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Radiationless Transitions in Small Molecules: Interstate Cascading in Matrix-Isolated CN

V. E. Bondybey and Abraham Nitzan*
Bell Laboratories, Murva~y Hill, Negro J'e~sey 07974

(Received 19 January 1977)

gadiationless relaxation following excitation of high levels of the A II manifold in CN is
shown to proceed via an interstate cascading mechanism involving the A 0 and X Z vibra-
tional levels. The direct vibrational relaxation within the X & state is shown to be slow-
er by at least 2-3 orders of magnitude. Experimental results and a theoretical discus-
sion of these phenomena are presented.

Radiationless electronic transitions in molecu-
lar systems have been studied extensively in the
past decade. ' It is now we11 established that in
large molecules this process is primarily intra-
molecular; in small molecules, where the densi-
ty of accepting states is not sufficient to provide
an effective quasicontinuum, coupling to medium
modes plays an essential role. Firstly, it in-
duces vibrational relaxation within the electronic
manifolds involved, thus causing broadening of
the vibronic levels and creating continuous spec-
trum. Secondly, it may provide modes which di-
rectly participate as accepting modes for the
electronic energy. Both effects have been con-
sidered independently of each other by Nitzan and
Jortner. ' In this work it was assumed that intra-
state vibrational relaxation is a much faster proc-
ess than the interstate electronic transition, and
an average rate for the transition between the two
electronic states was calculated with this assump-
tion. While this picture might be valid at high
temperatures and/or for polyatomic small mole-
cules, recent studies' indicate that vibrational
relaxation in matrix-isolated diatomic molecules
is a relatively slow process, slower in some
cases than the competing radiative relaxation or
intermolecular energy transfer. Recent experi-
mental studies by Bondybey4 indicated that the
primary relaxation mechanism in the CN radical
in Ne at O'K excited to A 'll levels involves a cas-
cading mechanism involving both A 'll and X 'Z
levels as shown in Fig. 1. This would indeed be
expected in the limit where medium-induced elec-
tronic transition is much faster than intrastate
vibrational relaxation.

With this picture in mind it becomes interest-
ing to check the proposed mechanism independ-
ently by directly monitoring the population of the
ground-state levels. In particular, the above pic-
ture implies that the relaxation rates of levels
6" and 5" will greatly exceed those of levels 4"
and 3", as the only pathway open for the latter
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FIG. 1. CN potential curves and schematic of the ob-
served relaxation processes. The wiggly arrows denote
the radiationless relaxation; the solid vertical arrow
shows the pump laser.
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group is pure vibrational relaxation.
The population of the ground-state levels was

studied by a sequential two-photon technique, in
which one laser pulse exci,tes one of the A'll
state levels, and a second laser probes the pop-
ulation of the desired ground-state level v" after

' a variable time delay. This second laser is tuned
to a wavelength connecting this v" X 'Z' level
with some vibrational level of the higher-lying
B 'Z state (typically v' = v" -1 or v" -2) and the
B'Z fluorescence intensity is monitored as a
function of delay.

The time-resolved behavior of several levels
obtained in this way is shown in Fig. 2 and the
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TABLE I. Summary of the experimental relaxation
data.

V=3

v' (A 2II) V" (X2Z+)

8
8
7
7
6

4b
3b

(cm ~)

542
1168

692
1043
843
918

1964
1990

7'

(ps)

0.01
7.5
0.09
5.0
0.67

2800
5400

V=6

The rates for this as well as for the 1'-5", 5"-0',
and 0'-4' processes have not been accurately deter-
mined; the lifetimes are all in the range of 1-3 ps.

These levels lie below v=0 A 'II.
'These lifetimes are somewhat multiexponential as

a result of site effects. The lifetimes given represent
the predominant larger component.
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FIG. 2. Time-resolved behavior of the X2&+ levels.

numerical data are summarized in Table I. The
results confirm that the X 'Z' levels are efficient-
ly populated following A 'II excitation, and show
that the v" =4 and 3 relaxation rates are indeed
several orders of magnitude slower than those of
the higher levels. Comparison with similar di-
atomics indicates that the lifetimes of these lev-
els may actually be close to radiative.

In considering the theoretical analysis of these
data the following points should be kept in mind:
(a) The molecular states are far enough apart in
energy and the relevant phonon continua are prac-
tically mutually orthogonal (different continua
correspond to states with different number of
phonons) so that quantum mechanical interfer-
ence effects are unimportant in the present re-
laxation process. (b) For the given molecular pa-
rameters the sequential nature of the relaxation
process may be disregarded, i.e. , the relaxation

rates are not affected by the finite lifetime of the
accepting level. This can be shown using avail-
able expressions for sequential decay rates with
the molecular parameters involved. Points (a)
and (b) together imply that a classical kinetic
scheme which invokes quantum mechanical tran-
sition rates between any two levels should be val-
id. (c) The coupling between vibronic levels
which belong to the two electronic states X and A
can be either vibronic, resulting from the break-
down of the Born-Oppenheimer approximation, or
resulting from the residual spin-orbit interaction
in the molecular Hamiltonian. In a diatomic mol-
ecule the molecular nuclear coordinate cannot
provide a promoting mode for the coupling be-
tween two electronic states of different symme-
try; the medium thus has to supply promoting
modes in addition to being the source of accepting
modes.

The standard zero-temperature expression for
the multiphonon transition rate, in the approxi-
mation which takes into account only shifts in the
normal modes origins, takes for our case the
form (apart from irrelevant constants)'

W-C, iC „cexp(-S)f „dtexp(-i~t) expf fd(uf(u))e' '],

where C,i is the electronic coupling matrix element, CF c is the molecular Franck-Condon overlap in-
tegral between the two vibrational states involved, ~ is the energy gap between the two vibronic
states, /d~ is an integral over the phonon spectrum, and f(cu) =1/2b(u)g(&u), where g(u) is the phonon
density a.nd A(~) is the (dimensionless) origin shift. Finally, S= ff(w)d&u can be obtained from spec-
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tral data. Using the relation
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are (1) Einstein,

f,((u) =S((u -&u„);

18 Ar arL 1977

intensity of zero-phonon line
— ~exp -S,total intensity (2) (2) exponential,

f,((u) = (S/n!(u„"")(u"exp(-(u/u)„);

(3) Gaussian, '

f,(~) = exp —( ")

e~, n and ~~ are parameters that in principle
can be fitted to spectral data. Kith these choices
for f(~) we obtain the following results: Model 1,

1 S'
W~C„CFc exp(-S)

we estimate 8-2 for the A -X transition. In
writing Eq. (1) we have invoked the conventional
Condon approximation in taking a product of over-
lap integrals involving the electronic states, the
molecular vibrations and the lattice mode. Also
we have disregarded (in case of vibronic coup-
ling) the sum over different promoting modes.

To obtain an explicit expression for the rate 5'
a model for the function f(&u) is needed. Particu-
larly simple models which yield analytical results

Model 2,

W C „C exp(-S)—1 exp(-e)" S'e,=0l![l(n+ l)-1]!
Model 3,

m pl g 1/2
W~C, )C Fc exp(-S) —Q —

t
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FIG. 3. Diagram of the experimental rates (solid
plots) and those calculated using several theoretical
models described in the text as a function of the energy
gap

where e = ~/~„. Numerical results based on
these models are displayed, together with the ex-
perimental results, in Fig. 3.

The experimental data represented by the solid
line in Fig. 3 show, in qualitative agreement with
theory, a steep rate dependence on the energy
deficit. Quantitative agreement is, on the other
hand, poor and all the models predict an even

l
stronger energy-gap dependence. Moreover,
even for 8 as small as 2, multiphonon transitions
account for more than half the sideband intensity
and ~~ has to be chosen small to account for the
observed line shape. This would further increase
the dependence of S' on ~, and the discrepancy
is thus even bigger than shown in Fig, 3. This
can be attributed to one or more of the following
factors.

(a) Modification of the Franck-Condon factors
by the matrix. The results in Fig. 3 use FC fac-
tors calculated for Morse oscillators with param-
eters chosen to fit matrix spectral data (but with
gas-phase internuclear separation). Their com-
parison with matrix data shows that deviations of
up to an order of magnitude may occur. Break-
down of the Condon approximation' may account
for further deviations.

(b) Vibrational state dependence of the param-
eters characterizing the molecule-lattice coup-
ling. Above we assumed that the coupling param-
eters or equivalently the function f(u) depend only
on the electronic states and do not vary between
particular pairs of vibronic levels. If S, ~~, n,
and ~„become v dependent, more spectroscopic
input data are needed for the theory to become
useful.

(c) Quadratic coupling effects (e.g. , phonon-
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frequency changes during the electronic transi-
tion) as well as medium anharmonicity, increase
the mean effective phonon frequency (due to the
appearance of higher harmonics) and, therefore,
are expected to moderate the calculated energy-
gap dependence of the rate. '

(d) In principle slow processes can be masked
by the occurrence of competing processes like
infrared emission, pure vibrational relaxation,
and energy transfer to other impurities. In the
present case pure intrastate (infrared radiation
or vibrational relaxation) relaxation was shown to
be too slow to compete with the observed rates.
The lack of concentration dependence of the rates
also excludes energy transfer between different
CN molecules.

In summary, we have established the impor-
tance of a process characterized by interstate
cascading for the relaxation of diatomic guest
molecules. The observed rates in CN qualitative-
ly satisfy the energy-gap law but further studies

are needed to establish quantitative agreement.
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A free-electron laser oscillator has been operated above threshold at a wavelength of
3.4 p, m.

Ever since the first maser experiment in 1954,
physicists have sought to develop a broadly tun-
able source of coherent radiation. Several ingen-
ious techniques have been developed, of which the
best example is the dye laser. Most of these de-
vices have relied upon an atomic or a molecular
active medium, and the wavelength and tuning
range has therefore been limited by the details
of atomic structure.

Several authors have realized that the constraints
associated with atomic structure would not apply
to a laser based on stimulated radiation by free

electrons. ' ' Our research has focused on the in-
teraction between radiation and an electron beam
in a spatially periodic transverse magnetic field.
Of the schemes which have been proposed, this
approach appears the best suited to the generation
of coherent radiation in the infrared, the visible,
and the ultraviolet, and also has the potential for
yielding very high average power. We have pre-
viously described the results of a measurement
of the gain at 10.6 pm. ' In this Letter we report
the first operation of a free-electron laser oscil-
lator.
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FIG. 1. Schematic diagram of the free-electron laser oscillator. (For more details see Ref. 6.)


