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Cavity ringdown spectroscopy search for transition metal dimers
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Abstract

A reinvestigation of several isotopic species of Cr by the cavity ringdown technique yields a frequency of DG s4172 1r2

"4 cmy1 for the A 1
S

q state, and casts doubt on the assignment of a band near 21 700 cmy1 previously attributed to theu

1–1 transition. Even though copious amounts of Ti were produced in our source, search for its transition reported in the2

same spectral region in matrices yielded no positive results. For both metals investigated, extremely strong absorptions of
highly excited metastable atoms were detected. q 1999 Elsevier Science B.V. All rights reserved.

We have recently constructed a versatile laser
w xcavity ringdown apparatus 1–3 for investigating

metal dimers, clusters, and other species produced by
w xlaser vaporization 4 . The only set of mirrors cur-

rently available to us permits us to investigate the
region between about 21 500 and 24 200 cmy1. We
have therefore started to search for several species
whose spectra are known, or believed to lie in this
frequency range. We report in this manuscript the
results of our investigations of chromium and tita-
nium.

In our experimental setup the solid sample is
vaporized by an Nd:YAG laser, and the vapors are
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entrained in a pulsed supersonic expansion with he-
lium or, if desired, argon carrier gas. The apparatus
permits identification of the species formed in
the expansion by time-of-flight mass spectroscopy
Ž .TOF-MS , and their spectral characterization by

Ž .absorption CRLAS or laser-induced fluorescence
Ž .LIF spectroscopy. In a typical experiment the con-
ditions are first optimized with TOF-MS for strongest
dimer signals before starting the spectroscopic inves-
tigations. In the case of both metals investigated
here, Ti and Cr, with the optimized source the dimer
signal was comparable to the monomer, and clusters
with up to four atoms were easily observable.

In the case of both metals investigated here, ex-
tremely strong atomic absorptions were observed
throughout the region explored, and in fact most of
the lines reported to lie in the range studied were
actually observed with appreciable intensity. This in
itself provides some interesting information, since
most of the transitions do not originate in the ground
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state, but in rather highly excited atomic levels up to
at least 20 000 cmy1. This indicates that collisional
quenching of these atomic states is rather inefficient,
and in spite of the relatively long time of some 17 ms
and a large number of collisions elapsed since the
vaporization, little relaxation has taken place. Specif-
ically for titanium, no transitions from the ground
3d24s2 a3F multiplets of Ti atoms lie in the region
studied, and all the observed lines originate in rather
highly excited electronic states. In particular, levels
with energies up to at least 18 000 cmy1, including

3 Ž 4 . 3 3 Ž 4 . 3 3 Ž 2 .the 3d b F 4s a F, 3d a P 4s a P, 3d a G 4s
a3G levels are all significantly populated in our
source, indicative of highly nonthermal state distribu-
tion.

The situation is similar for chromium. The three
5 Ž 6 . 7fully allowed resonant transitions 3d a S 4s a S–

5 Ž 6 . 73d a S 4p a P are obviously the strongest fea-0

tures in the spectrum, even though they lie at the
very edge of the mirrors used in the experiment, but
also numerous other lines, some of them originating
in metastable levels with high excitation energy, are
seen with signal to noise ratios exceeding 100, again
suggesting that little collisional quenching of the
radiatively metastable states takes place in our source.

Despite the considerable amount of both experi-
mental and theoretical done work on Cr , the2

molecule remains one of the benchmark problems
w xfor quantum and computational chemistry 5–9 .

w xSome 30 years ago Efremov et al. 10 observed a
strong, structured band near 21 750 cmy1 in pho-
tolyzed samples of chromium hexacarbonyl which
they attributed to the chromium dimer, an assign-
ment which was questioned in subsequent works
w x11 . A transition in the same spectral range in inert
matrices containing chromium was reported by Ozin

w xet al. 12 , who suggested that Cr is a strongly2

bound dimer with sextuple bond, a conclusion which
was contradicted by extensive ab initio calculations
w x13 . By detecting bands due to the minor isotopic
species 54Cr and 53Cr, a reinvestigation of the system
using laser-induced fluorescence spectroscopy con-
firmed unambiguously that Cr is indeed the ab-2

w xsorber 14 . Furthermore, a weaker band clearly due
to the 0–1 hot band transition was detected at
21 299.08 cmy1, showing that the vibrational fre-
quency in the ground state of the chromium dimer
DG s452.34 cmy1, nearly an order of magnitude1r2

larger than predicted at that time by state-of-the-art
w xab initio calculations 15 . Recent Cr photodetach-2

w xment spectra reported by Leopold et al. 16 , in
which levels up to Õ

Y s43 were detected, repre-
sented a further quantum leap in our understanding
of the dimer ground state potential.

The rotational analysis of the LIF spectrum con-
˚firmed the interatomic distance of 1.67 A, almost a

factor of three smaller than the theoretical prediction.
It also revealed an interesting rotational structure,
with some of the rotational levels being, in both the
0–0 and 0–1 transitions, anomalously weak and
broadened, which was attributed to rotationally de-
pendent predissociation. In addition, relative intensi-
ties of the individual isotopic species indicated a
stronger predissociation for the asymmetric isotopic
molecules 52 Cr53Cr and 52 Cr54Cr molecules. In a
subsequent REMPI study of chromium clusters by

w xRiley and Wexler 16 a weaker band at 21 695.9
cmy1 was detected, and assigned to the correspond-
ing 1–1 transition of Cr . This information, com-2

bined with the previous LIF work, suggested a vibra-
tional frequency of 396.82 cmy1 for the upper state
w x w x17 , in disagreement with Ref. 14 .

In our present work we could easily detect the
21 750 cmy1 band by the CRLAS method, with the
obtained spectrum being presented in Fig. 1. The
interesting rotational distribution observed in the LIF

w xstudy in Ref. 14 , and confirmed in the REMPI
w xwork 17 , with a deep intensity minimum around

Js18, is missing in the absorption spectrum. The
isotopic bands exhibit the expected relative intensi-
ties. This is consistent with the interpretation of the
unusual distribution being due to predissociation by
interaction with one of the weakly bound or dissocia-
tive electronic states correlating with the 7Sq7S or
7Sq5S, 5D atomic states of chromium, and by rota-
tionally and isotopically selective predissociation of
the excited A 1

S
q state. A fit of the observedu

spectrum suggests a rotational temperature around 40
K, and yields rotational constants and r values0

close to those obtained in the previous studies.
As can easily be seen in Fig. 1, we also observe a

band around 21 700 cmy1, in the region where Riley
et al. observed and assigned the 1–1 band of Cr .2

However, already visual examination of this band
suggests a structure quite different from the A–X
transition of Cr . While the 0–0 band exhibits more2
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Fig. 1. CRLAS spectrum of Cr with a probe laser resolution of 0.04 cmy1 , where the wavenumber is plotted vs. the total cavity loss. The2
y1 1 1 52 Ž .progression near 21 750 cm shows the A S –X S transition of the 0–0 band of Cr . The inset shows the detail of the P-branch topu g 2

Ž . 52 53 52 50 y1and a simulation bottom from the dimer isotopes Cr Cr and Cr Cr. Near 21 700 cm the band is present, which was first attributed
to the 1–1 transition.

or less symmetric P- and R-branches, consistent with
an almost identical bond length in the ground and
excited states, inspection of the presumed 1–1 band
suggests an entirely different structure. The R-branch
comes rapidly to a band head, indicating a change in
structure, with a longer bond length in the excited
state. Preliminary rotational analysis of this band,
assuming Cr is the absorber, yields rX s1.847 and2 e

Y ˚r s1.759 A, values quite different from the bonde

lengths for the known states of Cr . This observation2

casts considerable doubt upon the assignment of the
1–1 transition and the value of the excited-state
vibrational frequency.

As noted above, and as can be seen in Fig. 1, the
minor isotopic chromium dimer molecules 50Cr52 Cr,
52 Cr53Cr and 52 Cr54Cr are also detected in the spec-
trum. These data contain information about the zero

point energies, and difference in vibrational frequen-
cies between the ground and excited electronic states.
The fit of the CRLAS data suggests the vibrational
frequency in the upper state is about 35 cmy1 lower
than that of the ground state, giving a value of
DG s417"4 cmy1, in good agreement with our1r2

perhaps overoptimistic estimate of 415"1 reported
w xin Ref. 14 , but quite different from the change in

vibrational frequency of 56 cmy1 implied by the
w xassignment of Riley et al. 17 .

One can only speculate on the assignment of the
21 700 cmy1 band. If it is the same band as observed
by Riley et al., either a transition between two
excited states of Cr or a higher cluster fragmenting2

to yield Crq would be the possibilities. Alterna-2

tively, the Crq cation might also give a spectrum in2

this spectral region. Unfortunately, our single set of
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mirrors restricts our ability to search for other transi-
tions of Cr and of the carrier of the 21 750 cmy1

2

band.
We have also investigated spectra of laser-

vaporized titanium in search for transitions of Ti ,2

which was reported to absorb strongly in this region
by Busby and Ozin on the basis of their matrix

w xisolation study 18 . Although the time-of-flight mass
spectra clearly showed the presence of considerable
amount of the dimer and higher titanium clusters, no
absorptions attributable to Ti or any molecular2

species were found in the range investigated. As
noted above, we saw a series of extremely strong
transitions between about 23 000 and 23 500 cmy1

due to highly excited electronic states of atomic Ti
w x19 . The conclusion is that if a Ti transition is2

present in this spectral region, it must be at least 2–3
orders of magnitude weaker than the investigated
A–X transition of chromium dimer.

Our results demonstrate clearly the ability to
record absorption spectra of excellent quality at least
for metal dimers and illustrate the advantages of a
direct absorption approach relative to other spectro-
scopic techniques. They provide some additional in-
formation about the Cr dimer, and cast some doubt2

upon the previously reported value of the upper state
vibrational frequency. Our study of laser vaporized
Ti indicates that if the previously observed matrix
bands are indeed due to Ti , the oscillator strength2

of the transition involved must be at least two orders
of magnitude weaker than that of the A–X transition
of Cr .2
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