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Strontium clusters with 2 to 13 atoms have been studied by means of high level quantum chemical ab initio
calculations using a scalar-relativistic energy-consistent large-core pseudopotential, a corresponding core-
polarization potential, large valence basis sets including up to g functions as well as coupled-cluster and
configuration interaction correlation treatments. Equilibrium structures, cohesive energies, vertical as well as
adiabatic ionization potentials and electron affinities are reported. Vibrational frequencies for clusters with
up to 5 atoms also have been determined. To demonstrate graphically the transition from van der Waals to
covalent interactions for increasing cluster size and to comment on the contributipenafsd hybridization

to chemical bonding, the electron localization function (ELF) has been calculated from the H&dce

wave functions for the equilibrium structures determined in correlated calculations. Strontium clusters behave
rather differently from clusters of the group 12 elements as well as ytterbium, i.e., they exhibit significantly
larger cohesive energies than ytterbium clusters due to more pronounced covalent contributions to bonding,
and much lower ionization potentials and smaller band gaps. These differences can be mainly attributed to
the considerablepas well assd hybridization in strontium clusters, while only either the former or the latter

is important for group 12 and ytterbium clusters, respectively.

1. Introduction with a small number of constituent atoms provide an interesting

Duri he | decad h has b iderabl area of collaboration between experimentalists and ab initio
_ During the last two decades there has been considerable,, 5nwym chemists, because the size of the clusters is usually
interest in the clusters of the divalent elements, i.e., the metals

small enough to allow for a very accurate theoretical treatment.
of groups 2 a“fi' 12 as well as Yb (see e.q. ref§ 1, 2 and The main advantage of ab initio studies over many experimental
references therein). These elemems. are characterized By an S[echniques is that for all calculated properties the conditions
closed-shell ground state configuration and the study of their under which they should be observed are well defined: one
elemental clusters is motivated principally by several issues. can always specify the electronic states and geometrical ar-
An important reason is that such investigations lead to a beuerrangements involved, e.g., one can clearly distinguish adiabatic
understanding of the transitions in the type of bonding observed Y

for | . lust e The divalent el t clust and vertical ionization potentials, etc. A drawback is that it is
orincreasing cluster size. The divalent element CIUSIErs COVer ;o \ynclear how to extract data which can be directly compared
the whole spectrum from the weak van der Waals interactions

dominating i Il el lent bonding i di to the experimental values. Nevertheless, quantum chemical
ominating in small clusters to covalent bonding in medium- o jieg may be used to evaluate, or aid in the design of, new
sized clusters and finally to metallic bonding for the bulk. The experimental techniques, which in turn might yield useful data

group 12 elements Zn, Cd, and Hg have a completely filled P ' : .

(n — 1)d shell, whereas the(— 1)d orbitals are empty in the for the calibration of the theoretical methods applied. Such a

alkaline earth elements Ca, Sr, and Ba. Similarly, the two mostly peneﬂmal interplay is cgrtamly also responsible for the recent
. ; ) interest in small to medium-sized clusters.
divalent lanthanides Eu and Yb may be considered to formally

behave as alkaline earth elements, despite the presence of the Quantum chemical ab initio studies of elemental clusters are
half-filled 4f shell in Eu. All elements have emphyp orbitals conveniently performed by means of relativistic pseudopotentials

which in a polyatomic cluster in principle may form hybrid (PP), which re.strict 'Fhe actual gglcglation to .the valence shells
orbitals with the occupiedhs valence orbital. The degree of and allow the inclusion of reIat|y|st|c effects in an economical
hybridization is related to the magnitude of the energy splittings 21d accurate way. Moreover, since the same valence space can
betweenns andnp, which depend strongly on the position of be used for the elements in one group qf the periodic taple, the
the specific element in the periodic table, mainly due to shell- PPs allow the treatment of corresponding cluste'rs of different
structure and relativistic effects. It is very interesting to elements on an equal footing. Standard correlation treatments
investigate quantitatively the effect of the different atomic May be applied for the valence electron system, and nonfrozen
electronic structures on the growth pattern, the chemical bonding €°re effects as well as core-valence correlation effects may be

as well as other properties of such elemental clusters. Systemgccounted for by adding a core-polarization potential (CPP) to
the Hamiltonian. We focused our previous studies in this field

first on the transition from van der Waals interactions to covalent
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graphical interpretation of the electron localization function real and how much is an artifact, i.e., how large are the
(ELF). Finally, we have also examined Y = 2—7) clusters uncertainties due to the use of results from two different
in order to evaluate the importance of the unfilled 5d orbitals approaches (CP and FPLMTO without and with d orbitals,
for chemical bonding:” The necessity to use the medium-core respectively) to calculate the binding energy differences. To get
PP(10}-CPP for Yb was demonstrated in contrast to the group an unbiased description of systems where van der Waals and
12 clusters, where the large-core PR{CPP works rather wefi. covalent bonding are competing, it is still necessary to use wave
In this contribution, we extend our studies to Sr clusters with function-based ab initio quantum chemical approaches, or
up to 13 atoms. Sr was chosen since this alkaline earth elemengternatively quantum Monte Carlo (QMC) techniqdé$which
often exhibits a relatively large similarity to Yb, the clusters of ¢an equally well describe both types of bonding. Moreover, in
which we previously investigatetExperimental results for Sr contrast to DFT, these two approaches have the merit to be
clusters produced in a seeded molecular beam have beerfubject to systematic improvements, if needed.
published up to S$° The abundance spectrum of small Sr To our knowledge, no other theoretical studies on Sr clusters
clusters was found to be similar to the one of rare gases, buthave been reported in the literature. In the present work we
the magic numbers are different, e.g., for Sr 11 is a magic used methods similar to those previously described for the group
number, whereas surprisingly 13 is #8tOn the other hand, 12 and Yb cluster&® The computational results and the analysis
13 is a magic number for the heavier homologue Ba, for reasons©f bonding in Sr clusters are compared to our previous findings
that are still unexplained. for the group 12 and Yb clusters in order to shed some light on
the effects of sp and sd (and possibly also pd) hybridization on

Hearn and Johnstéhinvestigated Ca and Sr clusters with 2 )
the structure and bonding.

to 671 atoms using an empirical potential method with two-
and three-body interactions. They performed unconstrained
geometry optimizations for 2 to 20 atoms and found an
icosahedral growth pattern. An enhanced stability was found 5 1. Pseudopotentials and Basis Sett the calculations
for4,7, 13, and 19 atoms. The authors stated clearly, however,reported here we have used energy-consistent scalar-relativistic
that their model potential, which was derived for the bulk, i.e., pps i.e., medium-core PP(10and large-core PP(2§together
adapted to meta”iC bonding, iS I|ke|y to fa" f0r Sma" ClusterS Wlth a Core_polarization potent|a| (Cp.p)or the |arger core.
where van der Waals and covalent contributions dominate. PP(10) was only used for Sin order to calibrate the accuracy

In the framework of electronic structure methods, #rs been of PP(2)+CPP, since a PP(2CPP core-definition was found
studied with both PR and density functional theory (DFF) 15 to considerably overestimate the binding energies of Yb clusters.
methods. The former work used a semiempirical PP with two It should be noted that the defects of PR{€PP for Yb are
valence electrons augmented by a CPP together with andue to the especially low-lying empty Yb 5d orbitals, mainly
iteratively selective configuration interaction approach (CIPSI). caused by the incomplete shielding of the nuclear charge by
For ground and excited states of, @is well as S the study the 4f shell, whereas such a situation is not present for the Sr
provided spectroscopic data which agrees favorably with the 4d orbitals. A core-core repulsion correction has been added
experimental values. On the other hand, the DFT calculationsto the PP(2) valence-only Hamiltonian in order to account for
performed within the local density approximation (LDA) tend deviations from the point-charge repulsion model between the
to overestimate the strength of bonding in group 2 and 12 large SF" cores, mainly due to the mutual penetration of the
clusters significantly, whereas gradient corrections reduce theelectron densities and the concomitant Pauli repulsion. The use
errors by typically 50%¢ Recently Qureshi and Kum@r of PP(2)+CPP, in addition to the low computational effort, has
investigated the role of 4d orbitals in Sr gas clusters with up to the advantage that the basis set superposition error (BSSE) is
20 atoms. Within the LDA they applied the PP plane-wave-Car very small and does not need to be considered.
Parrinello (CP) method “ignoring the d states” and the full In the case of PP(10) an uncontracted (9s9p7d5f3g) valence
potential linear muffin-tin orbital (FPLMTO) method treating basis set was applied to the atom angl $o make studies of
S, p, and d states on equal footing. In the CP approach the slarger Sr clusters with PP(2CPP feasible, a contraction and
potential was treated nonlocally, whereas the p potential wasreduction scheme had to be used for the valence basis set.
used as a local potential, i.e., only s and p orbitals were treatedStarting with an uncontracted (5s5p6d3flg) set foy @r=
accurately. The authors concluded that the empty Sr 4d orbitals2—4), an uncontracted (5s5p6d1f) set was generated for Sr
contribute more significantly to the bonding energies as the (n = 5—7) by simply removing a part of the polarization
cluster size grows, expedite the onset of metallicity, and even functions (2f1g), and finally a contracted (5s5p6d1f)/[3s3p3d1f]
favor the icosahedral cluster growth pattern. Without d orbitals set was derived for n = 8—13) from this primitive set. In
they obtained maxima in the second derivatMg, = Eny1 + calibration calculations for the tetrahedral structure of tBe
En-1 — 2 E, of the binding energy for 4, 7, 10, 15, and 18, smallest basis set yielded a slightly longer bond length (by 0.09
whereas the inclusion of d orbitals yielded maxima at 4, 7, 9, A) as well as a less than 10% smaller cohesive energy (by 0.037
11, 15,17, and 19. The occurrence of 11 and 19 is in agreementeV) compared to the largest basis set. No significant change of
with unpublished experimental eviden®ayhereas the numbers  the ionization potential (increase by 0.01 eV) and electron
10 and 18 obtained without d functions are not. One should affinity (decrease by 0.01 eV) was observed. The vibrational
note, however, that the calculated binding energy for(&58 frequency was reduced by about 6%. The numerical data
eV) is more than four times larger than the experimental value concerning the reduction of the valence basis set is listed in
(0.13 eV). Moreover, the contribution of the d orbitals (0.36 Table 1. Unless otherwise noted, the results reported in the
eV) already exceeds the experimental binding energy by almostfollowing for the atom and the dimer refer to the largest basis
a factor of 3. Certainly this failure can be attributed to the set for each PP.
drawbacks of DFT in the LDA, and in our opinion it limits the 2.2. Correlation Treatment. In general both relativistic and
validity of the derived conclusions, at least from a quantitative electron correlation effects should be simultaneously taken into
point of view. An unanswered question still remains: how much account in order to obtain reliable results for systems containing
of the d orbital contribution found by Qureshi and Kumar is heavy elements. For the systems with several heavy atoms and

2. Applied Methods and Computational Details
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TABLE 1: Basis Set Dependence of the Bond LengtiR, (A), TABLE 2: First and Second lonization Potentials IP,
Vertical lonization Potential IP (eV), Electron Affinity EA (i = 1,2) (eV) and Dipole Polarizability a (a.u.) of Sr Using
(eV), Cohesive Energy Per Atom CE (eV), and Totally Pseudopotentials with Different Core Definitions
Symmetric Harmonic Vibrational Frequency . (cm™1) for hod | P
St, Using PP(2)+CPP, CCSD(T), and Various Polarized methods i 2 @
Valence Basis Sets PP(2)+SCF 4.75 10.47 231.7
PP(2)+ClI 5.51 a 229.8
property  (5s5p6d3flg)  (5s5p6dlf)  (5s5p6d1f)/[3s3p3d1f] PP(2)-CPP+SCF 509 11.02 189.0
Re 4.01 4.04 4.10 PP(2)+CPP+CI 5.71 a 202.3
IP 4.72 4.72 4.73 PP(10)%SCF 4.75 10.44 233.0
EA 0.93 0.92 0.92 PP(10%CCSD(T) 5.66 10.97 200.0
CE 0.481 0.457 0.444 exp 5.70 11.03 186+ 157,192

93.7 91.6 88.2
Ve a|dentical to SCF result Ref 12.¢ Ref 36.9 Ref 37. Basis sets:

. . 5s5p6d3flg) for PP(2), (9s9p7d5f3g) for PP(10).
a large number of electrons compromises with respect to( P 9 (2). (9s9p 9 (10)

computational feasibility and accuracy have to be made. |t was argued in a previous paper on Yb clusietisat
Relativistic effects are accounted for by PPs, whereas valenceanhough ELF is based on the Hartrgeock wave function and
electron correlation has to be treated explicitly and is the most gges not take into account electron correlation explicitly, it
costly part of the computations. The single-reference coupled- a¢ccounts for those effects indirectly, as long as it is evaluated
cluster approach with single and double excitation operators at the equilibrium structures derived from correlated, e.g.,
including a perturbative treatment of triple excitations (CCSD- cCcSD(T), calculations. Covalent contributions to bonding can
(T)) provides a viable approach for studies of elemental a|so be defined in terms of charge fluctuatidhst was found
clusterst®> Among the standard ab initio methods the CCSD-  that for the group 12 dimers the analysis of such contributions
(T) method is, for cases dominated by a single Hartfeeck in terms of correlated and uncorrelated charge fluctuations
(HF) reference configuration, the one which permits the most parallels the one using EL¥The dominant bonding contribution
accurate treatment of electron correlation. Furthermore, it is in these systems comes from the van der Waals interactions,
strictly size-extensive, which is of fundamental importance for i.e., a pure correlation contribution which does influence the
studies of the size-dependence of cluster properties. However equilibrium bond lengths considerably, but does not affect the
to go beyond S less costly correlation treatments such as charge fluctuations. The covalent contributions are already
configuration interaction with single and double excitations, largely accounted for in the Hartre€ock wave function, a fact
including the Siegbahn size-extensivity correction (CI(EBEEC), which is exploited in a newly designed hybrid model for the
had to be applied. The HF, CI(SD) and CCSD(T) calculations study of large Hg clustefsCharge fluctuations were in fact
reported here were performed with the MOLPRO program found to be quite insensitive with respect to electron correla-
packagée? tion827 Therefore it seems to be justified for the evaluation of
2.3. Electron Localization Function (ELF). Becke and ELF to take electron correlation only indirectly into account
Edgecomb® developed the so-called electron localization Via the optimized structures.
function (ELF) as a measure for the probability of finding an . .
electron in the neighborhood of another electron with the same 3+ Reésults and Discussion
spin. By its construction ELF may adopt values between zero  3.1. Sr, Sk, Sr,*. Before discussing larger Sr clusters, it is
and one. A large value of ELF means that the reference electronnecessary to investigate the first and second ionization potential
is highly localized, i.e., the probability of finding a second and the dipole polarizability of the neutral Sr atom, as well as
electron with the same spin near the reference point is low. the spectroscopic properties of,Sand Sp*, to check the
Regions which are usually associated with covalent bonds, loneaccuracy of the applied methods by a comparison to available
pairs, or inert cores exhibit high ELF values. In contrast, low experimental data. Note that the first ionization potential as well
ELF values are typical for the regions between electronic shells, as the dipole polarizability occur in the approximation to the
and regions where van der Waals interactions dominate. London formula for van der Waals interactions, i.e.,
Although ELF is also defined for very low electron densities,
its values in these regions are not meaningful for chemical PN P, 08/(4 RG) (1)
bonding. The interpretation of ELF should be done inside the

0.001 au isosurface of the electron density, which correspondsThe results of these calibration calculations are summarized in
approximately to the van der Waals “size” of the system. In all Taples 2 and 3.

ELF plots presented in this work, the outermost contour line  |n the atomic calculations (Table 2) PP(2) and PP(10) yield
corresponds to this value of the electron density. We also usedyery similar results at the SCF level, i.e., frozen core errors
the medium-core PP(10) instead of the large-core PP(2), todue to the large St core of PP(2) appear to be small. At the
account for effects of the coreelectron density. ELF was (I level a significant difference occurs foridRvhich is mainly
extensively applied to various molecules, clusters, and $6fds  due to the neglect of core-valence correlation effects in
and yielded meaningful, easily understandable, and visually calculations with PP(2). Accounting for these by adding a CPP,
directive patterns of the interactions between vicinal atoms. the ClI results of PP(2)CPP and the CCSD(T) results of PP-
However, as already pointed out previousbare has to be taken  (10) are in very close agreement, the former ones being even a
when the characteristic 2D sections are selected, especially wherbit closer to the experimental values, probably due to an
directional bonding occurs and “strained” bonds are present.incomplete account for explicit core-valence correlation con-
The characteristic maxima (or minima) of ELF in polyatomic tributions in the PP(10) work.

systems might not always be located on straight lines intercon-  Previous experience shows that large-core PPs tend to result
necting two atoms or in planes defined by three atoms. For thein a too short bond distance and a too large binding energy,
evaluation of ELF a separate progr&mwas interfaced to the  especially when unoccupied shells with higher angular quantum
MOLPRO code?? number and lower main quantum number than the actual valence
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TABLE 3: Bond Length Re (A), Vertical lonization

o
3

Potential IP, (eV), Adiabatic lonization Potential IP, (eV), ' - l ./H2
Cohesive Energy per Atom CE (eV), and Harmonic 06 Au,
Vibrational Frequency w, (cm™?) for Sr, and Sr;r from ' <A92
CCSD(T) Calculations Using PP(2}-CPP and PP(10) [ Cu
+ 0.5 | sr,PP(10) 2
Sr Si, ~ e— Be,
PP(2) PP(10) exp. PP(2) PP(10) exp. ‘;@ 04 | st, PP(2)
Re 460 472 445 412 420 Y
P, 471 473 4737 0.012 o3| Yb, PP(2)
IP, 480 4.83 v ./Yb2 PP(10)
CE 0.066 0.065 0.06& 0.002 0.565 0.53 0.54%6 0.0081 s ./H
we 415 391 40.320.02 823 806 8&3 ®02rf g ng
2
aRef 28." Ref 9. Basis sets: (5s5p6d3flg) for PP(2), (9s9p7d5f3g) o——7n,
for PP(10). 0.1 ¢ He
2
i -26 ' 0.0 ¢ . : : : .
orbitals are presenrt: 2% Although atomic data for the valence 0.0 0.1 0.2 03 04 05 0.6

states is reproduced with good accuracy, molecular results may
be in error. The results listed in Table 3 indicate that Sr behavesF, h q ) 22 and ¢ the local sbi
completely different from Yb. The bond length, cohesive energy [ggfre 1. Charge fluctuationsigN*J"* and square of the local spin

. . n . . or ns andnp localized valence orbitals on one of the two atoms
as well as vibrational frequency of Sand Sg* obtained with of M, (M = H, He, Be, Cu, Zn, Sr, Ag, Cd, Yb, Au, Hg). The limiting
the two approaches are in quite good agreement. Moreover, theyajue of the charge fluctuation is 0.707 for a covalent single bond,
results for PP(2}CPP Re = 4.60 A, Do = 0.132 eV,we = whereas a pure van der Waals interaction corresponds to a value of
41.5 cntl) are even in slightly better agreement with the zero. The value of the square of the local spin on each of the separated
experimental valuesRe = 4.45 A, D = 0.1324 0.004 eV, atoms is zero foS = 0 and 0.866 foiS = 1/2.
we = 40.3 cnT1)28 than those of PP(10R, = 4.72 A, D = ) o
0.130 eV,we = 39.1 cnT?). Since a smaller PP core usually is  dipole polarizability for the (5s6d) set equals the*'Score
the more accurate approach, this is probably due to an polarlzablll_ty Qf the C_P_P (5_.1 au) due to symmetry reasons, i.e.,
incomplete treatment of electron correlation, especially core- S — P_€xcitations mixing in the spherical symmetric ground
valence correlation, in the case of PP(10). Hence, in terms of States configuration cannot occur and only the polarizability
the achievable accuracy as well as with respect to the Compu_accounted for by the Hamiltonian contributes, whereas the (5s5p)
tational savings PP(2)CPP appears to be more suitable for set accounts for roug_hly 99_%_and 73% Qf the SCF (189'0. au)
the investigation of Srclusters. Excellent agreement is also and Cl (.202'3 au) basis set limits, respectlvely. No contributions
obtained with the results of Boutassetta ettaiyho used the to 1Py arise aj[ the_ SCF level, but the error with respect to the
same PP, but a different formulation of the CPP and a smaller Cl basis set _I|m|t 1S .0'35 and 0.07 eV for th_e (5s6d) an(_j (5s5p)
basis set including only up to one f functioRs(= 4.53 A, sets, respectively. Fm_ally the (535p(_3d) set_yle_lds_results in almost
De = 0.135 eV,we = 43.0 cnm), perfect agreement with the ClI basis set limits, i.e., 99% of the

. . . . . dipole polarizability are recovered and the error in i$0.01
To investigate the importance of p and d orbitals to bonding o\ This indicates that the correlation contribution of the d

in Sr, we performed calculations with PPEPP and (5S5p),  grpitals in Sp is mainly of covalent character, less of van der
(5s6d) and (5s5p6d) basis sets. The CCSD(T) results for (5s5p)\y/aals character.

(Re = 6.20 A, Do = 0.012 eV,we = 9.4 cn?) as well as for

(5s6d) Re=5.75 A,D. = 0.010 eV,w. = 9.4 cn!) are both 0 question of covalent bonding contributions besides the
considerably worse than for (Ss5p6&.¢ 4.73 A,De=0.091 dominant van der Waals interactions. Similar to the previous
eV, we = 33.4 cn1). Neither p nor d functions alone are able gy gjes of the group 12 diméPsand Yl we assume that the

to bring the results into acceptable agreement with the experi- ymajor covalent contributions, if present, could be treated at the
mental numbers, and the comparison of the (5s5p6d) results tocASSCF level with a “5s and 5p” active orbital space and would
those of (5s5p6d3f1g) discussed in the last section reveals thategylt in nonzero charge fluctuatior®K2)Y2 whereN denotes
fand g orbitals make a nonnegligible contribution to bonding. the occupation number operator for a subset of the four orbitals
Looking at Sy at the PP(2)CPP CCSD(T) equilibrium |ocalized on one of the two atoms. It should be noted that the
distance, we find that the difference of the binding energies active orbital space also contains admixtures of d, f, and g
derived from (5s) and (5s5p6d) is 50.2% a SCF effect and 49.8% fynctions and the notation “5s and 5p” is a formal one. The
a correlation effect. The SCF contributions of p and d functions charge fluctuations and the square of the local §§thion one

are 58% and 48%, if added to the (5s) set, or 52% and 42% if atom are Compared to Corresponding results for Be group
deleted from the (5s5p6d) set, i.e., p and d orbitals are of equal12 dimers and Ybin Figure 1. The group 11 dimers exhibit a
importance. The corresponding correlation contributions of p single essentially covalent bond and are included for comparison
and d functions behave less additive, i.e., 19% and 56% for to the mainly van der Waals bonded group 12 dimersahtl
addition to the (5s) set, or 44% and 81% for deletion from the He, have also been included as limiting cases for a single
(5s5p6d) set. Since SCF does not account for the van der Waalsovalent bond and a pure van der Waals interaction, respectively.
interactions, we can state that p and d functions make almostin contrast to Yk, nearly the same charge fluctuation and local
equal covalent contributions to bonding i, S¥lore difficult spin on Sr are observed for PP{ZJPP and PP(10) in case of

is the analysis of the correlation part, which describes the van Sr,. The plots of the charge fluctuation against the square of
der Waals interactions but also correlation corrections to the the local spinf®Uindicate that the covalent contributions to
covalency. If we assume that the van der Waals contributions bonding are somewhat stronger in 8ran in Yk and the group

are well described by the approximate London formula given 12 dimers, but they are much smaller than in,,Behere a
above, then only a small d orbital participation is expected: the significant local spin on each Be atom is observed.

2
<S§;>

In the case of the S$iground state, we still want to address
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3.2. Structures and Cohesive EnergiesThe number of ~ TABLE 4: Bond Length R. (A), Vertical lonization
possible Sr cluster structures increases very rapidly with the E%gtr:gﬁl,!«?ﬁn(i?yl)é ﬁ?é?/k;a“é:ol‘loensliz\/agl%?]g’(g)tyeBté?lﬁl\fz)aﬁgegé
number (_)f atoms, even when only closed-shell ground sta_tes eV), and Harmonic Vibrational Frequency ae (cm-Y) for
are considered. The best approach would be an unconstrainedy, ‘(n = 3,4,5) from CCSD(T) Calculations

structure optimization, e.g., the simulated annealing method or

molecular dynamics, based on a high quality ab initio treatment Sr3 S St
for the electronic energy, e.g., CCSD(T). The large number of Dzn Ty Dan Ca
minima to be searched in order to find the global minimum as Re 4.16 4.01 3.96,4.067 4.25,4.10
well as the high computational cost of each ab initio step renders P» 4.72 4.72 4.09 3.83
such an optimization procedure impracticable. Essentially two :;2 3'62 4.60

- . .887 0.93 0.90 1.34
ways to circumvent these problems exist. Most of the work g 0.245 0.481 0.512 0.368
reported in the literature on the group 2 elements uses a cheaper, o, 71.91) 61.8€) 98.9,57.141)
and also less accurate, method for the evaluation of the electronic 63.9F") 76.4(T2) 81.8,47.7€')
energy, namely DFF:30-32 or effective many-body potentidfs 91.6Aq)  78.1A")

adjusted to solid state properties. We chose the alternative to 59.4€")

apply highly accurate electronic structure methods, but we *The bond lengths refer to equatorial and axial bonds, respectively;
restricted the search for the global energy minimum to the most Pasis sets: (5s5p6d3fl g) forsmd S, (5s5p6d1f) for Sy

likely structures. Our main motivation is that we are interested g £ 5. As Table 4, but for Sr, (n=6,7, 8

in the transition from van der Waals to covalent bonding for

clusters with a relatively small number of atoms, where only a St Sr Srs

few structures are good candidates for the global minimum. Ca On Dsn Cs

Since present-day DFT does not provide functionals which are R,  4.02,4.12 3.94 4.14,4.02 4.19,4.08,4.1%4.21,4.10,4.12)
able to describe accurately van der Waals interactions, andIP  4.08 3.86 4.18 4.02(3.92)

model potentials adjusted to the bulk metal are also not EA 1.07 124 0.99 1.05(0.99)

appropriate for this purpose, only wave function-based ab initio CE 0.553 0447 0.680 0.688(0.540)

methods remain as suitable tools. aThe values in parentheses refer to CI(SSEC instead of

. . b
Based on the assumption of predominantly van der Waals CCSI_D(T). The bond lengths refer to an edge of the tetrahedron :?md
the distance between a cap atom and a tetrahedral atom, respectively.

bonding in small Sr clusters those structures seem to becthe hond lengths refer to equatorial and axial bonds, respectively.

especially favorable which allow a dense packing of the atoms d The bond lengths refer to equatorial, axial bonds and the distance
and maximize the number of nearest neighbor interactions. between a cap atom and a surface atom of a pentagonal bipyramid.

Therefore, we have considered in our work only regular and Basis sets: (5s5p6d1f) for Sand Sy, (5s5p6d1f)/[3s3p3d1f] for Gr
compact structures which fulfill these requirements, i.e., equi- TABLE 6: As Table 4, but for Sty (n = 9-13).

lateral triangular§ = 3), tetrahedralr{ = 4), trigonal bipyra- CI(SD)+SEC was used instead of CCSD(T)
midal and quadrilateral pyramidah (= 5), octahedral and

bicapped tetrahedrah & 6), as well as pentagonal bipyramidal, St Shio St Stz Stis
capped octahedral and bicapped trigonal bipyramida# (7) Re 418406, 4.184.06, 4.184.05 4.19,4.06, 4.27
structures. From gronward, only a singly or multiply capped 3 5?5'13‘ 3 33183 3%';4? 34:'3%? 337
pentagonal bipyramidal structure was considered until the gp (.99 0.972 1.08 1.09 1.08
icosahedron for $g was reached. CE 0.587 0.590 0.605 0.620 0.636

Since the photoelectron spectra (PES) of negatively charged aThe pond lengths refer to equatorial, axial bonds and the distance
clusters are used to determine the band §amd most likely between a cap atom and a surface atom of a pentagonal bipyramid.
significant differences exist between the equilibrium geometries Basis set: (5s5p6d1f)/[3s3p3d1f].
of the neutral and the charged clusters, the equilibrium s )
geometries of negatively and positively chargegie®id Sg were eV for Cds.° In the case of the tetrahedral geometries the bond
also located. The structures have been optimized within a given'€ngths of Si™ (4.02 A) as well as Sr (4.01 A) are very close
symmetry using the CCSD(T) and/or CI(SD) method. To ensure © the one of the neutral system.S#.01 A). The singly
that the determined structures are real minima a normal ©ccupied orbital of S falls in the ¢ irreducible representation
coordinate analysis has been performed. of Tqg symmetry and therefore 8ris subject to a JahnTeller

Our results are summarized in Tables 4(SiSk), 5 (Sk — distortion. We found théA; state to be lowest in energy inC

o symmetry. The equilibrium structure is essentially that of a
Srg) and 6(Sg — Sriz). The calculated properties include bond y y quiibriu uetre | 1y

| h hesi : CE ical ionizati tetrahedron compressed in the direction of @eaxis. Four
engt .SRG)’ cohesive energies per atom (CE), vertica lonization e ratomic distances are slightly shorter (3.95 A) than for the
potentials (IP) and electron affinities (EA). The harmonic

) ) . . ) tetrahedral structure, whereas two are significantly longer (4.39
vibrational frequencies obtained from a normal coordinate A). The adiabatic IP of Sr(4.60 eV) is 0.12 eV lower than the
analysis are given for §rSr, and Sg. vertical IP (4.72 eV).

For Sg and Sg~ the equilateral triangular geometries are  Similar to Sp we investigated Srwith respect to the
found to have by 0.55 and 0.40 eV, respectively, lower energiesimportance of p and d functions. The results for the (5s5p)
than the corresponding linear ones. The bond length of the (R,=4.89 A, CE= 0.05 eV), (5s6d)R. = 4.29 A, CE=0.15
negatively charged cluster (4.03 A) is slightly (by0.13 A) eV) and (5s5p6d)R. = 4.05 A, CE= 0.39 eV) basis sets again
shorter than the neutral one (4.16 A). Fog'Sa linear geometry indicate that both p and d functions are important to get results
(4.19 A) was found to be only 0.11 eV lower in energy than near to the best CCSD(T) valueB.(= 4.01 A, CE= 0.48
the triangular one. The difference between the adiabatic (4.62eV), also this mutual dependence is smaller than fer/Arthe
eV) and vertical (4.72 eV) IP of gis far less pronounced than PP(2}+CPP CCSD(T) equilibrium distance, we find that the
for the corresponding group 12 clusters, e.g., 6.85 eV vs 7.93 difference of the binding energies derived from (5s) and
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(5s5p6d) is 64.6% a SCF effect and 35.4% a correlation effect.
Probably this bias toward the SCF contributions reflects the
decreasing importance of van der Waals contributions in Sr
compared to Sr The SCF contributions of p and d functions
are 58% and 65%, if added to the (5s) set, or 35% and 42% if 43 |
deleted from the (5s5p6d) set. When comparing these numbers
to the ones for Srone may speculate about a slight increase of
the importance of d functions with respect to p functions. This =+ 3.8
is supported by a Mulliken analysis: 3.4% and 1.1% of the
charge are in the p and d orbitals for,Swhereas the
corresponding values are 11.5% and 7.1% far Br contrast 33 b
to Sk the corresponding correlation contributions of p and d
functions behave almost additive forsSi.e., 22% and 80%
for addition to the (5s) set, or 20% and 78% for deletion from L ‘ .
the (5s5p6d) set. The d functions are here definitely more ‘ 3 10 87 6 5 4 3 2
important than the p functions. n

The calculated trigonal bipyramid ¢F) and quadrilateral Figure 2. Averaged nearest-neighbor bond lengis(A) in Sr <,
pyramid (G,) of Srs each have two types of atoms, axial and Yb v, ZnO, CdO, and Hga. The solid and dashed lines refer to the
equatorial and “peak” and “base”, respectively, leading to two St CCSD(T) and CI(SD}SEC results, respectively.
types of bonds. The equatorial bond for the, @eometry is
shorter by 0.11 A than the axial bond, which can be attributed
to the different number of nearest-neighbor interactions for the ¢35 |
peak and base atoms. In the case of thesBucture the peak-
to-base bond length is shorter than the base-to-base bond length 0.3 ¢
by 0.15 A. It turns out that the § structure is 0.72 eV lower

48

0.4

in energy than the £ structure, and has a slightly shorter o 0.25 1
averaged bond length (by 0.15 A). This is similar to previous 5 02 |
findings for Hg and Yk;.56 a
In the case of the octahedral geometry of, 8ke in the PP- 0.15 1
(2)+CPP calculations of Y¢f the ground state does not result o1 |
from the expectedy, t3, €} valence orbital configuration, but '
rather fromaj, t3, € ai,. From the three possible statéq, 0.05
1Ey, and!Ag we find the3A 4 state to be lowest in energy. The
first excited state i8Ey, and the triplet-singlet splitting derived 0 3 10 3 7 6 5 4 3 5

from multireference averaged coupled-pair functional (MRACPF)
calculations amounts to 0.23 eV. We note that, in contrast to _. ) . . ) . )

. . L. - ) Figure 3. Dissociation energies per nearest neighbor interaction CE/b
the previous investigation of ¥I§ the ordering of the electronic (eV). The symbols have the same meaning as in Figure 2. The dotted
states obtained with PP(2LCPP was also confirmed with the  |ine for Hg denotes PDMC results from ref 4.
presumably more accurate PP(10). Again, this demonstrates that
PP(2}+CPP is a reasonable choice for investigating Sr clusters.
Another point which should be mentioned fors$s that the
lowest energy structure obtained from the many-body potéhtial
as well as the LDA®> approaches is the octahedral structure,
but the present CCSD(T) study indicates that a bicapped

tetrahedral structure of §with a singlet state occurs to be more a icosahedral geometry. The CI(SEBEC calculations show

stable than the octahedral one with a triplet state by 0.636 eV. .
Nevertheless, the averaged bond length of the bicapped tetra_that the lengths for the three kinds of bonds stay almost constant

hedral structure (4.07 A) is significantly larger than of the from Sk to Ska while the cohesive energies are slightly

; increased.
octahedral one (3.94 A). The bond lengths in the tetrahedral . =
skeleton agree quite well with those of,Sre., 4.02 vs 4.01 A. The size-dependence of the averaged bond leRgémd the

o . . cohesive ener er nearest-neighbor interaction {C&ve
Similar results have been obtained previously for the homo- 9y p g HC

) shown in Figures 2 and 3, respectively. Only the most stable
logues of the group 12 and Yb. The results for the triplet state ¢\t res are included for those cases where two or more

of the octahedral structure and the singlet state of the bicappedgy,ctyres were calculated. For comparison we have also shown
tetrahedral structure are listed in Table 5. the corresponding results for the group 12 and Yb clusters. The
For Sk the CI(SD)-SEC calculations for the three kinds of number of nearest neighbor interactions may be found by
geometries indicate that the pentagonal bipyramigi)(Das the inspection of the structure for simple cases, e.g., small clusters,
lowest energy. The bicapped trigonal bipyramid is 0.54 eV, and but it may be more difficult to establish uniquely for larger
the capped octahedron higher in energy at 0.83 eV. The systems. We looked at the distribution of interatomic distances
pentagonal bipyramidal structure was further optimized at the for the clusters with 7 to 13 atoms and found a gap with no
CCSD(T) level. The equatorial bond length (4.14 A) is slightly values between 4.7 and 6.5 A. Therefore we considered only
larger than the axial bond length (4.02 A) by approximately the pairs of atoms with distances below 4.7 A for the nearest-
0.12 A, while the distance between the two axial atoms (3.88 neighbor interactions. Their number for the clusters with 2 to
A) is significantly shorter than the latter by about 0.26 A. 13 atoms are 1, 3, 6, 9, 12, 16, 19, 23, 27, 31, 36, and 42. The

Based on the findings for the lowest energy structure @f Sr

it seems reasonable to assume thgta8d other larger clusters
can be formed by capping the pentagonal bipyramid faces with
additional atoms, and finally arrive at the icosahedral geometry
for Sna. The FPLMTG® and many-body potential methdds
also found that the lowest energy isomers for these clusters have
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same numbers have been found for the Hg clusters. Again, in 11 ————————— . T T
the distribution of the interatomic distances of the more
complicated structures with 7 to 13 atoms we found a gap 107
without values between 3.8 and 5.4 A. The averaged bond length
curves for Sr clusters from CCSD(T) as well as CI(SIBEC

exhibit two clear local minima at = 4 and to a lesser extent g | Hg pa& j
atn= 7, which correspond to local maxima in the GEUrves. i
This result indicates an exceptional stability of the tetrahedral 7t cd .
and pentagonal bipyramid structures, in agreement with the &
experimental evidence that 4 and 7 are the lowest magic 61 .
numbers for Sr clustef. From Sk to Sns, the CEb values

—~

>
3

~

decrease slowly and monotonically, which is consistent with 31 Y

the fact that, surprisingly, & has not been found to be |

especially stable in experiment. The averaged bond length values St v

increase from Srto Sns, with a plateau, or actually a very L — ' .

shallow minimum, around $f Although we cannot find a 3108765 4 3 2 1
cluster betweem = 8 andn = 13 which has a pronounced n

higher stability than its neighbors, we note that experimentally Figure 4. Vertical ionization potentials IP (eV) for Sr, Yb, and the
n= 11 has been found to be a magic cluster size. In general Srcor_respondlng group 12 cIu_sters. The symbols have the same meaning
clusters have slightly shorter bonds than the Yb clusters, byt @s in Figure 2. The dotted line for Hg denotes PDMC results from ref
considerably longer bonds than the corresponding group 12

clusters. Their CHYvalues are significantly higher than for Yb

12 and Yb clusters are also included. The changes of the IP
clusters as well as for the group 12 clusters. Nevertheless, the : o
; o . ; with cluster size for Sr, Yb, and Hg are very similar, at least up
trend in CEb with increasing cluster size appears to be

L . . . to 7 atoms, i.e., IPs gradually decrease from 2 to 4, significantly
qualitatively quite similar for Sr and Yb, e.g., local maxima -
7 o . L decrease from 4 to 5, and then gradually decrease again. IP
appear abh = 4 andn = 7. This again indicates larger covalent

bonding contributions in Sr clusters compared to their Yb and values for Sr clusters are slightly lower than those of the Yb
9 ; b . clusters (by~0.5 eV) and are much lower than those of the
group 12 homologues, cf. also Figure 1 for the dimers.

i R group 12 clusters (by-1.5-2.0 eV). The behavior of the IP
The dipole polarizability of the group 2 and 12 elements provides no indication for the completely different evolution

and of Yb increases in th_e qrde_r Be,Zn,k@Cd < Mg < of covalency in the clusters of these elements. Beyond that, as
Ca,Yb < Sr < Ba, the first ionization potential as Ba Sr < i the cases of group 12 and Yb clusters, the IPs of different
Ca,Yb < Mg < Cd < Be,Zn < Hg and the bond distance in  stryctures of the same cluster size are also rather similar. For
the homonuclear dimers as BeHg < Mg,Zn,Cd < Ca,Yb < instance, this can be observed for thg, Bipyramid and the

Sr,Ba. The ratios between the largest and smallest value arec, pyramid for Sg where the difference is 0.26 eV and only
roughly 8, 2, and 2 for the dipole polarizability, the first 22 ev for the octahedral and bicapped tetrahedral structure
ionization potential, and the atomic radius, respectively. Since for Sy, Figure 4 also shows that the IPs from CCSD(T) and
the dipole polarizability enters quadratically in the London c|(SD) are in good agreement, although the quality of the basis
formula and the interatomic distance reciprocally with the sixth  set for the CI(SD) calculation is considerably reduced and the
power, these two quantities are much more important for ejectron correlation treatment is less accurate.
estimating the strength of van der Waals interactions than the  \ye also observed that less stable structures sometimes have
ionization potential. Using the London formula the strength of somewhat larger vertical electron affinities, for instance, the EAs
the van der Waals bond in the homonuclear diatomics should 3re 0.90 and 1.34 eV for thesDand G, structures of S
increase as Zrr Cd,Hg < Mg < Ca,Sr,Yb< Ba < Be,whereas  respectively. This means that such less stable structures of the
the actual binding energies increase as Zn,CdH#lg < neutral clusters should also be considered when comparing
Be < Ca< Sr<Yb < Ba. We note here in passing that these ca|culated EAs with those derived from the photoelectron
orderings are not strict, since in some cases there is a lack ofexperiments for the vertical ionization of negatively charged
accurate experimental data or no experimental data at all. cjysters®® In contrast to the behavior observed for small Hg
Leaving aside the special case of;B&one observes that the  custers, where the correlation contribution to the IP decreases
actual ordering of the binding energies is roughly predicted by rapidly and disappears for Hgit remains approximately
the London formula. The reason is that the covalent contribu- constant at a value of 0.5 eV for the Sr clusters. This is similar
tions to bonding, cf. Figure 1, obey essentially the same trendto the Yb case, where electron correlation effects remain
as the van der Waals contributions predicted by the London constant at about 0.3 eV.
formula. In our opinion is not possible to estimate the strength  pore interesting than the individual properties IP and EA is
of bonding in the larger group 2, 12 or Yb metal clusters their difference BG= IP — EA shown in Figure 5. In solids
exclusively on the basis _of atomic and dlatomlc data, e.g., Sr BG is identical to the band gap and in a one-particle picture it
and Yb clusters, according to all that was discussed above,corresponds to the splitting between the highest occupied and
should behave very similarly, however already when going from the |owest unoccupied orbitals (molecules, clusters) or Bloch
the dimer to the trimer a large difference in the cohesive energy fynctions (polymers, solids). We adopt the definition B&
is observed (Figure 2). IP — EA for clusters in order to go beyond the one-particle
3.3. lonization Potentials, Electron Affinities, and Band picture, i.e., to include electron correlation effects. For the
Gap. Vertical ionization potentials (IP) and electron affinities clusters one has a predominant van der Waals interaction for
(EA) of Sy have been calculated by CCSD(T) and CI($SEC the dimers (BG> 0) and a metallic one for the bulk (B& 0).
for n < 8 and only CI(SDYSEC forn > 8. The size- For values In between, covalent contributions arise and a
dependence of IP is presented in Figure 4. The results for groupdecrease of BG with increasing cluster size is observed.
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10 ——————— . T ; . respectively, indicating an essentially equal importance of p and
d functions. The significant increase of the maximum ELF value
9r ] between the atoms is accompanied by an increase of the electron
density between the atoms as it is obvious from the shape of
81 A | the contour lines in Figure 6&c. In contrast to the previous
7t ) A..’-*A" HE i analysis of the structure and the cohesive energy we calculate
~ A__ﬂ,.,ﬁ'" ZHV/Q ELF here and in the following for the equilibrium structure
L 6t Hea Cd " determined with the best basis set at the CCSD(T) level.
%2 Even stronger covalent bonding occurs fog, ®.g., as it is

571 . visualized by the red-white interatomic region of high ELF
V\V/V/V/V values in Figure 6d, which also exhibits a local maximum
4r Yb —=6] (ELF = 0.89). Similar to Yk, the maximum somewhat deviates

from the interatomic axis. This behavior is well-known from

3 P -os B covalently bound systems with high strain, e.g., carbositane,
5 Sroee™ ., . . . where the possible bonding angles of thé Ispbridization do
13 10 8 7 6 5 4 3 not agree with those dictated by the number and positions of

n the neighbor atoms. Again, using the reduced (5s5p6d) basis

Figure 5. The band gap BG= IP — EA (eV) for Sr, Yb, and the set lowers the ELF maximum by nearly 10% (EEF0.81),
corresponding group 12 clusters. The symbols have the same meaningand p and d orbitals contribute equally. The maximum ELF
as in Figure 2. The dotted line for Hg denotes PDMC results from ref yalues are 0.58 (Figure 6e) and 0.56 (Figure 6f) for (5s5p) and
4. (5s6d), respectively.

) ) o The situation is quite similar for $(Figure 6g). Note that
Therefore BG is also a suitable quantitative global measure of again the position of the 3D maximum is not exactly in the
covalent contributions to bonding in clusters. It will be shown depicted plane containing three atoms. The maximum ELF
below in the analysis using ELF that the local bonding yayes are 0.77, 0.60, and 0.57 for (5s5p6d), (5s5p), and (5s6d),
characteristics within a cluster may depend on the environment respectively. Similarly, for Sr(Figure 6h) ELF values of 0.79,
of the atom under consideration. BG significantly decreases from g8 and 0.62 are observed. Summing results obtained for Sr
Srz 10 Shz by 1.54 eV and therefore the overall covalent 4, s the analysis of bonding by means of ELF in connection
contributions to bonding considerably increase. However, the yith various truncated basis sets is in line with the corresponding

BG is still 2.29 eV for Stz and there is a long way t0 9o 10 findings for structures and cohesive energies. Both p and d
reach metallic behavior. It should be noted that the DFT gppitals are of significant importance in Sr clusters.

calculations of Qureshi and Kuniayield a band gap below To compare the covalent contributions of p and d orbitals
0.1 eV for 553- Expenmentali dgta Is needed to decide which ith those in Yb clusters, ELF pictures with and without d
approach yields a more realistic picture. functions have been produced fors $Figure 6h and 6i) and

3.4. Bonding AnaIySiS USing ELF.The pI’OpeI’tieS studied Yb5 (Figure 6J and 6k) For Comparison Znexr“bmng a
so far are global in character and their evolution with increasing significantly lower covalency, is also shown (Figure 6l). It
cluster size allows one to draw conclusions with respect to should be noted that in contrast to Sr and Yb clusters the
bonding in the systems as a whole. However, even in larger influence of d functions on the ELF pictures of Zand other
elemental clusters one may have different bonding situations group 12 clusters is almost negligible.
depending on the position of the atoms in the cluster. One of | the case of the bicapped tetrahedral structure gffSgure
the major advantages of ELF is that it can directly reveal the 6m shows a p|ane which includes the two cap atoms and two
local character of bonding between two atoms. In general a low- tetrahedral atoms. The covalency within the tetrahedral skeleton
valued saddle point exists in the ELF values between two atoms(ELF = 0.73) is slightly lower than in the corresponding, Sr
for a pure van der Waals interactions, while a high-valued ¢|yster (ELF= 0.81), although the bond lengths are nearly
maximum occurs for typical covalent interactions, i.e., one can jdentical (4.02 vs 4.01 A). However, the covalent interactions
easily distinguish between van der Waals and covalent interac-petween cap atoms and tetrahedral atoms (ELB.89) are
tions._ _Therefore ELE is especially suitabl_e to investigate the slightly stronger despite the larger bond length (4.12 A).
transition between different types of bonding. Two especially interesting cases are ELF pictures of the
Figure 6a shows ELF for &rA maximum of ELF= 0.67 pentagonal bipyramidal $and the icosahedral Srstructures.
between the two atoms is observed, which is qualitatively The two axial atoms of Sipossess the shortest bond distance
different from the group 12 and Yb homonuclear dimers where among all the clusters considered in this work (3.88 A). Figure
saddle points were present (EEF0.05, 0.05, 0.06, and 0.29  6n shows a region of high ELF values squeezed together
for Zn,, Cdb, Hg, and Yh, respectively). This is a clear between the cores of the axial atoms. As already mentioned,
indication of covalent bonding contributions in,Sand to a  the short distance between the two axial atoms gfr&sults
lesser extent in Y whereas the group 12 dimers are still from the fact that there are five axiaéquatorial interactions
dominated by van der Waals interactions. Qualitatively a similar for each axial atom. An ELF picture for Riis shown in Figure
conclusion was obtained by a completely independent method,60. The plane includes the center and four surface atoms.
i.e., the analysis of charge fluctuations (Figure 1]), however Regions with high ELF indicating a high covalency (EEF
quantitatively the differences in the character of bonding appear 0.77) are visible between the center and the other two adjacent
to be more dramatic for ELF. An interesting problem is to surface atoms.
analyze which atomic orbitals (p, d) are mainly responsible for
the covalent bonding contributions in,SUsing a (5s5p6d) basis 4. Conclusions
set the maximum ELF value is 0.61, i.e., 10% lower than for  Strontium clusters with up to 13 atoms were investigated by
the full (5s5p6d3flg) basis set. The reduced (5s5p) and (5s6d)quantum chemical ab initio techniques using a scalar-relativistic
basis sets yield values of 0.39 (Figure 6b) and 0.38 (Figure 6c¢), pseudopotential, a core-polarization potential, large valence basis
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Figure 6. 2D plots of ELF. The ELF values are encoded by colors and overlayed by contour lines of the electron densities. The outmost contour
line of 0.001 au indicates the approximate size of the cluster. The plots refer to PP(10) calculations unless otherwise noted w@tbfa)l,Ssp,

and sd basis sets; (d,e,f) equilateral triangular structure ofvien full, sp, and sd basis sets; (g) surface of the tetrahedral structure;dh3y

equatorial plane of the trigonal bipyramidal structure af\@ith and without d orbitals; (j,k) as (h,i) but for p(l) as (h) but for Zg (PP(2}+CPP
calculation, pseudo-core orbitals added; (m) section through two cap atoms and two tetrahedral atoms of the bicapped tetrahedral stucture of Sr
(n) section through two axial and one equatorial atom of the pentagonal bipyramidal structure(of Section through the center and other four

atoms of Sys.

sets and a coupled-cluster correlation treatment. In agreementontribution than the previously investigated Yb clusters. In
with experimental evidence Sand Sy have been found to be  qualitative agreement to previous conclusions of other authors
especially stable, whereas;$is not. The analysis of global  based on calculations using the local density approximation,
properties such as the cohesive energy per atom or the bandhe 4d orbitals appear to be at least equally important to the 5p
gap defined as the difference between ionization potential and orbitals for bonding in Sr clusters. These findings are supported
electron affinity, as well as the local information provided by by a bonding analysis using the electron localization function
the electron localization function, indicates that small to for the Hartree-Fock wave functions at the equilibrium
medium-sized Sr clusters have a stronger covalent bondingstructures determined by correlated calculations.
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