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Mixed metal clusters of sodium and cesium with gold have been generated in a supersonic
expansion from the mixed vapor phase. Their tendency towards binary cluster formation, relative
thermodynamic stability, and ionization potentials have been experimentally and computationally
investigated. The properties of the Mal clusters may be understood within an electronic shell
model based on delocalized cluster orbitals, whereas the characteristicsAof &e indicative of
substantial ionic interactions. Relativistic density functional calculations have been performed to
elucidate the cluster electronic structure and to rationalize observed properties which may not be
accounted for by the jellium model. The properties of these finite-size clusters are shown to be
related to the known bulk intermetallic compounds sodium—gold and cesiumagddim aurigl
respectively. ©1996 American Institute of PhysidsS0021-960806)01837-3

I. INTRODUCTION tallic NaAu and KAu are more complicated and still not fully
elucidated1%1>while all of these compounds are stable,
One of the goals of cluster science is to identify unifying the heat of formation decreases from LiAu to CSACSAuU
concepts of matter at the molecular and the bulk limit. Onecan only be prepared in high vaculiand is extremely sen-
hopes that the microscopic approach to understand macrgitive to oxygen and moistur.
scopic phenomena will help separating local from collective  Considering the very characteristic properties and trends
contributions to properties of bulk materidihe aim of this  reported for alkali—gold compounds, we set out to investi-
study is to specifically address these questions for one patate their finite-size analogs, the alkali/gold bimetal clusters.
ticular class of clusters—the bimetal clusters—and to relatg¢dere, we focus on monogold alkali clusters,All. Two
cluster characteristics to the properties of the correspondingystems were selected which, at the bulk limit, lie either
intermetallic compounds. clearly on the metalli¢Na/Au) or on the ionic(Cs/Au side
Over the last 30 years many fascinating structural andf the metal—-nonmetal transiticdNMT). The motivation
unusual electronic properties have been found in intermetakor this research pertains to fundamental and material science
lic phase$™ Among other materials, stoichiometric 1:1 oriented aspects. The study of theoretically tractable, small,
alkali—gold compounds have attracted particular atterfi8n. and isolated bimetal clusters should shed light onto the na-
Proceeding through the alkali metal series from LiAu toture of heterometal bonding. In the long run, these kinds of
CsAu, a metal-insulator transition occurs upon going fromstudies are expected to lead to a deeper understanding of the
KAu to RbAu'° Solid CsAu is known to be a semiconduc- electronic and structural properties of intermetallic com-
tor with an indirect band gap of 2.6 €¥.The formation of  pounds and liquid alloys such as their ionicity and local
the gap can only be modeled if relativistic effects are in-order’® Furthermore, the single gold atom acts as a well
cluded in a band structure calculatithin addition, this  defined perturbation to the alkali cluster and allows one to
solid is found to have strong ionic character with gold beingtest the range of applicability of the electronic shell model
the negative ion. This appreciable charge transfer from cefor metal clusters. Finally, highly stable bimetal clusters are
sium to gold is attributed to the large difference in electronpotentially important building blocks for future cluster as-
affinity of the two element$? Also of interest are the struc- sembled materials.
tural properties of alkali-gold compounds. RbAu and CsAu  The present work was conducted along both an experi-
adopt the octo-coordinated CsCl struct(fé,analogous to  mental and a theoretical line. Experimentally, relative ther-
ionic CsBr or Csl crystals, whereas the structures of the memodynamic stabilities together with ionization potentials are
presented for selected cluster sizes. To assist in rationalizing
Ipermanent address: NésResearch Center, Department of Food Technol- SOMe of the experimental findings, in particular those outside
ogy, CH-1000 Lausanne 26, Switzerland. the scope of a jellium model, we carried out quasi-relativistic
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density functional calculations continuing our previous quanthin-walled tube(1 mm thicknesp with a second, smaller
tum chemical studies on mixed metal clustérSome struc- gold containing cartridgé~15 cn?) which can be radia-
tural information was obtained by a symmetry constraint getively heated to a maximum of 1800 K. The mixed metal
ometry search on a series of selected clusters. The resultingipor expands through a 30° conical/0.5-mm-diam nozzle
structural models are in good agreement with experimentahto the vacuum where cluster growth occurs under condi-
observations. Moreover, atomization and fragmentation entions of high supersaturation via homogeneous nucleation.
ergies as well as first ionization potentials, electron densities)Vith proper choices of materials and insulations, a differ-
and dipole moments have been calculated in order to achievence in temperature of 1000 K can be maintained during the
an overall characterization of the cluster electronic structuremeasurements.
For the Na/Au coexpansion the large cartridge was filled

Il. EXPERIMENT with 20 g of sodium and heated to 1100(fy,~450 Torp.

i , i The high-temperature cartridge was loadechvéitg of gold
_ The experlmen_tal methods usec_j for this rgsearch mc_ludgnd heated to 1800 Kp,,~0.05 Torj. Once the final tem-
(i) cluster generation by supersonic expansion of a mixe(yo at res of hoth cartridges were reached, stable experimen-
metal vapor from a high-temperature two-chamber oven ung,; ¢qngitions could be maintained for about 80 min.
.der' we'll characterized thgrmodynamlc condltlo(ms,photo—. The CsAu clusters were generated in a different way.
ionization and electron impact mass spectroscopy at fixeqyg gifficulties normally encountered when handling pure
photon and electron energies to obtain the relative thermoéesium metal were circumvented by synthesizing metallic

dynamical stabilities of the generated clusters, @nimea-  ojymin situ from calcium and cesium chioride by the fol-
surements of photoionization efficiendIE) curves from lowing reaction:

which vertical ionization potentials are extracted.
900 K
A. Experimental setup 3 Ca(c)+CsClc) —— 3 CaCh(c)+Cqg)

The experimental setup has been previously described AG®g,=9[kJ mol 1].
and only cursory details are given héPe?? The mixed
metal clusters have been studied in a molecular beam appa- The equilibrium constant thus predicts about 220 Torr
ratus which consists of a source chamber and an analysfss vapor pressure at 900 K. The cartridge was filled with 95
chamber. The two chambers are separated i mmskim- 9 of CsCl and 17 g of C&Cs/Ca mol fraction of 1,8and the
mer and were pumped diﬁerentia”y to pressures gﬂ@76 Salt was Carefu“y mixed W|th the metal. Th|S was done in‘
and 5<10°7 Torr, respectively. For mass spectral analysisside a dry box to prevent the vacuum packed calcium metal
the neutral cluster beam was ionized within the ion extracfrom incurring an oxide layer. The cartridge was then trans-
tion region of an Extrel C50 quadrupole mass spectrometdrred into the oven and heated to approximately 90@20
(upper mass limit of 4000 amwuThe ionizing light source Torr). As for the Na/Au expansions, the small cartridge was
was the outputfa 1 kW Xe arclamp (unstructured emission filled with 6 g ofgold and heated to 1800 K. Once the final
spectrum below 380 nhwhich was dispersed through a 0.25 temperatures of both cartridges were reached, about 50 min
m monochromatoPTI; 1200 lines/mm, grating blazed at of stable beam conditions were available for experimenta-
300 nm. The spectral resolution was set either to 16.6 nfion. Besides mixed G#u, clusters, chlorine containing
full width at half maximum(FWHM) to measure mass spec- species were also generated in the expansion. These will not
tra, or 6.6 nm for obtaining the photoionization efficiency be discussed here.
curves. For subsequent normalization, the photon flux was
measured with a calibrated EMI 9783 B photomultiplier. For
electron impact mass spectroscopy the electron energy Was rrom mass spectral abundances to cluster
set to 27 eV. After mass separation the ion current was anstapilities
plified with a dynode/channeltron combination and the signal

was then transferred for further processing to a PDP 11/73 To_conne.c.t.mass spectral ion abundances with thgrmo-
computer. dynamic stabilities of the neutral clusters, several experimen-

tal questions have to be addres$&d®? First, one has to
make sure that the neutral size distribution reliably reflects
differences in thermodynamic stability. Extensive studies
In previous experiments on bimetal clusters both metaldhave previously been performed to assess the impact of the
were added inside a single resistively heated resefupper  source temperature and nozzle geometry on cluster-size dis-
temperature limit 1250 K precluding an independent con- tributions and cluster temperaturés! In the experiments
trol of the vapor pressures of the two metals®In addition,  reported here, the source conditions were chosen such that
the ratio of the vapor pressures varied during the experimenthe neutral size distributions reflect, as close as possible,
These limitations have now been overcome by introducing aelative thermodynamic stabilitieSecongdfor mass spectral
new two-chamber oven which consists of two separateldetection, clusters have to be ionized, rendering the mea-
heatable cartridge®.A first, large cartridgé~50 cnt) used  sured ion current a function of the ionization cross section of
for the evaporation of the alkali metals can be resistivelythe corresponding cluster. A procedure was devel@réd
heated up to 1250 K. It is connected via a 25-mm-longwhich, provided the PIE curves are known, allows for the

B. Cluster generation
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FIG. 1. Representative photoionization mass spectra of mixgdalus- FIG. 2. Representative photoionization mass spectra of mixgluglus-

ters. The clusters are generated in a two-chamber oven. The mixing ratio aérs. All procedures are as described in the caption to Fig. 1, except that the
the two metal vapors is controlled via the temperatures of the chambers, ortemperature of the Cs chamber is 900 K and that thAGsclusters are
containing alkali and the other gold metal. The temperature of the largéonized at 350 nn{16.5 FWHM).

chamber containing sodium is 1100 K. The small gold chamber is kept at

1800 K, corresponding to a vapor pressure of 0.05 Torr. The clusters are

ionized wih a 1 kW Xe arclamp (unstructured emission spectrum below . . . . . .
380 nm), dispersed through a 0.25 m monochromagrl; 1200 lines/mm, tion in these expansions 1s the prOdUCtIOI’l of pure cesium
grating blazed at 300 nmThe NaAu, clusters are ionized at 300 né#6.5  clusters. The observed chloride clust¢@s,Cl, CsAuCl)

FWHM). which appear as additional peaks will not be discussed in this
work.

correction of the mass spectra for relative photoionization As shown in the experimental section, measured mass

cross sections and at the same time reduces contaminatiIézf:?(ii(:trr]""I |rnten3|t|e:*i, hnavitcf) tr)e corr:elcteid rf]orrrelat:\é(ienph:)tlolgc—
from fragmentation. ation cross sections before conclusions regarding relative

stabilities of the neutral species can be dr&¥# The cor-
D. From photoionization efficiency (PIE) curves to recteq intensity di§tribytions of NAu and C§Au are shown
ionization potentials (IP) as _stlck spect_ra in Figs. 3 ar_1d 4, respecnvely. Theg_e_ are
) ) . ) _believed to reliably reflect relative thermodynamic stabilities
Despite extensive theoretical and experimental eVipf the neutrals. The multimodal distribution of neutral
dence’?~**the connection between the PIE curve of a clustefa Au stabilities(Fig. 3 shows a first relative maximum at
and its vertical or adiabatic ionization potentit®) is neither  Na.Au and a second absolute one atya which are both
unique nor straightforward. The complications arise from the
fact that ionization induced fragmentation, temperature, iso-
mer distribution, and the electronic and vibrational spectra of
the neutral as well as the ion are usually not known. There-
fore, different assignment procedures have been proposed—
which are believed to yield internally consistent relative ver-
tical 1Ps3273° Here, we apply the assignment procedure
termedpseudo-Watanabehich in the past has proven to be
rather robust and reliabfé.

Ill. RESULTS

Figure 1 shows a photoionization mass spectrum from a
mixed sodium/gold expansion. It is dominated by the pres-
ence of NgAu,. Heteroclusters with up to five gold atoms | |
are observed. The mono- and digold heteroclusters show a | | L
strong multimodal distribution. Such a clear size dependence 200 ' 300 ' 400 500
of cluster intensities is not observed for heteroclusters with
three or more gold atoms. On the other hand, the mass spec-

trum of a cesium/gold expansion at similar vapor pressureEIG. 3. Corrected intensity distributions of mixed )a clusters. These

(Fig. 2) re\_/eals a Strqng GAu mass peak and only hete.ro_' spectra reflect as close as possible the neutral cluster distributions prior to
clusters with one cesium atom are detected. Another distindenization(see Ref. 28

Norm. Ton Signal [ arb. units

Mass [amu]
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FIG. 4. Corrected intensity distributions of mixed 88 clusters. These

spectra reflect as close as possible the neutral cluster distributions prior /G- 5. Intensity-normalized photoionization efficiency curves forAa
ionization (see Ref. 28 and CgAu, x=7,8,9. Details concerning measurement and assignment of

ionization potentials are given in the text. The spectra are obtained at a
monochromator resolution of 6.6 nm. The vertical ionization potentials,
given in Fig. 6 and Table I, are extracted from the near-threshold regions

. . . within 0.5 eV of the ionization onset using pseudo-Watanabe fdets Ref.
followed by flat areas of low intensity. Essentially no,Ra 32). 9P

clusters are formed beyond pfeu. In contrast, the multimo-
dal CsAu distribution (Fig. 4) is dominated by CsAu and

Cs,Au which are the two smallest clusters with, 88 clus- is reversed, showing a larger ionization potential for
ters extending up to about GAu. Strong drops in intensity CsAu than for CsAu. In this mass range the ioniza-

are found after Cgwu and CgAu—analogous to tion potentials of the cesium—gold heteroclusters are
Na Au—yet with maxima shifted down by one alkali atom, up to 1 eV smaller than the ones of the corresponding
at CsAu and CgAu. The appearance of CsAu in Fig. 4 sodium—gold heteroclusters due to the lower binding

deserves particular attention. This species is not present in energy of the cesium atom valence electron.
the photoionization mass spectruiffig. 2). The reason for (iii) With cluster intensities of one order of magnitude

this is its low ionization cross section at 350 nm. Its relative larger and heteroclusters with up to five gold atoms,
stability is estimated from a cluster distribution ionized by the gold and sodium have a substantially higher ten-
impact with a 27 eV electron beaff\. dency towards heterometal bond formation and aggre-

Photoionization efficiency curves are measured for the gation than their cesium/gold counterparts. This be-
most stable clusters. They are shown for,Ala and CgAu havior mimics the trend in the corresponding bulk
(x=7-9 in Fig. 5. Using a procedure described in Ref. 32, heat of formation value¥

the ionization potentials are determined from the low-energy

onsets of the_ PIE curves. These are tab_ulated in _Table _I and, piscussion

shown graphically in Fig. 6. For comparison, published ion-

ization potentials of Naare also included in Table I and Fig. ~~ Our primary motivation for this work is to elucidate

632 electronic and structural properties of mixed metal clusters
The most important experimental results can be summaand to correlate trends and features at the nanoscopic limit

rized as follows: with bulk properties. The¢alkali),Au clusters are here a par-

(i) Neutral monogold heteroclusters of sodium and ce-
sium show strong stability maxima at s and  TABLE I. lonization potential{IPs) of Na,_;Au and Cg_;Au clusters(in
CsAu, respectively. In cesium/gold expansions eV). For comparison, we also include the IPs of pure sodium clustegs Na
CsA " th t stabl luster in the higher m ' from Ref. 32 which have been measured and analyzed by the same method
SAU IS _e mos_ Sta e_ cluste € nignhe assas used in this work.
range, but its dominance is much less pronounced. At
variance with this experimental finding, s is cal- X Na, Na,_,Au Cs._,Au

culated to be the most stable cluster in the high mass

3 3.90 3.24
range(see Sec. B 4 4.24 3.40
(i)  The ionization potentials of the sodium—gold hetero- 5 3.99
clusters NgAu (x=7-9 are similar to those of iso- 6 4.23
electronic pure sodium clusters, with the known odd— 7 4.03 4.01
even effect and a drop of the ionization potential g g:ég ‘31:;2 3:22
when going from the octamék=7) to the nonamer. 10 3.84 3.97 201

In contrast, for CsAu (x=7-9 this odd—even effect
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ticularly attractive system. One is able, on the one hand, to 4.5
relate our findings to a large body of experimental and theo-
retical work on pure and mixed monovalent clust€r¥ 38
On the other hand, the properties and trends of alkali/gold | I/'\
intermetallic compounds can hopefully provide clues for an / e
interpretation of the NgAu and CgAu cluster dat&. 4 e 10 \ 0
In a first part(Sec. A the experimental results are dis- I
cussed within the framework of a spherical shell model. In a 1 o /
second partSec. B extensive quantum chemical calcula-
tions with inclusion of relativistic effects provide a solid ba-
sis for the interpretation of the experimental results. Finally,
in Sec. C, we compare the properties of the mixed-metal | 10
clusters to those of the corresponding alkali—gold intermetal- 10
lic compounds. 1o

3.5

IP [eV]

IO

10
A. Electronic shell model | NaX 1Au

A widely used approach in the interpretation of monova- 0Cs .Au
lent metal cluster data is the jellium mod&f®~*! Experi- 25 x-1
mentally, the electronic shell structure can be demonstrated ' 3 5
in several ways. An often discussed probe is the measure- X
ment of mass spectral intensity distributions where maxima
are expected at shell closings. A more direct probe is the

. . - . . FIG. 6. lonization potentials of Na;Au and Cs_;Au plotted against the
determination of ionization potentials. Both these approachet%tal number of atoms (equal t'(\)l the numbef 0# valence electrprior

have been used here. comparison we also include the ionization potentials of Mam Ref. 32,
measured and analyzed according to the same procedure.

1. Mass spectral intensity distributions

The corrected mass spectrum of,Na (Fig. 3) shows a
pronounced maximum followed by a ledge atyNa (10

valence electrons Ten-electron maxima have already been

observed in the past and interpreted via a modified leveftPPlied in the4ga5t to e4>éplain resultfe for cgmpound (;Iusters
order relative to pure alkali cluste?$?%%? Assuming the SUch as GO, NaO,, ™ and NgCl.™ Stabilities and ion-

single gold atom is sitting at the center of the cluster, its'Zation potentials are nicely interpreted, assuming that each

higher ionization potential causes a depression of the poteﬁ)_xygen(chlonde consumes twgong electrons from the sea

tial well at the center. This leads to a selective stabilizationof delocalized electrons of the alkali clusters. Referring to

of ns states and eventually to a reversal of ttd#2E levels the large d_iff(_arence in electron affinity between Cs andAu,
(level order: k,1p,2s). The mass spectral distribution of the we may similarly assume that _the gold atom takes up one
CsAu clusters shows a ledge at Bsi as well (less pro- valence electron from the cesium cluster to form a filled

nounced than for N&u). However, the relative intensity s-orbital_ (an “inert” pairt), D.(e]4f145d106.52' The CsAu
maximum oceurs for Gau cluster is then more appropriately described a$Ais or

Cs,_;(CsAu and stabilities are derived from the shell struc-
ture of Cg or Cs._;. The very intense peaks for CsAu and
Cs,Au are indeed suggestive of the existence of a stable
One straightforward observable of the shell structure i<CsAu or CsAuCs block inside CAu clusters, i.e., a Cs-
the ionization potential and its trend as a function of clustersolvated CsAu heterodimer or CsAuCs trinfanalogous to
size#14344 An odd—even alternation is predicted, clustersknown dialkali monohalides” Similar arguments might
with an odd number of electrons having a smaller IP tharalso be invoked for NgAu clusters, since the difference in
those with an even number. Up until now all IP measure-electron affinity is again substantf&iThe ledges in the mass
ments on pure or mixed monovalent clusters conform to thispectra at NgAu, NagAu and CgAu would thus correspond
prediction, including the values for Mau reported here to 2 and 8 e closed shell alkali clusters.
(Fig. 6). Turning our attention to the Cs/Au system, we see  Based on the experimental database presented here, it is
that this trend is reversed in the rangeAs, x=7-9. The IP  not possible to choose definitively between a pure jelliumlike
of Cs;Au is larger than those of GAu and CgAu. model or one containing partial ionic interactions. However,
A shell model in which alk valence electrons contribute the following theoretical description indicates that the inert
to the sea of delocalized electrons seems appropriate to dpair model is well suited only for GAu clusters, while for
scribe NgAu mixed clusters. On the other hand, the reversedhe NgAu series alls valence electrons contribute to the
odd—even alteration in the ionization potentials of theATs  jellium electron “reservoir.” With this difference in mind,
clusters cannot be understood within a simple electronione may characterize the cluster bonding of,Ala as
shell model. An alternative electronic shell description wasmainly polar covalent and that of @%u as more ionic.

2. lonization potentials
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B. Quantum chemical investigations
1. Model aspects and computational details

It is well known that the electronic structure of gold
compounds exhibits significant relativistic effe¢fsThere-
fore, the present alkali gold clusters require a quantum
chemical method which allows the inclusion of such relativ-
istic effects. We have chosen the scalar relativistic valfant
of the “first principles” linear combination of Gaussian-type
orbitals density functiongL.CGTO-DF) method® which has
been shown to provide an efficient, yet accurate approach to
the electronic structure of gold compourtds? We per-
formed all-electron self-consistent fiel@CH calculations
using the local density approximatiofLDA) to the
exchange-correlation energy functional as suggested by
Vosko, Wilk, and Nusairf(VWN).>® After self-consistency
had been reached, the total energy was evaluated for the
resulting electron density employing gradient corrections to
the exchang¥ and to the correlatioi”*® energy functionals
according to the generalized gradient approximati@GA).

This approximate procedure for taking into account “nonlo-
cal” corrections to the exchange-correlation energy is quite
economical, yet often of sufficient accuratly.

The orbital basis set for Au, (3117p,11d,7f ) con-
tracted to [1%,10p,7d,3f], was taken as in our previous
work.%® A basis set of the type (58p,1d)—[6s,5p,1d] (d
exponent: 0.122 was used for N and a
(23s18p12d)—[13s11p6d] basis set for C§° All orbital
basis sets were contracted in a generalized fashion using
relativistic LDA atomic eigenvectors. The accuracy of the
bas?; sets may be judged by the rather Sma" ba-'Sis. set SUp%I;EB 7. Optimized geometries of Mau and CgAu clusters from density
position error(BSSH for the calculated dimer binding en- func.tio-nal calculations employing a gradient-corrected exchange-correlation
ergy of NaAu and CsAuabout 0.01 &Y. In the LCGTO-DF  fynctional (see text Bond lengths are in A.
method two auxiliary basis sets were used to fit the electron
density and the exchange-correlation potential. These fitting
basis sets were constructed in a standard fadhfoom the  light magnesiumpreferentially occupies the central position
exponents of the various orbital basis sets. of the cluster. Therefore, to reduce the computational effort,

The cluster geometries were optimized at the relativistiove restricted our calculations to geometries which feature a
gradient corrected level of the theory. Since no analytic grahigh coordination of alkali atoms around gold, with one ex-
dients of the total energy were available for the relativisticception to be discussed below in more detail. Comparing the
variant of the LCGTO-DF method, the energy minimizationresults for the clusters Mu, M=Na, Cs, in B, and G,
had to be carried out employing a cyclic strategy involvingsymmetry(Tables Il and 1) we note that the binding energy
each degree of freedom under an imposed symmetry coris noticeably higher for the case where gold is higher coor-
straint. The search was stopped when all interatomic disdinated. The latter symmetry has been included to allow a
tances were altered by less than 0.005 A. Once the equilibmore direct analysis of the charge distribution in the clusters
rium geometry had been determined, the cluster bindings the other symmetries prevent the formation of a nonzero
energy was analyzed by calculating the cluster fragmentatiodipole moment(see below. However, the geometric struc-
energy, i.e., the energy required to formally abstract the goldure of all the alkali gold clusters investigated is not expected
atom from the otherwise unchanged alkali moiety, as well aso be rigid, but rather fluxonial, characterized by potential
atomization energies of the whole cluster and of the alkalenergy surfaces with several shallow minima of comparable
moiety. lonization potentials were obtained at tASCF  depth. The methodology employed here would have ren-
level as differences of the corresponding total energies.  dered a global search of such a surface rather expensive, if

In the present investigations we considered theAda  not impossible. On the other hand, the electronic structure is
and CsAu clusters in both B, and G, symmetry, NgAu not expected to significantly change for moderate geometry
and CgAu in D,q symmetry, and NgAu and CgAu in Dy,  alterations, as suggested by the more detailed comparison
symmetry(see Fig. 7. The symmetry constraints were cho- carried out for the mixed-metal cluster §1° Under these
sen based on the results of a previous, more elaborate thecircumstances, a constraint symmetry optimization seems to
retical comparisol? between NgMg and NaPb clusters, provide an acceptable compromise between accuracy and
which indicated that the heavy hetero-atdifferently from  computational expense.

J. Chem. Phys., Vol. 105, No. 13, 1 October 1996
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TABLE II. Calculated atomization energiesE,, and fragmentation ener- TABLE Ill. Calculated atomization energieSE, and fragmentation ener-
gies AE;, for various processes are shown together with calculated andjies AE;, for various processes are shown together with calculated and
experimental ionization potential$P) and the highest occupied molecular experimental ionization potential$P) and the HOMO-LUMO gapAe for
orbital (HOMO)-lowest unoccupied molecular orbitdlUMO) gap Ae for CsAu clusters(x=7-9 under various symmetry constraints. All energies
NaAu clusters(x=7-9 under various symmetry constraints. All energies are given in eV.

are given in eV.

Cluster Cs-Au CsAu CsAu
Cluster NaAu NagAu NagAu _—
< LC ;ﬁA ZQA Symmetry By Cov Dag Dap

mmetr
ymmery B o “ l AECSAU—xXCs+Au) 527  4.94 5.89 6.49

AE (Na Au—xNa+Au) 721  6.73 8.22 9.15 AE;(CsAu—Cs+Au) 3.50 3.39 3.78 4.16
AE;(Na,Au—Na +Au) 3.96 3.73 3.84 4.62 AE (Cs—XxCs) 1.77 1.56 2.11 2.33
AE_ (Na,—xNa) 3.25 3.00 4.38 4.53 AE_ (1/xCs,—C9 0.25 0.22 0.26 0.26
AE (1/xNa,—Na) 046  0.43 0.55 0.50 IP (calc) 317 324 3.22 3.09
IP (calc) 4.02 4.28 3.70 3.87 IP (exp)? 3.09 3.16 291
IP (exp)? 413 3.75 3.97 Ae(HOMO-LUMO) 0.04 0.52 0.800.1%) 0.65
Ae(HOMO-LUMO) 045 0.73 0.8.1%) 0.84

&This work.
&This work. bGap of majority spin manifold.
bGap of majority spin manifold.
2. Optimized geometries experimentally obtained relative abundand¢€sy. 3). The

gtomization energy of the mixed-metal clusters may be sepa-
rated into two contributions: the fragmentation energy, i.e.,
e energy required to separate the gold atom from the alkali
ragment, and the atomization energy of the remaining alkali
metal fragment itself. In these formal separation processes
the geometry of the alkali fragments is kept optimized for the
ixed-metal cluster. For all sodium clusters investigated,
%Qr:ese two contributions are nearly equal, 3.7—-4.6 eV for the
r

As can be seen from Fig. 7, the Na—Au bond lengths ar
rather constant in the series Ma, x=7-9, while the t
Cs—Au bond lengths are spread over quite a wide range. T
Na,Au bond lengths vary from 2.81 to 3.19 & range of
0.38 A), whereas for C#u, they vary from 3.40 to 5.10 A
(a range of 1.70 A This finding indicates that in the Iyau
clusters the Na—Au bonds are essentially equivalent, while i
CsAu large differences are present among the variou X o

: . : " agmentation energy and 3.0-4.5 eV for the atomization of

Cs—Au bonds. Thls observation provides gddltlonal_ SUppor egalkali fragmentg yFor all Na moieties an average contri-
for the hypothesis suggested by the experimental high abu bution of about 0.5 .eV per sodium atom to the alkali frag-
dance of CsAu and GAu in the molecular beam that spe- - ' ) S

L . : ment stability has been calculat€Biable 1l). At this point it
cific CsAu subunits are present in the largerAs clusters. is worth not)r/\in that the stabilif increz;se ofgna? com-
A direct comparison of the NAu and CgAu clusters is also pared to NaAu gboth in D andycg symmetry, is essen
; . . e , h v , -
:tn;og;nt\i[ (leveeﬁ Yr\:glltsv:)h?jif‘?errrgﬁ: sl\lh:_vv:uthbigggzlsclc;s&ssgn|Iar tially due to increased Na—Na interactions, while the stability
the latter exhibits two types of coordination spheres. The firsﬁgm AO f !:lq?:r\;cgco)rpﬁ?s ft.ﬂ dl_\lr??AumaarlsEZ m?;?l};eftr:?atsh?ol-
shell, with a closer Cs—Au distance of 3.83 A, is formed byI ! u Ih : d ! tl ng d?:il q tl Np o f
the six “quasi-axial” cesium atoms. The three “equatorial” ows. when a sodium atom 1S added fo 738 1o form

Cs atoms capping the three rectangular faces of the trigon Ilaﬁg‘u’nctjhe gr%orldll\lnatlﬁn ii?hrereti ar:Oerd Itth?l_thId batom ":’“
prism of the first Cs shell are rather far from the central gold ed and optimal Na—Na Interactions result. 1he subseque

atom (5,10 A these Cs atoms are forming a second sheilt 21 328 P HER B2 ot B RN BERE O
(Fig. 7. With only one coordination sphere in the Ma y

clusters, but more than one in the 88 clusters, one is able :':"zl;% Tp_?r?j:t;%fg\r/;iﬁh;nc doilqCoen;g?nmi/n'gr(g:::'ing s;enc
to explain the distinct ledge following NAu in the experi- P ' 9 gy BA

mental abundance spectrum and the rather dispersed abdﬁ-due t_o markedly §tronger Na—Au Interactions.

dances following CgAu. The calculated Na—Na and Cs—-Cs A similar analysis for cesium clustef$able 11) leads to
bond lengths are somewhat shorter or almost equivalent 0o d|ffere_r1t interpretation of th_e cluster stability. F.|rst, the
the sum of the covalent radii of the corresponding atfins. atomization energy of the mlxed-meta] .clusters Increases
This suggests that the bonding interaction among the alkal long the series by only 0.6 eV per additional cesium atom.

metal atoms might provide an important contribution to themr:)?e:\elgrizgoenIatgggﬁt?gg'gg:&etﬁ |)th§SS;aCb(;lr|,tgeozé?1ieCS
overall cluster stability, as will be discussed in detail in the y : J q '

next subsection. the_cluster fragmentatiqn energy and the a_tomization contri-
bution of the alkali moiety no longer contribute equally to
o the cluster stability. The cesium—gold fragmentation energy
3. Calculated stabilities amounts to about two thirds of the cluster stability, while
As can be seen from Table II, the atomization energieonly one third is ascribed to the Cs—Cs interaction. Thus, in
of the series NgAu, x=7-9, increases by about 1 eV for the NgAu series each Na atom is almost equally strongly
each additional sodium atom in the cluster. This result agregsonded to Au and to the other Na atoms, while inAls
well with the clearly increasing stability as deduced from theeach Cs is mainly bonded to the gold atom, the Cs—Cs inter-
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TABLE IV. Fragmentation energies of Pu (M=Na, Cs; both for B, and G;,) for a separation of the clusters
into the subunits and the corresponding number of alkali atoms M as well as atomization energies of the
fragments MAu and MAu. All energies are given in eV.

M M
Dsy, Na Cs Ceo Na Cs
M;Au—M,Au+5 M 4.07 2.06 MAu—MAu+6 M 4.33 2.29
MoAu—Au+2 M 3.14 3.21 MAu-Au+M 2.40 2.65
M;Au—Au+7 M 7.21 5.27 MAu—Au+7 M 6.73 4.94

actions being much less important. It seems worthwhile talthough the oscillation amplitude is much reduced com-
elaborate this last statement by exploring the influence opared to NgAu. The trends of the ionization potentials may
smaller alkali—gold clusters as substructuréd,=Na,C3, profitably be discussed with the help of an orbital correlation
possibly also as intermediates on the way to a total clustediagram based on the Kohn—Sham levels. In fact, these one-
fragmentation. To this end, the fragmentation energies of thelectron energies may be interpreted as orbital electro nega-
alkali—gold clusters into subunits MAu and,®u and in the tivities via the Slater—Janak theor&fiwhich also provides
remaining free alkali atoms have been calculated, togethex relationship to ionization potentials by invoking Slater's
with the atomization energies of the subunits for bothMNa  “transition state” concep?? In the present case we expect
and CsAu in Cg, and Dy, symmetries(Table IV). Obvi-  the ground state Kohn—Sham spectrum to give a reliable
ously, the atomization energies of the subunits MAu anddescription of the relevant valence shell ionization potentials
M,Au are very similar for sodium and cesiutiey differ at  because the orbitals under study are highly delocalized and
most by 0.25 eV, while the fragmentation energies of the therefore a transition state procedure implies a more or less
starting clusters differ much mogby more than 2.0 eVand  uniform “relaxation” shift to lower orbital energies, keeping
are lower for the cesium clusters. This finding implies thatthe level ordering essentially unchanged.
the contribution to the total cluster atomization energy de- As an example, the orbital correlation diagrams of
rived from the subunit is larger for cesium clusters and mayNagAu and CgAu are constructed with respect to their frag-
be taken as a quantitative indication for the existence ofments in Fig. 8(The subsequent conclusions have been veri-
these subunits. fied also for the other clusters of the present investigation.
The experiments seem to indicate thag&sis the most  The levels can be classified according to the jellium model as
stable cluster in the GAu series, a result which is at vari- (Au 5d'°) 1s?1p®2s*~7 for Na Au and as(Au 5d'%s?)
ance with the present calculations. It is not easy to explairis?1p*~* for CsAu. Of course the assignment of the As 6
this apparent discrepancy between theory and experimenderived orbital, which is in one cag&la) counted as a jel-
However, considering that the difference in mass spectral
intensity between G&u and CgAu is rather small, it is
quite conceivable that the measured relative abundances do
not reflect the actual thermodynamic stabilities with the re-

quired accuracy. The fragmentation of the clusters into -1
smaller subunits could be the principal cause for the devia-

tion from equilibrium. As has already been pointed out -2
above, sodium atoms are much more strongly bonded to each
other in NgAu clusters than the cesium atoms in,8s. -3
This suggests that in the Nau series rather strong Na—Na &

. . I o 4
bonds must be broken in a hypothetical transition state of the =~
fragmentation process. On the other hand, since Cs-Cs £ 5
bonds are significantly weaker in (#81, one expects a lower 5
activation energy for the fragmentation which in turn would
make it substantially more difficult to reach experimental
conditions that correspond to thermodynamic stability. 7
4. Calculated ionization potentials -8

The theoretical ionization potentials of Meu clusters

are.'n. good agreement with the measuremefible 1), FIG. 8. Orbital correlation diagram based on Kohn—Sham energies for the
deviating at most by 0.1 eV. The calculated and measuregssembly of the NAu and CsAu (Da;,) clusters from their fragments Au,

ionization potentials exhibit the same odd—even effect. FoNa and Cs (D3,). Where meaningful, the levels are labeled according to

Cs;<Au the reversed odd—even effect observed in the eXperit-he jellium model; the manifold of Au & orbitals is represented by shad-
owed gray boxes. Filled and open levels indicate doubly occupied and

ments i_s nicely paralleled by the theoretica! resuiteaxi- empty orbitals, respectively; for open shells the unpaired electron is explic-
mum difference between theory and experiment: 0.3, eV itly given as a vertical bar.
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TABLE V. Shifts Ae of Kohn—Sham core level eigenval@ésr Na,Au (Cg,) and CsAu (Cg,) clusters as well
as for the corresponding M#Cg,) moieties. For the alkali atoms, axial and equatorial positions are discrimi-
nated. All energies are in eV.

Na 2p Cs 4 Cs 4p
Core level Au 4 AX. Eq. AX. Eq. AX. Eq.
Na,Au +0.93 +0.63 +0.49
Na, +0.90 +0.35
CsAu +1.96 +0.45 +0.43 +0.45 +0.43
Cs +0.57 +0.32 +0.57 +0.32

aShifts calculated with respect to Kohn—Sham eigenvalues of free atets:4f )=—81.01 eV, e(Na 2p)
=—28.71 eV,e(Cs 4d)=—74.17 eV,e(Cs 4p)=—160.46 eV.

lium 1s level and in the other case n@f9), is a simplifica- NaAu and CsAu, two representative clusters will be com-
tion that relies on the dominant character of this moleculapared in more detail. NAu and CsAu in Cg, symmetry
orbital. Already here we see a principal difference in thehave been selected because they are the only model clusters
Na—Au bonding of the clusters Mau and CsAu. In the  which exhibit a nonzero dipole momefointing along their

first systems, the bonds are of polar covalent-tyjyg¢gh a  sixfold symmetry axis Therefore additional information on
jellium of x+1 electrong while in the second they may be the electron charge distribution in the clusters may be
described as ionictAu~)—(Cs;), where a jellium ofx—1 gleaned from this observable.

electrons is assigned to the Gunoiety. Both the total electron density as well as the differential

The most important finding of the level analysis is thatdensity, i.e., the difference of the cluster electron density and
for Na Au the jellium shell structure is evidefthe levels p  the superimposed fragment electron densite®mic gold
and X are separated by about 0.8 eV indda), rationaliz- and the alkali metal moiety are displayed in Fig. 9. The
ing the maxima for the ionization potentials of the closed-following differences in the total electron densitupper
shell clusters NgAu and NagAu. On the other hand, in panel$ are observed. While in NAu the density is uni-
CsAu the levels $ and Ip are almost degenerate, in line formly distributed among the bonds, in & the density is
with the weaker Cs—Cs interaction. The lower oscillationnoticeably greater along the Cs—Au axial bond than along
amplitude of the ionization potentials in the cluster serieshe Cs—Au equatorial bonds. This is in good accordance with
CsAu is in line with this observation. On the other hand, theprevious conclusions derived from the optimized geometrical
unexpected trend in the series-7—9, hamely a larger mea- structures, which lead us to classify the Na—Au bonds as
sured and calculated ionization potential for the odd-electron
system withx=8 than for the even-electron systems7,9,
clearly shows that a simple rationalization on the basis of
jellium-type shells does not apply in the case ofAs It is
interesting to note also that the one-electron energies of the
highest occupied molecular orbitdHOMO) display the
same trend as the ionization potentials. However, this last
finding may be fortuitous because of the rather small differ-
ences in the one-electron energiesd.05 eV} and since it
may to some extent depend on the assumed symmetry con-
straints.

As a final observation from Fig. 8, it is worth noting the
different energy shifts of the Audborbitals: these levels are
destabilized with respect to the free Au atom, but the desta-
bilization in CgAu is 1.1 eV stronger than in NAu. This
observation suggests that the gold atom carries a more nega-
tive charge in CgAu than in NgAu and this is corroborated
by the very similar shift(1.2 eV) displayed by the Au #
core level. The same behavior has been observed for both the
NaAu and Cg Au series, with differences in the Aulscore
level energies ranging from 0.9 to 1.2 eV thus paralleling
those of the Au 4 core level.

FIG. 9. Total(upper panelsand differentiallower panels electron density
plots for the NaAu and CsAu clusters, calculated with ag symmetry
5. Comparison of Na ,Au and Cs ,Au in C 4, symmetry constraint. The plots display a plane which contains the sixfold axis and two

. . . .. of the six equivalent alkali metal atoms as well as the gold atom. The values
In order to gain a better understanding of the main dif-qf the contour lines are 102 n=3(1)7 a.u.; solid and dashed lines repre-

ferences in the electronic structure of the two cluster seriesent positive and negative values, respectively.
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more or less uniform in the cluster but which pointed to the 0.6 . | . .
existence of Cs—Au subunits in the larger clusters. The latter

hypothesis is also suggested by the experimental data. The 04 | -
differential density plot fof p(Na;Au) — p(Au)—p(Nay)] [Fig.

9(c)] shows that a rather complex charge redistribution oc- 0.2 1
curs in NaAu, whereby the electron density increases on the

gold atom and is depleted on the Neagment moiety. This 0.0 - ]
charge rearrangement is accompanied by significant polariza- 02| |
tion effects both on the gold and on the equatorial Na atoms. :

This leads to a local induced dipolar contribution whose vec- 0.4 | a)
torial sum points from the axial Na to Au, i.e., the gold atom

represents the positive end of the dipole. It is worth noting -0.6 ' ' . :

that these induced dipoles are oriented opposite to the dipole 05 1.0 15 20 25 30

caused by the Na—Au charge separation along the main sym-

metry axis which points from Au to the axial Na atom. The

differential density plot of[p(CsAu)—p(Au)—p(Cs))] is

much simpler: there is a definite and uniform charge transfer

from the Cs fragment as a whole to the gold atom, and no 0.6

induced dipoles seem to be present at all. This differential

density analysis corroborates the previous classification that

while in Na;Au the Na—Au bonds may be termed “polar

covalent”, in CsAu the Cs—Au binding is of ionic character 0.5} .

accompanied by an actual charge transfer between the two

types of hetero atoms. b)
To quantify the charge separation we have calculated the 0.4 1 . ‘ 1 .

dependence of the dipole moment of these two clusters for 205 0.0 05 1.0 1.5 20 25

different positions of the gold atom along the symmetry axis,

keeping the geometry of the alkali metal moiety fixed in the Distance (au)

equilibrium structure(Fig. 10. If a linear variation of the

dipole moment is observed in such an analysis, charges mayG. 10. Calculated dipole moment of Mau (Cg,) (upper panel pand of

be assigned based on the dynamic dipole moment, i.e., on t Au (Cg,) (lower panel b as a fu'nction of the distance of the gold atom

. L. . . rom the base plane of the pyramid.

displacement derivative of the dipole moment, by assuming a

simple model of rigid point charges. In the case ofAlaa

rather linear variation of the dipole moment is found indeed.

The corresponding charge separation is 0.50 a.u. with golchoment has the opposite sign as the charge separation indi-

being negatively charged. This is in good agreement with altated by the dynamic dipole moment. On the other hand, in

previous considerations concerning the cluster charge distris,Au the sign of the dipole moment properly reflects the

bution. However, it should be mentioned that at the equilib-charge transfer implied by the change of the dipole moment.

rium geometry the small dipole mome(@.24 a.u. points  In order to understand this finding, it may be useful to intro-

towardthe gold atom, i.e., the gold atom represents the posiduce the following distinction concerning the polarization

tive end of the dipole. This apparently strange behavior maffects. In NaAu the polarization is deduced from the in-

be understood by considering the local dipole moments caduced dipolegvisible in the differential density plptwhich

ried by the equatorial Na atoms which are clearly visible inlead to the opposite sign of the total dipole moment at the

the differential density plotFig. 9. In CsAu the variation  equilibrium geometry: clearly a large polarization of the

of the dipole moment is not linear at all, but almost constantluster electron distribution as a consequence offtihma-

in the vicinity of the equilibrium structure. This may be ex- tion of the bondbetween the alkali fragment and the gold

plained by assuming that the highly polarizable jelliumlike atom. The linearity of the dipole moment curve suggests that

valence electrons of the equatorials@soiety are apparently the polarization remains rigid with respect togaometric

able to screen the geometrically induced change of the cludlistortion The opposite situation may be pictured forQs:

ter dipole moment which is mainly due to the ADs" sub-  the ionicity of the Cs—Au bonds implies that during the bond

unit. However, for CgAu the orientation of the dipole mo- formation the molecular orbitals are not so mymblarized

ment at the equilibrium geometry is in agreement with abut rather differentlypopulatedwith respect to the frag-

negative charge on the gold atom. ments, as a consequence of the actual charge transfer. In this
In summary, the behavior of the dipole moment is quitecase, the electron charge distribution efficiently screens pos-

surprising: in NaAu the dipole moment varies linearly with sible effects of a geometry distortion as can be deduced from

the displacement of Au, but nonlinearly in s1. This sug- the nonlinear behavior of the dipole moment: this implies

gests that the cluster polarization is higher in the latter casehat the shapes of the molecular orbitals change significantly

However, at the equilibrium geometry of Meu the dipole  with the geometry.

0.7

Dipole Moment (au)
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Finally, as a further assessment of the charge transfesecond (%,1p,2s) and third shell (%,1p,1d) closings. On
inside these two clusters, we performed a core level analysifie other hand, the experimental data opAtsdisagree with
(Table V). In Na;Au the Au 4f core level is destabilized by a purely electronic shell model. The computational investi-
0.9 eV with respect to the value in a free Au atom. Thegation shows an enhanced ionic interaction already for ces-
corresponding Au # core level shift in CgAu is 1.9 eV. iumaurid clusters consisting of less than 10 atoms.

These shifts are consistent with a negative charge on the Au

atom in the cluster, which is larger in £s than in NgAu, V. CONCLUSION

in complete agreement with all previous considerations. The ) )

Na 2p core levels show a destabilization by 0.9 and 0.4 eV A comparaﬂve gas'phase study of two sets of mixed
for axial and equatorial atoms, respectively, when going{i“etal alkali/gold clusters is presented, supplemented by rela-

from the free atom to the Neragment. The(formal) inser- vistic density functional calculations on selected model
tion of a gold atom in N@Au leads to a stabilization of the clusters. Experlmt_entally, NAU_ and C§Au clusters have .
2p core levels of the axial Na atom by 0.3 eV, but to abeen generated via supersonic expansions and their relative

further destabilization by 0.1 eV of thexdevels of the equa- stabilities as a function of size and ionization potentials have
torial Na atoms. These shifts may be ascribed to the electr&ee,n reEoIrIted. galta on hAau are mr:erpret((ajd.wnﬂm an gleg—
static field inside the cluster: the core levels of the axial NaO"i¢ Shell model. In con_tragt, the tren n .t € lonization
atom are stabilized because the,Maoiety is globally posi- potentials for CsAu contraindicate considerations based on
tive, while the core levels of the equatorial Na atoms feel the shell model alone. . .

vicinity of the negatively charged gold atom and the two The results of the electronic structure calculations sug-
opposite effects partially cancel each other. For the @s 4 gest that in NgAu clusters the various Na—Au bonds are

and Cs 4 core levels, very small shifts are calculated, with rather unri:‘_(l)rrr_] and thflit the Nha—Na inte[)acti(;)n Is r?jt_her
the exception of a destabilization of 0.5 eV for both G% 4 strong, while in CAu clusters the Cs—Au bonds may dis-

and Cs 4 in going from the free atom to Gau. This is play large differences, as is expected if CsAu oyALssub-

apparently in contrast with the concept of a globally positiveUNits are present. In Nau clusters the Na—Au bonding is
Cs, fragment, but it should be noted that while the positiveaffected by delocalized electrons which exhibit a somewhat

charge is rather diffuse on the Qsoiety (as can be verified polarized charge distribution with Au being sligh_tly nega-
in paneld of Fig. 9), the negative gold atom is much more tive. On the other hand, the calculated properties of the

compact and may be the actual cause of the calculated cg—%Au clusters are weII_ described by an ionic bonding
sium core level destabilization. model. In general, there is good overall agreement between

the theoretical and the experimental observations.

Throughout the discussion, the correspondence between
the macroscopic intermetallic compounds and their nano-

At the end of the discussion we wish to come back toscopic counterparts has been stressed. In particular, it is sug-
one of our initial motivations for this study—to connect con- gested that properties of 1:1 sodium—gold alloy and ces-
cepts and properties at the nanoscopic molecular limit to thé&umaurid, like their heat-of-formation, electronic delocaliza-
macroscopic bulk limit. The alkali/gold systems are an ideation, and geometric structure, are reflected at the smallest
testing ground for such exploratiofs? pieces of mattet

C. Relations to NaAu and CsAu bulk compounds
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