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Direct one-phonon processes of spin-lattice relaxation are investigated in the excited triplet 
states of molecular crystals in high magnetic fields and at low temperatures. The mixing of the 
vibrational motions of the nuclei with the translational ones of the molecule is chosen as  the 
major phenomenon, leading to the coupling between the spin system and acoustic vibrations. 
The angular, field and temperature dependences of the spin-lattice relaxation rate for an 
isotopic impurity in deuterobenzophenone crystal are calculated by the molecular orbitals and 
atom-atom potential methods. 
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1. INTRODUCTION 

The mixing of the translational and rotational (TRM) motions of the mole- 
cule and presence of the anisotropic spin-spin interactions is due to the 
known TRM relaxation mechanism in organic crystals [ 1-31. Displace- 
ments of the nuclei can also induce the spin-lattice relaxation (SLR) as they 
change the electron density intramolecular distributions and modulate the 
components of fine-structure (FS) tensor [4]. 

Here we continue our previous investigation [3] of low-temperature SLR 
mechanisms in the organic molecular crystals. In the case of an isotopic 
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impurity in the deuterobenzophenone crystal the SLR rates induced by the 
mixing of the vibrational motions of the nuclei with the translational 
motions of the molecule have been calculated without using any fitting 
parameters. The angular, field (B) and temperature ( T )  dependences of SLR 
probability for the direct one-phonon processes were studied by the 
methods of molecular orbitals (MO) [ 5 ]  and atom-atom potentials of inter- 
molecular interactions [6]. The SLR rates due to the TRM relaxation 
mechanism [3] and the considered relaxation model are compared. 

2. CALCULATION OF SLR PROBABILITIES 

Consider the triplet excited impurity molecule (IM) in an organic molecular 
crystal. The crystal is located in a magnetic field B. Assume that the spin 
energy in this field exceeds considerably the FS energy, so spin sublevels can 
be classified by the spin projection 0 on the magnetic field. Let us investigate 
the probabilities of relaxation transitions between the triplet IM sublevels. 

The starting point of our calculation is the fact, that the FS of EPR 
spectrum of the excited triplet IM depends on the electron density distribution 
and is defined by the dipole-dipole interaction of magnetic moments. Accord- 
ing to the results [4] the spin-phonon interaction Hamiltonian is given by 

where dR,,(t) is the displacement of pth nucleus in the field of an acoustic 
wave ( p  denotes the X, Y and 2 molecular axes): 

Here N is the number of the unit cells in the crystal; M ,  is the mass of the 
pth nucleus of IM; e,,, (fj) is the pth component of the amplitude displace- 
ment for the pth nucleus of IM; q;j is the phonon creation operator of the 
jth acoustic branch; .f is the phonon wave vector; w p j  is the vibration 
frequency, determined by the dispersion law 

in which is the pth component of the phase velocity. 
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INVESTIGATION OF SPIN-LATTICE RELAXATION 207 

We choose the coordinate system with Z l @ .  Then the spin-phonon in- 
teraction Hamiltonian (1) can be rewritten as [4] 

were TL is an irreducible tensor operator [7]. 

P; are equal to: 
In !he principal coordinate system of IM the non-zero values of constants 

-i 

Here Zer is the effective charge of the carbon atom’s nucleus; R,, = IR, - r71, 
where Epand are the radius-vectors of the pth nucleus of the carbon atom 
and the first z-electron correspondingly; I j > is the wave function and E j  is 
the energy of the triplet state of the excited IM. Equal contributions from 
both n-valence electrons have been accounted in (5). Matrix elements in (5) 
were calculated by M O  method [4,5]. 

Regarding the operator (4) as a perturbation we calculate the transition 
probability between IM spin sublevels with projections r~ and a’(o, d = 0, f 1) 

where 

Here DhM.  are Wigner functions [7] that describe the orientation of B’ with 
respect to the equilibrium position of the IM molecular axes. 

The dependence of relaxation transition rates on T and B’ is given by the 
correlation function Z::‘ (a): 

Averaging in (8) is performed at the equilibrium of the phonon system. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
1:

42
 2

1 
A

ug
us

t 2
01

2 



208 V. A. A N D R E E V  A N D  YU. I .  PRILUTSKI 

Exact data on the constants that characterize the lattice dynamics of a 
real crystal with account of IM influence are required to calculate the 
correlation function (8). However, the data on the ideal crystal lattice 
dynamics can be used for the isotopic IM at the frequencies considerably 
less than the limiting frequency of acoustic phonons or for IM with insig- 
nificant variation of the force constants in comparison with the force 
constants of a perfect crystal [l]. Thus for the correlation function Z p v ( m )  
we have 

(9) 

where V ,  is the volume of a unit cell of the crystal and 

Averaging in (10) is performed over all possible orientations o f f .  
The values of T:? are found from the equations of lattice dynamics in the 

longwave approximation (7 -+ 0), where coupling of the translational 
motions of the molecule and the intramolecular vibrations of the nuclei can 
be accounted for by the perturbation theory [3,4]. 

The values of T::' for an benzophenone impurity in solid deuteroben- 
zophenone were calculated by the method of atom-atom potentials [6] 
with the data on molecular crystal structure [8,9]. The calculation has 
shown that the TPYP; elements dominate by two or three orders over the 
other ones. Here Y corresponds to the long molecular axis. 

The results of numerical analysis of the parameters T"y"; allow to simplify 
the expressions for the SLR probabilities 

- 1  

w,.  =b(2 i r , )5 [  1 -exp (-$)I (1 + 1.6 sin2 2 q  + 0.6 sin4 q), 

where cp is the angle between l? and the long molecular axis. The constants 
of spin-phonon coupling for an isotopic 1M in the deuterobenzophenone 
crystal are equal to: a = 5.2* lo-"' s4 and h = 1.3* s4. 
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3. DISCUSSION 

Let us compare the obtained results between the TRM relaxation mechan- 
ism [3] and the current relaxation model. 

The SLR rates in the TRM and current relaxation mechanisms have 
different angular dependences. Consequently the relaxation processes can 
be investigated by the selective way for both mechanisms. For example, 
only probabilities of transition W,, in the TRM mechanism [3] and W,-, 
in the current one are different from zero at the orientation of magnetic field 
B' along the molecular axis Y(cp = 0). 

The SLR rates in the TRM and current relaxation mechanisms have the 
same temperature dependence and the different magnetic field one: 
W = a,  B + a 3 B 3  + u5B5 for the TRM relaxation mechanism (u,, u3  and u5 
are the constants of the spin-phonon coupling [3]) and W-B5  for the 
current model. It is allows to investigate the relaxation processes in the 
different regions of the magnetic field for both SLR mechanisms. 

Obtained values of relaxation transition probability W,, at various T and 
B are given in Table. It is convenient to compare values of W,, for the 
current relaxation mechanism and the TRM mechanism for an angle 
cp=n/4 (since we have W,,-sin22cp for the current model and 
W,, - cos2 cp for the TRM mechanism [3]). The numerical analysis has 
shown that the contribution of current mechanism to the SLR is consider- 
ably less as compared with the TRM mechanism for the considered triplet 
excited system. This difference may be explained as follows. The SLR rates 

TABLE1 Values of the SLR probability Wln for different 
magnetic fields and temperatures: 1 - the current mechanism of 
SLR; 2 - the TRM mechanism of SLR [3] 

SLR win> s-1 
mrchanisms 

B = l T  ST 10 T 

T= 1 K  

1 7.6*10-4 2.3 7.1 * 10' 
2 0.8 4.6* 10' 4.5* 10' 

T =  4.2 K 
1 1.5*10-3 2.4 7.2* 10' 
2 2.3 0.7*102 4.9*102 

T =  10K 
I 0.3*10-2 3.0 7.6* 10' 
2 5.1 i.1*102 0.7*103 
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210 V.A. ANDREEV AND YU.1. PRILUTSKI 

in the TRM mechanism are in inverse ratio to the fourth power of the 
frequency of librational vibrations for the deuterobenzophenone crystal: - l/w;, 113). The SLR rates in the current mechanism are in inverse 
ratio to the fourth power of the frequency of intramolecular vibrations for 
the IM in the deuterobenzophenone crystal: W - l /w tb  [4]. Since wllb << 
a,,, [ 10- 111, we have WTRM >> W 

The obtained SLR probabilities carry information on lattice dynamics, in 
particular, information on the coupling between the vibrations of the nuclei 
and the translations of the molecules, which is difficult to detect using other 
effects. 

wTRM 
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