bond distances (0.90 A and 0.94 A) are 
0 

significantly shorter (~ 0.2 A) than those predicted for this 

site from smaller clusters. However, these short distances do 



-12:-

10 
correlate with the chemist's intuition that the shortest 

bonds are strongest·~ 

Bond midpoint site.·· Note that the agreement between 

the Be
10

(10,0) and Be13 cluster A results for this site is 

excellent. Thus it would appear that this site is less 

favorable than the eclipsed. site, and that a value of 45 · 

kcal/mole may be close to the limiting value for the 

theoretical approach adopted here. Note that the H-surface 
0 0 

distance re decreases from 1.17 A for Be10 to· 0.99 A. in the 

present Be13 model. 

Open site. The chemisorbed bond energy reported here, 

39 kcal/mole, is significantly less than the value 50 kcal/ 

mole found for the largest cluster considered previously 

.· 1 
However, as discussed earlier, that result was 

strongly dependent on the use of C symmetry in the computa-
3v 

tions. Here, by using clusters of inherently lower symmetry, 

we have sidestepped that problem. It is worth noting that 

the present results for both bond energy and geometry (re = 
0 

0.99 A) are much closer to the full c3v results obtained earlier. 

Although the open site appears less favorable than the bond 

midpoint, additional studies are required to confirm this 

hypothesis. 
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Electronic Structure Considerations 

For the most part the qualitative-features of_ the Be13 

and Be13H electronic structures are consistent with the 

1 . 
earlier results for smaller systems. 

For both Be13 clusters the highest few occupied orbitals 

become fairly closely spaced~ these levels of course becoming 

continuous for the infinite cluster. As discussed earlier 

the singly:-occupied Be13H orbital is primarily of Be 2p 

character. The effect of the H atom is to lower the other 

valence orbitals of Be13H relative to the Be13 results. 

Turning to the Mulliken populations (Tables III and IV), 

it is of interest to compare the two Be13 clusters with the 

previously discussed planar Be10 cluster. While the degree 

of charge separation in cluster B is comparable to that 

predicted for Be10 (largest Be atom population 4.05), that 

for· cluster A is significantly greater. For example Be 

atom 3 in cluster A has a population of 4.16. The difference 

between the two Be13 clusters may be related to the higher 

symmetry of cluster A. Our general feeling is that clusters 

of lower symmetry appear to yield somewhat more realistic 

results. 

Note of course that much of the symmetry present in Be
10 

(D2h) disappears in cluster A. For example, while atoms 2 and 

5 are equivalent in Be
10

, #5 has an atomic population 0.08 

greater in cluster A. Similarly for cluster A, Be #3 has 

0.09 more "electrons" than Be #6. Unfortunately, there appears 
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to be no readily visible correlation between these population 

changes and the positions of the three new atoms in the second 

layer of cluster A. 

Much more subject to oscillation (~s a function of position 

within a cluster) is 2s/2p population ratio of the different 

Be atoms. For example atom 04 in cluster A has a 2p population 

of 1.46, while its 2s population is only 0.57. This corresponds 

to a "hybridization" of sp 2•56, a reasonable result for a carbon 

atom, but a bit surprising for beryllium. On the other extreme, 

#2 (an edge atom) has 2s and 2p populations of 0.98 and 0.94, 

yielding a nearly sp hybridization. In general, we find that 

surface Be atoms above a second layer have larger 2p populations. 

Clearly one must go to a significantly larger cluster to approach 

th~ uniformity of an infinite perfectly-ordered surface. 

Now turn to .the effect on the Mulliken populations of bringing 

up the H atom. First, the hydrogen population-remains close 

to unity, allowing us to conclude, as before, 1 that the chemi-

sorbed bond is covalent in nature. The largest deviation from 

unity occurs for the directly overhead site, where the H atom 

population is 0.94. Note that this indicates a somewhat greater 

tendency toward covalency than was the case (H population 0.89) 

for the largest previous example [Be
10

(7,3)] of the directly 

overhead site. 

On qualitative grounds11one expects Be H to be ionic Be+H-
n n 

since the hydrogen ls orbital lies so much lower than the Be 2s 

and 2p orbitals. 12 In fact, Hush has quite reasonably suggested 
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that a more ionic picture of the bonding might be obtained if 

functions capable of describing H- were added.to the basis 

set •. For Be4H, (3,1) we have done this adding a diffuses function 

(a a 0.048173) to the hydrogen basis. However the H atom population 

found for the eclipsed site is 1.27, a result identical to that found 

in our earlier calculation. This test certainly adds weight to 

our conclusion that the chemisorptive bond under study here is 

covalent. 

One prominent effect of chemisorption is an increase in 

the 2p populations of the Be atoms near the approaching hydrogen. 

As an example consider atom #4 in cluster A. For the free 

cluster, the open site, the eclipsed site, and the bond mid-

point site, Be 2p populations of 1.46, 1.56, 1.52, and 1.60 

are found. Note that the greatest enhancement (0.16) occurs 

for the bond midpoint site, which is closest to atom t/4. This 

correlation between 2p population increase and nearness of the 

chemisorbed atom is demonstrated even more dramatically by the 

Be #6 population (2p increased by 0.20 electrons) for the open 

site; Note that this effect is usually in part compensated for 

by a decrease in the Be 2s population of the same atom. For 

example, in the case just cited the 2s population decreases by 

0.13 electrons during open site chemisorption. 

In our earlier study it was noted that for the directly 

overhead site, there is a large increase in the total atomic 

population for the Be atom being approached directly. Speci~ 

fically for Be10(7,3) an increase of 0.39 "electrons" was seen. 
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In the present cluster B, atom 07 increases by 0.35 in 
0 

population as the hydrogen comes to within 1.41 A. Further 

inspection of Table IV shows that this change is entirely 

due to the 2p population, which increases by 0.37. 

Finally, it seems worthwhile to indicate for at least 

one case, "where"· theH atom population resides in the 

electronic structure of Be H. For this purpose consider 
n 

cluster B, the directly overhead site. The largest share, 

a full 54%, of the H atom population,goes to the 17a orbital 

(€ = -0.458 hartree). Next is the 20a orbital (E = -0.311), 

with a 15% contribution. This is followed in importance (9%) 

by the 14a orbital (E = -0.638), which is the lowest lying 

valence orbital. The only other contribution in excess of 2% 

is the 5% contribution of the 24a orbital (E = -0.228). Thus 

we see that while the hydrogen ls population is dominated by 

the 17a orbital, the remainder is spread out into several other 

valence orbitals. 
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TABLE I. Summary of Be13-H Results. Distances re from H atom to 
0 

metal surface are given in A, and bond energies are in 

kcal/mole. 

Site Cluster re Chemisorbed Bond Energy 

Eclipsed A 0.90 57.2 

Bond midpoint A 1.05 44.8 

Open A 0.99 39.0 

Eclipsed B 0.94 58.3 

Directly B 1.41 31.1 
overhead 



-20-

TABLE II. · Predicted properties of several beryllium clusters and 

· the corresponding Be -H chemisorbed systems. Results 
n 

. in parentheses were obtained using the large basis set 

of Reference 1. 

Singlet- Dissocation Chemisorbed 
Ionization Triplet energy per atom Bond Energy 

Site Description Potential (eV) Separation (eV) (kca1/mole) (kca1/mo1e) 

Directly Be 8.44 (8.04) 1. 78 (2.02) (--) 46.4 (44.5) 
Overhead 

' . 

Be7(7,0) 5.21 (5.07) -0.73 (-0.54) 3.64 (5.69) 71.3 (62.4) 

Be10 (7,3) 6.05 0.04 8.98 27.3 

Be13 (10,3)B 4.70 -0.62 14.03 31.1 

Eclipsed Be4(3,1) 7.18 (6.68) 1.15 (1.08) 4.07 (4.84) 28.7 (33.0) 

Be5 (4,1) 5.73 (5.11) -0.68 (-0. 40) 0.23 (1.62) 30.1 (36.4) 

Be7 (6,1) 5.58 -0.24 1.49 40.8 

Be13 (10,3)A 4.32 -0.62 14.15 57.2 

Be13 (10,3)B 4.70 -0.62 14.03 58.3 

Bond Be4 (4,0) 5.13. (4.94) -1.18 (-0.79) -9.78 (-6.69) 70.1 (65.4) 
Midpoint 

Be5 (4,1) 5.73 (5.11) -0.68 (-0.40) 0.23 (1.62) 32.4 (38.1) 

Be10 (10,0) 5.17 +0.02 8.94 45.3 

Be13 (10, 3)A. 4.32 -0.62. 14.15 . 44.8 

Open Be3(3,0) 6.91 (6.47) o. 73. (0.98) -5.03 (-3.24) 19.1 (22.0) 
- i 

Be5 (4,1) 5.73 (5.11) -0.68 (-0.40) 0.23 (1. 62) 23.2 (31. 9) ~ 

Be6(6,0) 5.58 -0.24 -1.53 47.3 

Be6(3,3) 5.30 -0.43 1.81 55.3 

Be9(6,3) 4.81 -1.56 3.53 50.2 

Be13 (10,3)A 4.32 -0.62 14.15 39.0 
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TABLE III. Comparison of Bel3(10,3) Cluster A (see Figure 1) with three different chemisorbed species Be13H. 
• Energies are given in hartreas (1 hartree • 627.5 kcal/mole) and bond distances re in bohrs (1 bohr • 0.5292 A~ 

Be13 + H Open Site Eclipsed Site Bond Midpoint Site 

Total Energy -1S7.S713 -1S7.9334 -1S7.9624 -187.9427 
Relative Energy 0.0000 - 0.0621 - 0.0911 - 0.0714 
re --- 1.86S 1. 70S 1.9Sl 
Valence 9a' -0.615 9a' -0.662 9a' -0.659 9a 1 

-0.652 
Orbital 6a" -0.502 6a" -0.512 ·lOa'' -0.544 .lOa' -0.512 
Energies lOa' -0.477 lOa' -0.492 6a" -0.507 6a" -0.508 

--lla' -0.415 lia' -0.477 lla' -0.425 lla' -0.455 
7a" -0.390 12 I -0.422 12a' -0.419 12a 1 -0.421 

12a' 
a .. 

7a" 7a" -0.349 7a -0.394 -0.392 -0.393 
13a

1 
-0.2S9 Da' -0.306 13a '- -0.299 13&' -0.309 -sa" " -0.291 sa" -0.2S8 Sa" -0.289 -0.285 Sa 

14a 1 
-0.265 14a' -0.2S4 14a 1 

-0.2S3 14a 1 -0.2S3 ·9a" -0.227 9a" -o. 232 15a' -0.259 15a
1 

-0.244 " 131i' ~' 9a" -0.228 " -0.230 lOa, -0.216 -0.231 9a II II 

-0.21S lOa" -0.218 15a -0.20S lOa, -0.218 lOa 
16a' -0.182 16a -0.192 16a' -0.198 16a' -0.187 
lsH -0.484 17a' -0.215 17a' -0.208 17a' -0.218 

Populations 
Be Ill 8 2.93 2.96 2.94 2.97 

I p 1.,04 1.01 1.02 1.00 N ...... Total 3.97 3.97 3.96 . 3.97 ., 
Be 112 s 2.94 2.96 2.95 2.95 

p 0.98 0.97 o.97 0.99 
Total 3.92 3. 93 3.92 3.94 

Be /13 8 2.SO 2.80 2.79 2.80 
p 1.36 1.32 1.36 1.27 

Total 4.16 4.12 4.15 4.07 
Be /14 s . 2.57 2.50 2.51 2.49 

p 1.46 1.56 1.52 1.60 
Total 4.03 4.06 4.03 4.09 

Be 115 s 2.88 2.96 2.88 . 2.92 
p 1.13 1.04 1.13 1.09 

· Total 4.01 •. 4.00 4.01 4.01 
Be /16 s 2.78 2.65 2.71 2.69 

p 1.29 1.49 1.40' 1.40 
Total 4.07 4.14 4.11 4.09 

Be 117 s 2.79 2.78 2.76 2. 73 
p 1.11 1.08 1.13 1.15 

Total 3.90 3.86 3.89 3.88 
Be fiB 8 2.84 2.79 2.90 2.86 

p 1.16 1.18 1.08 1.13 
Total 4.00 3.97 3.98 3.99 

Hydrogen 8 1.00 1.00 1.02 0.95 
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TABLE IV. Comparison of Be13 (10,3) Cluster B (see Figure 2) with two models for -22-

Be13H. All entries are given in atomic units. 

Be13 + H Directly Overhead Site Eclipsed Site 

Total Energy -187.8688 ~187.9183 ~187.9617 

Relative Energy 0.0000 - 0.0495 - 0.0929 

re 2.66 1.77 
14a ~0.621 ~.638 ~0.662 

Valence 15a ~0.508 ~0.515 ~0.553 

Orbital .16a ~0.477 ~.483 ~0.496 

Energies 17a ~0.426 ~.458 ~0.455 

18a ~0.381 ~0.427 ~0.418 

19a ~0.374 ~.391. -o.391 
20a ~0.282 ~0.311 ~0.312 

21a ~0.272 ~0.291 ~0~287 

22a ~0.260 ~0.276 ~0.273 
·23a ~0.240 ~0.251 ~0.263 

24a ~0.214 ~.228 ~0.241 

25a -0.204 ~0.211 -o.211 
26a :-0.193 ~0.198 ~0.200 

lsu ~0.484 27a ~0.221 27a :-0.228 
Populations 
Be #1 s 2.97 2.96 2.97 

p 1.02 1.02 1.00 
Total 3 •. 99 3.98 3.97 

Be #2 s 2.92 2.92 2.91 
p 1.02 1.01 1.01 

Total 3.94 3.93 3.92 
Be #3 s 2.81 2.80 2.79 

p 1.22 1.19 1.24 
Total 4.03 3.99 4.03 

Be #4 s 2.61 2.58 2.55 
p 1.39 1.38 1.45 

Total 4.00 3.96 4.00 
Be IS s 2.95 2.89 2.97 

p 1.02 1.04 0.97 
Total 3~97 3.93 3.94 

Be #6 8 2.78 2.82 2.75 
p 1.27 l.lS 1.33 

Total 4.05 4.01 4.08 
Be #7 s 2.68 2.66 2.63 

p 1.31 1.68 1.43 
Total 3.99 4.34 4.06 

Be #8 s 2.89 2.98 2.94 
p 1.10 0.97' 1.06 

Total 3.99 3.95 4.00 
Be #9 8 2.83 2.92 2.92 

p 1.16 l.O.i 1.07 
Total 3.99 3.98 3.99 

Be #10 8 2.88 2.91 2.97 
p 1.09 1.02 1.02 

Total 3.97 3.93 3.99 
Be #11 8 3.00 3.04 2.97 

p 1.06 0.98 1.06 
Total 4.06 4.02 4.03 

Be 112 s 2.82 2.86 2.73 
p 1.17 1.13 1.22 

Total 3.99 3.99 3.95 
Be 813 s 2.92 2.91 2.90 

p 1.13 1.12 1.14 
Total 4.05 4.03 4.04 

Hydrogen· s 1.0 0.94 1.01 
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FIQJRE CAPTIONS 

Figure 1. Picture of Cluster A, thirteen atom model for the 

(0001) face of metallic beryllium. Atoms are numbered 

to aid in visualization of the Mulliken populations. 

Figure 2. The second thirteen atom model, Cluster B, for the 

(0001) face of beryllium. 
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..---------LEGAL NOTICE-----------, 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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