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The quantitative theory of multiphoton vibrational relaxation of a molecule in a host crystalline 
matrix is developed. A simple closed formula for the relaxation rate is obtained. Interpretations 
of several experimental results based on this formula are discussed. 

I INTRODUCTION 

The current interest in the problem of multiphonon vibrational relaxation 
of a guest molecule in the matrix of a crystalline host has been stimulated 
by the excellent experimental work of Dubost, Abouaf-Marquin and Legay.' 
The most recent theories to have explained the new effects reported 
by the above authors, thus emphasizing the importance of the multi-phonon 
nature of the relaxation process. These very interesting theories of harmonic 
oscillator relaxation in the host crystal include free parameters, and are 
therefore of semiquantitative character. We would like to present here an 
attempt to develop the quantitative theory of vibrational relaxation of a 
guest molecule in a crystal. 

II THEORY 

Let us consider a molecule in the host crystal. Let V be the potential of 
molecule-matrix interaction. It is assumed that the main contribution to 
V comes from interaction with the nearest molecule-crystal atoms. For 
simplicity we take the interactions between molecular, atoms and crystal 
atoms to be the same for all atoms of the molecule; this is not an essential 
assumption and a generalization can readily be made. 
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92 V. YAKHOT 

Using these assumptions and the model geometry of Ref. 4 one can write: 

ax 
where Vo(y) is the term which does not depend on x, y o  is the equilibrium 
molecule atom-to-nearest matrix atom distance, q is the number of nearest 
neighbours, and, x, y are the vibrational displacements of molecular and 
matrix atoms, respectively. In obtaining Eq. (1) we took into account the fact, 
which is very important for our theory, that in the case of multiphonon 
relaxation (units of ZI are used throughout) 

and in fact this inequality may be considered as the definition of the multi- 
phonon process. In Eq. (2)  En and oD are, respectively, the vibrational- 
energy levels of the molecule and the Debye frequency of the crystal. 

Using a well-known procedure4*’ one can write the expression for the 
probability of the n 4 n - 1 transition of the oscillator: 

where F is the molecule-crystal force. It is possible to show that if one can 
represent molecule-crystal force : 

one can get without strong assumptions: 

where 

These formulae are exact if the molecule-crystal interaction is exponential. 
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RELAXATION OF GUEST MOLECULE IN HOST CRYSTAL 93 

111 DISCUSSION 

We have obtained a simple, closed expression (Eq. 6) for the rate of multi- 
phonon vibrational relaxation of a molecule in a host matrix. We consider 
three important consequences of this result. 

a) If 

even very small variations of n,, can cause very large changes in the vibrational 
lifetime. Previous theories'~~ led to the same qualitative conclusion and 
explained the very intriguing temperaturedependence of this lifetime found 
experimentally:' the increase of rate of relaxation of the CO molecule in 
solid Ar with increasing temperature starts at a temperature which is much 
lower than the Debye temperature. The cause of this effect is not obvious 
since at such a temperature the phonon energy is small compared with the 
zero-point energy of the solid, so at a first sight effects involving the phonons 
should be negligibly small. 

b) Even a small deviation from harmonicity can have important new 
consequences: if En - En- > E;, - E+ and Eq. (8) is fulfilled, it may occur 
that 

T n , n -  I T i , i -  1 

This would be very important in cases in which vibrational and radiative 
relaxation processes compete with one another. It is possible that 

7 n . n - 1  + T R  4 T n - 1 . n - 2  (9) 
where rR is the radiative lifetime. 

We calculated the transition probabilities i?j'n,n- of Ner relaxation in 
solid Ne matrix. The results are given in Table 1. The radiative lifetime of 
Ner T~ N 5 . sec (Eq. 6) and one can conclude that almost all molecules 

TABLE I 

Transition 
n - n - 1  l + O  2 + 1  3 + 2  4 + 3  5 + 4  

Energy spacing 
A&-, (cm-') 537 496 454 412 370 

Lifetime 
r","- I 10 1.10-2 4.10-5 4 . l o -  8 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

6:
51

 2
3 

Fe
br

ua
ry

 2
01

3 



94 V. YAKHOT 

radiate from level n = 3. In fact, as follows from Table 1, the relaxation to 
state n = 3 is very fast while the relaxation from this state is slow in com- 
parison with radiative lifetime. The calculated lineshape is seen (Figure 1) 
to be in very good agreement with experiment (7) if the experimental resolu- 
tion and random scatter is taken into account. 

++ I 

900 850 800 750 

FIGURE 1 Emission spectra of Ner from solid Ne 
+ experiment (2) 

~ theory (present work) 

Using Eq. (6) we calculated the vibrational relaxation rates of the excimers 
in solid, Ar, Kr and Xe. In all cases the relaxation is very fast compared with 
the radiative lifetime (tR N 

sec, T ~ , ~ ( K ~ )  N lo-" sec, and rl,o(Xe) 'v sec. This explains the 
ordinary free-excimer-like Gaussian lineshapes of the emission in these 
cases. One understands the relatively fast relaxation of these excimers if one 
recalls that the energy spacings En - E n -  of Art, Kr': and Xef are smaller 
than the corresponding spacings for Ner. 

c) The rate of vibration relaxation depends very strongly on the phonon 
spectrum of the solid, and especially on the structure of the high-energy tail 
of this spectrum. It follows from Eqs. (6) and (7) that if the contribution of 
high frequencies to Eq. (7) is appreciable the relaxation is more rapid. 
Moreover, the local modes associated with impurities or with the relaxing 
molecule itself can be very important because they also make F of Eq. (7) 
larger, and thus increase the rate given by w. (6). 

A solid-solid phase transition can be accompanied by changes in the 
phonon spectrum and thus the relaxation properties of a guest molecule can 

sec). It was calculated that Tl,o(Ar) N 
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RELAXATION OF GUEST MOLECULE IN HOST CRYSTAL 95 

be different below and above critical point. Further, the molecule-crystal 
coupling constant a1 can increase or decrease in this process, and this too 
can affect the vibrational lifetime. So below and above the transition tempera- 
ture of a matrix the relaxation properties of a guest molecule may be quite 
different. This is illustrated qualitatively very well by the unusual emission 
of Xez in solid Xe.’. 

The authors of Ref. 8 explained the change in the spectrum of Xet in Xe 
crystal they observed at 56°K in terms of a phase transition at this tempera- 
ture. This conclusion is in accord with our theory if one assumes that the 
relaxation below this temperature is very efficient, but is slow just above the 
transition temperature. The free-excimer-like spectrum at very low tempera- 
tures then originates from the “low-temperatures phase”, while both the 
two-peak spectrum and the high-temperature free-excimer-like spectrum 
originate from the “ high-temperature phase”. 
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