
11 January 1985, Volume 227, Number 4683 

spectra of most of the other alkali di- 
mers. In view of this interest in metal 

Laser-Induced Fluorescence and 
Bonding of Metal Dimers 

Small metal clusters and related mole- 
cules have been the focus of increasing 
attention in recent years. This interest 
stems, in part, from the broader interest 
in catalysis and from the desire to under- 
stand, on a molecular level, the catalytic 
process. Metal surfaces are efficient cat- 
aly sts for numerous industrially impor- 
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scopic geometry and electronic structure 
of the metal particles. In order to under- 
stand in detail the catalytic action of the 
metal particles, and to answer questions 
such as why Ag4 is an efficient catalyst 
while Ag3 is not, a good understanding of 
the metal particles' fundamental proper- 
ties is needed. Information about the 

Summary. This article describes a technique for the spectroscopic study of metal 
clusters and intermetallic compounds. First, metallic samples are vaporized by a 
pulsed YAG (yttrium-aluminum garnet) laser, and then the gaseous products are 
excited with a pulsed-dye laser until they fluoresce. A time-resolved, fluorescence 
spectrum is then measured by the product. The application of this technique to the 
study of metal dimers is reviewed, with emphasis on recent results from Be* and Crz. 
Studies of such species often yield insights into the chemistry of metals and metal- 
metal bonding. 

tant reactions. It is becoming clear that 
the catalytic activity is a function of not 
only the bulk metal composition but also 
the quality and preparation of the sur- 
face. Perfectly smooth surfaces are often 
relatively inactive as catalysts (1-3). Cat- 
alytic activity is improved by the pres- 
ence of bumps and kinks on the surface 
and, in general, increases with the de- 
gree of material dispersion (4-6). Small 
metal particles exhibit increased catalyt- 
ic efficiency beyond what would be ex- 
pected based on the increased surface 
area. Extremely small, photolytically 
produced silver particles are catalysts in 
the classical photographic development 
process; clusters with approximately 
four silver atoms are the smallest entity 
effective in the catalysis (7). 

Quite clearly, catalytic activity is 
strongly dependent upon the local micro- 

geometry, electronic and vibrational 
structure, and dissociation energies of 
small metal particles is also necessary. 
Of particular interest are the questions of 
how such properties depend upon the 
number of atoms in the cluster and how 
quickly they converge to the collective 
properties of the bulk solid. Much of this 
information is obtainable from spectro- 
scopic studies. Metal clusters have be- 
come a common ground to the otherwise 
diverse fields of spectroscopy, surface 
science, and catalysis. 

Studies of small metal clusters are not 
new to spectroscopy. The first spectrum 
of a metal diatomic, Naz, was observed 
before the turn of the century (8). Only 
some 20 years later was the dimer cor- 
rectly identified (9), but by the end of the 
1930's the spectrum of Na2 was analyzed 
and understood in fair detail, as were the 

dimers in the early days of spectroscopy, 
it may come as a surprise how incom- 
plete the present knowledge about them 
is. For scarcely one half of homonuclear 
metal diatomics are the ground electron- 
ic states well characterized ( lo) ,  and 
only a few larger species have been 
studied spectroscopically. Substances 
usually denoted as metals encompass 
more than 75 percent of the periodic 
table, and they include elements with 
widely varied chemical and physical 
properties. They range from metals that 
are liquid at ambient temperatures, such 
as mercury or gallium, to elements that 
remain solid well above 3000°C. While 
some, such as the alkali, have properties 
making them well suited for spectroscop- 
ic studies-low melting points, high va- 
por pressures, and relatively strongly 
bound dimers-for many others the situ- 
ation is much less favorable, and studies 
of them using classical spectroscopic 
techniques were not successful in detect- 
ing spectra of dimers or higher clusters. 

In the case of nonmetallic elements, in 
particular carbon, quantum mechanical 
calculations now have considerable pre- 
dictive power (11, 12). To a large extent, 
this is due to the availability of extensive 
experimental data-well-established ge- 
ometries, lengths, and energies for vari- 
ous types of bonds, the basic building 
blocks of organic compounds. By com- 
parison of calculations with good experi- 
mental data, the theoretical techniques 
have been continuously honed and re- 
fined. Although the intrinsic speed and 
capabilities of present-day computers, 
coupled with recent advances in theoret- 
ical techniques, should permit calcula- 
tions of similar quality at least for the 
simpler and lighter metal clusters, the 
development of this field is hampered by 
the lack of sufficiently extensive experi- 
mental data. 

More complete and reliable experi- 
mental information about small metal 
clusters-their spectroscopy, geometry, 
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and bonding-is sorely needed. Much 
progress has recently occurred in this 
field, mainly due to new spectroscopic 
techniques (13-22). The work in our lab- 
oratory includes both gas-phase and low- 
temperature matrix studies of small met- 
al clusters, mainly by time-resolved, la- 
ser-induced fluorescence. In particular, 
a technique combining pulsed metal va- 
porization and detection of the products 
by fluorescence (23, 24) was quite suc- 
cessful in providing information, which 
is the main subject of this paper. We will 
first briefly discuss the experimental 
technique and its advantages and then 
cite a few of our recent results. In partic- 
ular we will focus upon Be2 and CrZ 
species that, in the past, were especially 
elusive in terms of both experimental 
characterization and theoretical under- 
standing of their bonding. 

studies with constant-wavelength lasers 
need a high steady-state concentration of 
the metal species, a study based on 

reach the probed region. If necessary, 
the frequency of the laser beam is in- 
creased into the ultraviolet range (fre- 

pulsed lasers requires the sample to be 
present only during the short, 10-nsec 
excitation pulse. 

quency doubled) by projecting the beam 
through angle-tuned KH2P04 and 
KB508.4H20 crystals. The fluorescence 
excited bv the laser is collected with a An experimental arrangement taking 
lens and focused upon a photomultiplier, 
either directly or through a 0.5-m mono- 
chromator. The signal is amplified, digi- 

advantage of this fact, which we use in 
our studies, is shown in Fig. 1. The 
sample, S, in the form of a short, quar- 
ter-inch-diameter cylinder, is mounted 
inside a hole drilled through a copper 
block, B. The block itself is in thermal 

tized in a fast, 10 nsec per channel wave- 
form recorder, averaged, and then fur- 
ther processed by a minicomputer that 

contact with the bottom of a Dewar flask 
of liquid nitrogen. The sample is vapor- 
ized by impinging a YAG (yttrium-alumi- 
num garnet) laser pulse (27, 28) upon it 
through a quartz window, W. The hot 
plasma is immediately diluted with an 
excess of cold helium gas; and the super- 

controls the experiment. 
The amount of sample that is vapor- 

ized is very small; typically, less than 
100 yg of the metal are consumed per 
hour. This, however, corresponds to 
>loi3 atoms per pulse. The relative in- 
tensities of the atomic and molecular 
emissions suggest that, in favorable cas- 
es, up to 10 percent of the atoms are 
clustered and that there mav be >lo1' 

cooled, dense vapor is expanded through 
a 1-mm orifice into the probe region. 
There the gas is excited by the pulsed 

dimer molecules. The number of mole- 
cules available in any given vibronic 
transition will be, at -80 K, some two 

Laser Vaporization of Metals dye laser, which enters and exits the 
flow chamber through baffled sidearms. 
The pulsed dye laser (which typically Spectroscopic characterization of met- 

al clusters is often a nontrivial task. The 
experimental problem can be thought of 
in terms of two separate steps. In the 
first step, the metal vapor with adequate 
concentration of the species of interest 
has to be generated. In the second, the 
molecules have to be detected and char- 
acterized using a suitable spectroscopic 
technique. In traditional spectroscopic 
studies, the metal vapors were usually 
generated by heating the metal in fur- 
naces and ovens while the detection was 
accomplished by optical absorption or, 
less frequently, emission spectroscopy. 

A significant advance was made when 
laser-induced fluorescence was intro- 
duced into the second, detection step. 
The highly monochromatic laser beam 
excites only the molecules in direct reso- 
nance with the laser wavelength, which 
significantly reduces the complexity of 
the spectrum and facilitates its interpre- 
tation. Early studies used fixed frequen- 
cy lasers for excitation and relied on 
accidental coincidences between the la- 
ser wavelength and the molecular transi- 
tions. For example, the elegant and de- 
tailed studies by Zare and co-workers 
have employed argon ion lasers for exci- 
tation of alkali dimers (25, 26). 

Particularly convenient for laser-in- 
duced fluorescence are pulsed dye la- 
sers. They are easy to operate and have a 
wide range of wavelengths that permits 
selective excitation of any particular 
quantum state. The use of pulsed excita- 
tion and detection also offers an opportu- 
nity for improvement of the first step, 
metal vapor production. While absorp- 
tion studies or laser-excited fluorescence 

produces -0.1 to 0.5 mJ per 10-nsec 
pulse, 0.5-cm-' spectral width) is suit- 
ably delayed following the vaporization 
pulse to allow for the time of travel 

orders of magnitude lower. Such semi- 
quantitative considerations show that, in 
a particular quantum state, 10' to 10' 
molecules may be available. 

The fact that such a small amount of 
material is consumed makes it feasible to 

needed by the sampled molecules to 

perform, at reasonable cost, experiments 
with isotopically enriched samples. This 
is particularly useful in the case of some 
heavy metals with a large number of 
naturally occurring isotopes. For Sn2, in 
furnace experiments, the overlap of the 
spectra of the more than 50 isotopic 
molecular species results in a virtually 
continuous absorption. With laser vapor- 
ization, pure isotopic samples of Sn and 
Pb were studied. and the molecular con- 
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stants of the dimers were determined 
(24, 29, 30). 

Another area where laser vaporization 
Pump is particularly useful is in the study of 

heteronuclear clusters. Very little is 
known about these species, and only a 
handful of the more than 2000 possible 
heteronuclear dimers are known (10). 
These molecules are readily prepared 
and studied by laser vaporization. One 

Fluorescence b can prepare vapor of any desired compo- 
sition by vaporizing either an alloy or, 
for immiscible metals, a pellet pressed 
from an appropriate mixture of metal 
powders. The SnBi molecule (31), which 
is isovalent with the CN radical, and the 
CuGa and CuIn molecules (32) are 
among the species that have been stud- 
ied. While most studies of heteronuclear 
dimers were the by-product of work on 
homonuclear compounds, the technique 

Time 

Fig. 1. (a) Schematic drawing of the experi- 
mental setup. The YAG (yttrium-aluminum 
garnet) laser impinges on the metal sample, S, 
and the vapors are swept by cold helium 
through a 1-mm orifice and are excited by the 
dye laser. The detector would be located 
behind the plane of the drawing. (b) The 
relative timing of the vaporization pulse, the 
dye-laser pulse, the laser-induced fluores- 
cence, and the detector's electronic signal. 

is ideally suited for systematic studies of 
heteronuclear clusters. 
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Metal-Metal Bonding: Spectra and 

Properties of Bez 

The simplest possible metal dimer, 
Liz, and its properties are known experi- 
mentally (10) and understood theoreti- 
cally. However, for the next heavier 
dimer species, Be2, things are quite dif- 
ferent. Gas-phase studies have consis- 
tently failed to provide spectra attribut- 
able to Be2. On the other hand, Be 
clusters have become a favorite test case 
for theoreticians, and Be2 has been stud- 
ied rather extensively computationally 
(33-39). 

Predictions from the simplest molecu- 
lar-orbital theory are shown in Fig. 2. 
Bonding in both Liz and Be2 is governed 
by the 2s valence electrons. Combina- 
tion of the two atomic 2s orbitals will 
give rise to one bonding, u,, and one 
antibonding, u,, molecular orbital. The 
two available 2s electrons in the Liz 
ground state would just fill the lowest 
energy, bonding u, orbital, resulting in a 
relatively strong single bond. Since Be 
has, however, two 2s electrons, both the 
u, and u: orbitals will be occupied by 
two electrons in the Be2 ground state. On 
the simplest level of theory, ground state 
Be2 is thus predicted to be unbound. 
Thus, studies of Be2, which include a 
wide range of theoretical techniques and 
varying levels of sophistication, show 
little agreement. They range from Har- 
tree-Fock calculations (33-35), which 
yield a completely repulsive ground 
state, to density-functional calculations 
(37), which predict a bond of -3000 
cm-' binding energy. Configuration-in- 
teraction (CI) calculations (33 ,  which 
include single and double excitations, 
predict a bond of -45 cm-' with r, = 4.6 
A, whereas two more recent CI calcula- 
tions (38, 39) seem to agree upon a 
somewhat stronger potential with -700 
cm-' binding energy and an re of -2.45 
A. Overall, more than 30 theoretical 
studies have appeared in the last 5 to 6 
years dealing with the Be2 bond poten- 
tial, a lot of attention for a molecule 
whose existence was in doubt. 

Beryllium has a much higher boiling 
point and lower vapor pressure than the 
alkali; this makes it difficult to study 
experimentally. Furthermore, in view of 
the predicted low binding energy, it may 
be difficult to find equilibrium conditions 
under which Be2 has an appreciable con- 
centration in the metal vapor. In circum- 
stances like these, the laser vaporization 
technique, which produces dense, super- 
saturated vapors, is particularly valuable 
(40). By controlling conditions and sam- 
pling the dense vapors at various stages 
of the clustering process, species can be 

-101 
Be Be2 Be 

Fig. 2. Molecular orbitals of Be,. The double 
arrows denote the two allowed electronic 
transitions discussed in this article. 

studied that are quite scarce under equi- 
librium conditions. 

Since in our experiment the molecules 
are detected by means of electronic fluo- 
rescence, the properties and bonding of 
excited electronic states of Be2 should be 
considered. As noted above, two ground 
state, 2s' IS, Be atoms give rise to only 
one electronic state, the ground state, 
which is labeled ~ ' 2 : .  Neglecting the 
2s' 'S + 2s2p 3~ limit, which gives rise 
only to triplet states, the lowest excited 
singlet states will correspond to 2s2 
'S + 2s2p 'P, that is, with one Be atom 
in the 'P state at 42,565.3 cm-'. Refer- 
ring again to Fig. 2, the triply degenerate 
2p orbitals will also split as the molecule 
is formed, creating two bonding (nu and 
u,) and two antibonding (u, and n,) 
molecular orbitals. These will give rise to 
two orbitally allowed electronic transi- 
tions, as shown in the diagram by ar- 
rows. One of these transitions will pro- 
mote an antibonding 2s u, electron, into 
the bonding 2p u, orbital, giving rise to 
an electronic state labeled '2:. An ab- 
sorption observed by Weltner and co- 
workers (41) in solid matrices was attrib- 
uted to this transition. The other transi- 
tion will promote one of the bonding, 2s 
u, electrons into the 2p n u  orbital, result- 
ing in a state labeled 'nu. Since this 'TI, 
state will have two bonding and two 
antibonding electrons, it might be pre- 
dicted to be only weakly bound, like the 
ground electron state, or repulsive. Ac- 
tually, statistical arguments based on 
counting bonding electrons fail here, 
demonstrating the limitations of over- 
simplified molecular orbital theory. The 
n u  orbital has a much stronger bonding 
character than the a, orbitals, and the 
data presented below indicate that the 
'II, state is, in fact, very strongly bound. 

At room temperature the beryllium 

vapor produced by laser vaporization 
reveals strong signals from Be atomic 
transitions and weaker signals from Be' 
cations. In addition, bands from B e 0  
and BeH are observed, as well as several 
spectra clearly from polyatomic species. 
However, when the temperature of the 
gas flow is lowered to -77 K by liquid 
nitrogen, two additional, strong band 
systems appear with origins at 27,857.8 
cm-' and 21,678.4 cm-' (40). The higher 
energy transition, whose 0 '-0 band is 
reproduced in Fig. 3a, is characterized 
by a progression in a vibrational frequen- 
cy of -510 cm-', and a very short life- 
time, <20 nsec. Rotational analysis re- 
veals a simple structure, with only P and 
R branches present, showing that the 
electronic angular momentum A = 0 in 
both electronic states. This is consistent 
with this band's assignment to an elec- 
tron transition in diatomic Be2 labeled 
BIZ: - ~ ' 2 ; .  The lower energy pro- 
gression, exhibiting a vibrational fre- 
quency (we) of 686 cm-', is then due to 
the transition labeled A'TI, - X'Z:. As 
shown in Fig. 3b, these bands exhibit a 
prominent Q branch, characteristic of a 
transition with 4A = 1. This spectrum is 
somewhat less intense than the ultravio- 
let B12: spectrum, and the A 'TI, emis- 
sion exhibits a longer lifetime, -190 
nsec. The rotational lines of both transi- 
tions exhibit an intensity alternation with 
a ratio of 5: 3, characteristic for Be2 (with 
nuclear spin of 312). Also, consistent 
with the '2; ground state, spectral lines 
corresponding to odd values of the rota- 
tional quantum number, J, appear with 
greater intensity than other spectral 
lines. 

Both electronic transitions show the 
presence of several weak "hot" bands 
due to residual population of the excited 
vibrational state, v" = 1, which yields a 
value of 4GIl2 = 223.4 cm-'. The popu- 
lation of higher vibrational states is ap- 
parently low, and no bands with v" > 1 
were detected in the excitation spectra. 
More information about the ground state 
potential could be obtained by studies of 
the dispersed fluorescence. The emis- 
sion spectra consist of several sharp 
bands at the blue end of the spectrum 
followed by several broad maxima ex- 
tending through the visible region. The 
discrete structure in the spectra corre- 
sponds to emission that results in the 
bound molecule occupying one of its 
lower vibrational levels. While the first 
two emission bands are spaced by 
-223 +- 3 cm-', consistent with the 4GIl2 
= 223.4 cm-' deduced from the excita- 
tion spectrum, the next intervals are only 
-170, 122, and 79 r 3 cm-'. Bands with 
v" > 5 could not be resolved. This fast 
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convergence is consistent with the theo- 
retical predictions of low bonding energy 
and explains the observed disappearance 
of the Be2 signal when the gas flow 
temperature is allowed to rise from 77 K 
to 300 K. It is caused by thermal disso- 
ciation; the equilibrium constant for the 
reaction Be2 -+ 2Be changes by many 
orders of magnitude over this range with 
the equilibrium at room temperature be- 
ing completely on the side of dissociated 
atoms (42). 

Broad intensity fluctuations in the 
emission spectra, with areas of zero in- 
tensity in between represent the "inter- 
nal diffraction" predicted by Condon 
some 40 years ago for "bound-free" 
transitions that result in separated atoms 
(43, 44). The intensity variations result 
from the phase relationship between the 
wave functions for the initial and final 

states with the minima corresponding to 
the nodes of the wave function of the 
emitting vibrational level. The intensity 
distribution thus contains information 
about the ground state potential. Analy- 
sis of such spectra, as well as studies of 
the discrete region at higher resolution 
could provide detailed information about 
the electronic ground state. 

Spectroscopic information obtained 
from the analysis of Be2 spectra is com- 
piled in Table 1 and compared with simi- 
lar data for Li2. Both the excited states 
of Be2 are rather strongly bound, with 
rather high vibrational frequencies and 
short internuclear distances. Even more 
interesting is the ground electronic state 
and its molecular constants which exhib- 
it unusual characteristics. Based on the 
short re, internuclear distance, and rela- 
tively high vibrational frequency, we, 

882  
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Fig. 3. Sections of the low-resolution spectra of Be,, showing the J numbering; (a) 0 ' -0  band of 
the BIZ: c-* X'Z; transition; (b) 0 '-0 band of the A'n, c-* X'P; transition; note the presence 
of a Q branch. The lower trace in (b) shows a simultaneously recorded optogalvanic calibration 
spectrum of uranium. 

Be2 appears to be similar to Liz, that is, 
reasonably strongly bound. On the other 
hand, the dissociation energy, Do - 800 
cm-', as deduced from the emission 
spectrum is indicative of a rather weak 
bond. The 2s valence electrons of beryl- 
lium, which have to provide the molecu- 
lar bonding, are subject to a larger effec- 
tive nuclear charge than the 2s electrons 
of lithium, and this results in a more 
compact electronic wave function. The 
optimum overlap will therefore occur at 
a shorter internuclear distance. The 
overall bonding results from a fine bal- 
ance between the attractive contribu- 
tions and the repulsive terms from the 
antibonding electrons. The result is the 
relatively weak bond; however, if the 
molecule is to be bound at all, the bond 
has to be relatively short, assuring effec- 
tive overlapping of the 2s wave func- 
tions. 

Two particularly interesting issues are 
in what way and how quickly the proper- 
ties of discrete molecules change and 
approach the collective properties of the 
bulk metal as the cluster size is in- 
creased. Virtually nothing is known 
about the structures and properties of 
intermediate size clusters, but it is in- 
structive to compare the diatomic Liz 
and Be2 with the respective metals. 
Some of the relevant properties are com- 
pared in Table 1. The dissociation energy 
of Li2 is -8450 cm-'. On the other hand, 
it takes 13,500 cm-' to remove an Li 
atom from bulk metal, so the energy per 
bond (with eight nearest neighbors in the 
solid and counting half a bond per neigh- 
bor) is 3400 cm-'. The diatomic is thus 
more strongly bound, and this is reflect- 
ed in a shorter bond distance (reo = 2.673 
A) as opposed to the 3.039-A metal- 
metal distance in the solid. 

The situation in beryllium is quite dif- 
ferent. While the diatomic dissociation 
energy, Do, is -800 cm-', the energy per 
bond in the metal (12 nearest neighbors) 
is -4500 cm-', and -27,100 cm-' are 
required to remove a Be atom from the 
bulk metal. Similarly, the diatomic Be2 
has an re = 2.46 A, considerably longer 
than the metal-metal distance in the sol- 
id, 2.226 A. 

These small metal clusters behave 
quite differently than the corresponding 
solids. Obviously, it would be very diffi- 
cult to predict metal structure and prop- 
erties based on the known properties of 
the diatomic alone. Conversely, one can 
not, at present, reliably deduce the prop- 
erties of small clusters based on the 
knowledge of the solid. 

As the size of the cluster is increased, 
the properties have to approach those of 
the solid. Thus, the dissociation energy 
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of beryllium clusters has to converge at 
the 27,100 cm-' cohesive energy of the 
bulk metal, and the polyatomic species 
should be much more strongly bound 
than the diatomic. Since, as the present 
study shows, the diatomic molecules are 
efficiently formed in our experiments, 
one might expect that larger species 
should also be present. The excitation 
spectra of the laser vaporization prod- 
ucts of beryllium do indeed exhibit sev- 
eral band systems clearly due to polyato- 
mic species. Their assignment to specific 
molecular species will, however, require 
additional work. 

Time-Resolved Fluorescence and 

Weak Electronic Transitions 

A difficult spectroscopic problem 
arises when a relatively weak electronic 
transition of interest is overlapped by a 
much stronger spectrum of the same 
molecule. Such a situation occurs in S2 
and Se2, where the orbitally allowed 
X3Z; - A311, transition is overlapped 
by the much stronger x3Z; - B~Z: 
(45). Numerous attempts to characterize 
the A~II ,  state in the gas phase met with 
little success. In pulsed laser studies one 
can take advantage of the time-resolved 
nature of the experiment (46). The weak- 
er transition is typically characterized by 
a much longer fluorescence lifetime, so 
by selectively monitoring emissions that 
occur after a suitable delay, one can 
separate the weak transition from the 
overlapping stronger spectrum. 

A result of such an experiment (47) is 
shown in Fig. 4 ,  where the laser wave- 
length was scanned through the range of 
one dye. To obtain the top trace, the 
digitized signal from the first 100 nsec 
was integrated; it shows bands due to the 
strong X3Zi - B3Z: transition. The 
bottom trace, where the signal in the 500 
to 2000 nsec interval was integrated, 
shows a completely different spectrum 
which is easily assigned to the elusive 
x3Z,+ - A311, transition. This was fully 
confirmed by a detailed rotational analy- 
sis of a high resolution spectrum, which 
also gave the spectroscopic constants of 
the A~II ,  state. 

d Electrons and Transition Metal 

Bonding: Vibrational Frequency of Cr2 

The bonding and spectroscopy of main 
group elements are now reasonably well 
understood. From the theoretical point 
of view, the state of the art appears fairly 
satisfactory with, in most cases, reason- 
able agreement between quantum me- 

chanical computations and experimental 
data. Quite different is the situation con- 
cerning transition metals. Until a few 
years ago, Cu2 appeared to be the only 
diatomic molecule of this category 
whose gas phase spectra were well char- 
acterized. 

The electronic structure and bonding 
of the main group elements is character- 
ized by the s and p valence electrons 
with a completely filled inner core. In 
transition metals, on the other hand, the 
outermost shell is preceded by slightly 
deeper-lying, partially filled d orbitals. 
Chromium and the Cr2 diatomic repre- 
sent a particularly simple and interesting 
example of this class. The ground state 

of Cr atoms, 3d54s 7 ~ ,  like a potassium 
atom, has a single 4s electron in its 
valence shell. In addition, it has a half- 
filled 3d level with five electrons. The 
importance of Cr2 for understanding 
transition metal bonding has been noted 
by the theoreticians, and a large number 
of quantum mechanical calculations on 
this molecule have appeared (48-51). 
However, there is little agreement be- 
tween the work. 

Recent, extensive CI calculations by 
Goodgame and Goddard predict only a 
shallow Van der Waals minimum at 
r ,  = 4.5 A (48). Other work, on the other 
hand, concludes that Cr2 is a strongly 
bound molecule with short internuclear 

Table 1. Molecular constants of Be, and Liz. The v0,, value is the difference in energy between 
the primary vibrational levels of the ground state and excited state; we is the vibrational 
frequency in terms of wavenumbers; o ~ , ,  the anharmonic vibrational frequency in terms of 
wavenumbers; re is the equilibrium internuclear distance; and Do is the dissociation energy. The 
spectroscopic constants for Liz are from (10). 

Elec- 
tronic 
state 

Be,, x'Z; 
Be,, A1n, 
Be,, BIZ: 
Be metal 

Liz, x1Z; 
Liz, AIZ: 
Liz, B1n, 
Li metal 

* A G , I ~  value, TNearest neighbor distance. $Atomization energy. 

a 0-100 nsec 

Time 

Fig. 4. Spectra of Se2 ob- 
tained from a single scan 
through the range of the 
Pilot 386 dye. The inset 

1 I I I I (above) shows typical 
double-exponential fluo- 

12 rescence decay. (a) Spec- 
b 500-2000 nsec trum obtained from the 

short-lived emission, 
within the limits denoted 
by A in the inset, is inte- 
grated; vibrational quan- 
tum numbers v ' ,  assigned 
to the B3Z; ++ X3X; 
bands are shown, with all 
v" # 0 given as sub- 
scripts. (b) Integration 

25,400 25,600 25,800 26,000 26,200 26.400 between the limits denOt- 

Energy (cm-'1 
ed B in the inset shows 
the long lived A (0: o 
X3X; (0;) emission. The 
v' numbering is shown. 
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distance and, presumably, a high bond 
order (49). The individual studies do not 
even agree on the symmetry of the 
ground state, with 'Xi,  3X: 13X;, I1X:, 
and "II being the possibilities suggested. 
The source of these problems and, pre- 
sumably, of the difficulties of the quan- 
tum mechanical calculations, lies in the 
uncertainty about the role of the d elec- 
trons in transition metal bonding. If the 
bonding is provided by the 4s electrons 
alone, with the 3d electrons inactive and 
localized on the chromium nuclei, a high- 
multiplicity "2: ground state, which is 
essentially isovalent with a ground state 
of potassium dimer, would result. The 
dimer would have a relatively weak sin- 
gle bond. On the other end of the scale, 
the 3d electrons could combine to form 
five bonding molecular orbitals, one of 
which would be a a orbital, two 7~ orbi- 
tals, and two 6 orbitals. In this model, 
Cr2 would be characterized by a very 
strong, sextuple bond, and it would have 
a '2;  ground state. 

Experimental studies show that, al- 
though neither model fits perfectly, the 
molecule is much closer to the latter, 
strongly bonded model (52-55). Laser- 
induced fluorescence spectrum of Cr2 
produced by laser vaporization of chro- 
mium metal is shown in Fig. 5.  The 
spectrum is very simple, as would be 
expected for a ' X i  t, 8: transition. In 
addition to the 0-0 band, a very weak 
1-0 band was detected 452 cm-' lower in 
energy. Molecular constants of Cr2 de- 
rived from spectral analysis are listed in 
Table 2 and compared with the corre- 
sponding properties of K2 and CuZ. 
Again, the individual pieces of informa- 
tion are somewhat contradictory. The 
1.67-A internuclear distance, re ,  in the 
Cr2 ground state represents the shortest 
known metal-metal bond and is shorter 
by some 30 percent than the Cr-Cr near- 
est-neighbor distance in chromium met- 
al. Similarly, the 452 cm-' vibrational 
frequency is unexpectedly high when 
compared with the 92 cm-' frequency of 

Table 2. Molecular constants of Cr, the related diatomics compared to those of K, and Cu,. The 
parameters are defined in Table 1. The constants for Cr, are from (51, 54); the data for K, and 
CU, are from (10). 

Electronic vo,o We We& re Do 
state (cm-') (cm- I) (cm-') (A) (cm-') 

0 2 ,  X:C{ 452.34* 1.679 12,500 
Cr2, A C, 21,751.42 (415) * 1.690 14,100 
Cr metal 2,4981' 33,200$ 

K,, X'Z; 92.02 0.2829 3.905 4,150 
K2, A'Z: 11,681.9 69.09 0.153 
K metal 4.5441' 7,490$ 

Cu,, XICi  264.55 1.025 2.2197 16,400 
CU,, BIZ: 21,747.88 242.15 2.0 2.3726 
Cu metal 
- - 

2.556t 28,200$ 

* A G , ,  values. tNearest nelghbor distance. iAtomlzation energy 

5 2 ~ r 2  

A'X:-X '2: 

0'-0" band 

I I I 1 I I I u 
21,770 21,760 21,750 21,740 21,730 

Energy (cm-') 

Fig. 5. High-resolution scan of the 0'-0" band from the AIC: tt XIZ,f transition of Cr,. 
Rotational numbering is shown for 52Cr2; weaker lines appearing in the spectrum are due to 
52Cr-50Cr and 54Cr-5ZCr. Several lines distinguished by longer lifetime and due to atomic 
chromium are labeled. The bottom trace shows a simultaneously recorded optogalvanic 
calibration spectrum of uranium. 

potassium dimer; it implies a force con- 
stant more than 30 times that of K2. 
These values are certainly consistent 
with an extremely strong, high-order 
bond. On the other hand, the experimen- 
tally determined Cr2 dissociation energy, 
while higher than that of K2, is indicative 
of only a moderately strong bond. 

The seeming contradictions arise from 
the fact that although all the 12 valence 
electrons of Cr2 are paired in formally 
bonding molecular orbitals, they do not 
contribute equally to the molecular 
bond. In the absence of contributions 
from the 3d electrons, the 4s electrons 
would provide the bonding, and the 
chromium dimer would probably have a 
bond length similar to or somewhat 
shorter than the re value of 3.9051 A in 
K2. On the other hand, to accomplish 
effective overlapping of the 3d wave- 
functions, a much shorter bond length is 
required. At the experimental re,  1.67 A, 
the 4s electrons contribute little to the 
bonding; possibly, they are even slightly 
antibonding. Furthermore, the 3d elec- 
trons do not contribute equally to the 
binding, with the 6 bonds probably being 
rather weak. Thus, the bond length is 
determined by the d electrons while the 
overall bond energy results from a bal- 
ance between the bonding contributions 
from the d electrons and the repulsive 
interactions of the other electrons. 

Summary 

Laser vaporization of metals and 
pulsed, laser-fluorescence spectroscopy 
of the dense, supersaturated vapors are 
shown to be useful techniques for metal 
cluster studies. Analysis of the spectra 
yields interesting insights into the metal- 
metal bonding. Thus Be2 is found to have 
a relatively weakly bound ground state 
with, however, a surprisingly short bond 
length and a high value for the vibration- 
al frequency. Diatomic chromium, Cr2, 
has an extremely short internuclear dis- 
tance, re = 1.68 A, and a high vibration- 
al frequency, we = 452 cm-', but only a 
moderately strong bond. While in this 
article I have focused attention on di- 
atomic species, the technique is equally 
applicable to polyatomic clusters, as 
long as they possess bound excited 
states with an appreciable quantum yield 
of fluorescence. 
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The 1984 Nobel Prize in Physics 

The 1984 Nobel Prize in Physics was 
shared between Carlo Rubbia and Simon 
Van der Meer. Rubbia and Van der Meer 
were recognized for "their decisive con- 
tributions to the large project, which led 
to the discovery of the field particles W 
and Z, communicators of the weak inter- 
action. '' 

The massive experiment, carried out 
at CERN, the European Center for Nu- 
clear Research, which is located near 
Geneva, involved two major innova- 
tions. One had to do with accelerator 
science, the other with particle detec- 
tors. The results were announced early 
in 1983, making this one of the shortest 
"waiting" intervals in Nobel history. 

Simon Van der Meer is a soft-spoken 
and gifted inventor with a high order of 
analytical ability. He was born in 1925 
and is a graduate of the Technische 
Hogeschool in Delft. His invention of 
"stochastic cooling" is subtle and re- 
quired insight and the ability to do rather 
complex, statistical calculations. It was a 
crucial element in the process of discov- 
ering the W and Z particles. 

Carlo Rubbia, 50, is an exuberant ex- 
trovert, famous in his circle for unlimited 
energy and enthusiasm combined with a 
1 1  JANUARY 1985 

broad-ranging and deep understanding of 
physics. He attended the Scuola Nor- 
male in Pisa, where his teachers fre- 
quently compared him with a famous 
predecessor, Enrico Fermi. In the 
course of his Nobel research, Rubbia 
worked hard on the accelerator prob- 
lems, assembled the group of over 100 
Ph.D.'s, and led them in the design and 
construction of the most complex parti- 
cle detector ever built. He found time to 
fulfill his obligations as professor of 
physics at Harvard, helping, in the 
course of his commuting between Cam- 
bridge and CERN, to alleviate the finan- 
cial plight of several airlines. 

The identification of the W and Z 
culminates a 50-year history of the weak 
force. The first suggestion that the weak 
interaction is mediated through an inter- 
mediate boson field was made by Yuka- 
wa ( I )  in his 1935 paper which proposed 
that the strong forces holding nuclei to- 
gether were communicated by a massive 
particle, later named the pion. Yukawa 
hoped that the exchange of pions would 
also do for the weak force. However, 
after the fall of parity in 1957, the struc- 
ture of the weak force required a spin 1 
(vector) mediator. The idea was taken up 
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by a very large number of theorists, 
gradually refining and embellishing the 
properties of the W and adding the neu- 
tral component, Z. It is the stuff of brave 
scholars to give proper credit here. The 
theoretical work culminated in the elec- 
tro-weak theory, elegantly described by 
Sidney Coleman (2) for the 1979 Nobel 
Award to Sheldon Glashow, Abdus Sa- 
lam, and Steven Weinberg. 

The experimental threads begin with 
the searches for W's carried out in the 
high energy neutrino experiments of 
1964-65 at Brookhaven National Labo- 
ratory in New York and at CERN. The 
W would be produced in association with 
a charged muon when muon-type neutri- 
nos impinged on a material target. Sub- 
sequently the W would decay into anoth- 
er charged muon and a neutrino. The 
trick was to observe two muons, one 
having a transverse momentum of half 
the W mass. At this time, the W mass 
was completely unknown, but the non- 
observation of the above reaction estab- 
lished a lower limit to the W mass of 
about two proton masses. Soon thereaf- 
ter, two U.S. groups developed a tech- 
nique for seeking W's in strong interac- 
tion collisions where the entire energy 
and intensity of the primary beam of 26 
billion electron volts (GeV) (at Brookha- 
ven) was used in the production process. 
Now the limit was raised to approxi- 
mately five proton masses. This line of 
research was abandoned in the 1970's 
when the advances in weak interaction 
experiments gradually established the 
credibility of the unified electro-weak 
theory and its predictions of the masses 




