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The direct one-phonon processes of spin-lattice relaxation (SLR) in the excited triplet states of 
organic molecular crystals are investigated at low temperatures and high magnetic fields. The 
mixing of the translational and rotational motions of the molecule (TRM relaxation mechan- 
ism) is chosen as the major mechanism, leading to the coupling of the spin system with acoustic 
vibrations. The angular, field and temperature dependences of SLR rate are calculated for an 
isotopic impurity in deuterobemophenone crystal using the atom-atom potentials method of 
the intermolecular interaction. The anisotropy of the electronic &tensor is analyzed. The 
obtained results are in accordance with available experimental data. 

Keywords: Spin-lattice relaxation; isotopic impurity; lattice dynamics; atom-atom potentials 

INTRODUCTION 

The relaxation processes between the spin sublevels of excited triplet states in 
molecular crystals are investigated to obtain information about the excited 
states. Because of the strong anisotropy of the intermolecular interactions in 
organic molecular crystals the translational motions are accompanied by a 
simultaneous rotation of the molecules, i.e. mixing of the translational and 
rotational motions takes place. The TRM mechanism allows the aniso- 
tropic interaction energy of the fine-structure (FS) of spin sublevels and the 
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256 V. A. ANDREEV AND YU. I .  PRILUTSKI 

anisotropic &tensor of the spectroscopic splitting to be modulated by the 
acoustic phonons and is the main source of low-temperature SLR in or- 
ganic crystals [ 1 - 51. 

In the present paper within the framework of the TRM mechanism the 
direct one-phonon SLR processes were studied in details. The investigation of 
the field, angular and temperature dependencies of SLR rates for the real 
model of deuterobenzophenone crystal with isotopic impurity has been carried 
out using the atom-atom potentials method C6-7-J. The obtained numerical 
values of SLR time and the dependence of SLR probability on the magnetic 
field strength are in accordance with available experimental data [S -91. 

CALCULATION OF SLR PROBABILITIES IN THE TRM 
MECHANISM 

Consider the triplet excited impure molecule in organic molecular crystal. 
The crystal is located in a magnetic field with strength 3. Assume that the 
spin energy in the magnetic field exceeds considerably the FS energy, so 
spin sublevels can be classified by spin projection on the magnetic field 0. 

Let us investigate the probabilities of SLR transitions between the triplet 
sublevels of the impure molecule. According to the results [4-51 the spin- 
phonon interaction Hamiltonian is given by 

where H ,  is the operator of Zeeman interaction and H,, is the electron 
spin-Hamiltonian in zero field, which gives rise to the FS of the EPR 
spectrum. 
0;) is an infinitesimal rotation angle about the pth molecular axis: 

Here N is the number of the unit cells of the crystal; I ,  is the pth component 
of the moment of inertia of the molecule;{ is the phonon wave vector; 
e,(jj) is the pth component of the polarization vector; q f ,  is the phonon 
birth operator of the j th acoustic branch; w p j  is the vibration frequency, 
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TRIPLET SPIN-LATTICE RELAXATION 251 

determined by the dispersion law 

in which vflr.fj is the pth component of the phase velocity. 

rewritten as 
We choose the coordinate system with Z118. The Hamiltonian (1) can be 

where T L  is an irreducible tensor operator [lo] and PkM are the constants 
whose non-zero values are the linear combinations of FS parameters D and 
E and the quantities 6 g P p  which describe the anisotropy of &tensor [ll]: 

Regarding the operator (4) to be a perturbation we calculate the transi- 
tion probability between spin sublevels of the impurity with projections of 
magnetic moments a and a' (a, a' = 0, f 1) 

where 
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258 V. A. ANDREEV A N D  YU. I. PRILUTSKI 

Here Ci;,Lw are Klebsh-Gordon coefficients and DkM.  are Wigner functions 
[lo] which describe the orientation of the magnetic field vector B' with 
respect to the equilibrium position of the molecular axes. The dependence 
of relaxation transition rates on temperature and magnetic field is given by 
the correlation function ZE): 

+m 
I:) = (O:)Oto)),exp(iwt) dt 

- m  

The averaging in (8) is performed at the equilibrium of the phonon system. 
During the SLR rates calculation the main difficulty is the calculation of 

correlation function (8) from microscopic theory. For the calculation exact 
data about the constants which characterize the dynamics of real lattice 
crystal with accounting of impure molecule influence are necessary. However 
for the isotopic impurity at the frequencies considerably less the limiting 
frequency of acoustic phonons or for the impurity with insignificant changing 
of the force constants in comparison with the force constants of the pure 
crystal during the calculation of I:) we can use the ideal crystal lattice 
dynamics data [3]. In this case for the correlation function ZE) we have 

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

The averaging in (10) is performed on all possible orientations of vector 

In the present paper the values of Fi)(i = 0, 1,2) were found from the 
analysis of the lattice dynamics equations in the longwave limit (f -to), in 

8 =f/ISI. 
f ly.  
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TRIPLET SPIN-LATTICE RELAXATION 259 

which the TRM of motions of the molecules can be accounted for by 
perturbation theory (Appendix). 

For an isotopic impurity in a crystal of deuterobenzophenone the quanti- 
ties T':: were calculated numerically using the atom-atom potentials method 
[8-9) and the data of molecular crystals structure [12-131. The calculation 
has shown that the T'!; elements dominates: Tb? = To = 1.6 x 10l6, 
s3/(g x cm5), T!!; = T, = 1.1 x 10-6s5/(g x cm5), T':; = T, = 1.3 x lo-, ,  s7/ 
(g x cm5), where Y is the long axis of the impure molecule. The other 
elements on two-three orders of the magnitude smaller. Thus, the rotation 
of the molecule about an axis close to its long axis of inertia takes place. 

The results of numerical analysis of the parameters TC: allow us to 
simplify the expressions for the SLR probabilities 

Wlo = (alB + a, sincpB2 + (a3 + aisincp) B3 + a4 sincpB4 + (a5 + a;sincp)B5) 

[ 1 - exp( -%)I- lcos2cp 

W, - = 2(a1(2B) + a3(2B), + [ 1 - exp ( - - ':3]- 'sin2cp, (1  1) 

where the constants of the spin-phonon coupling are defined by: 
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260 V. A. ANDREEV AND YU. I. PRILUTSKI 

Here cp is the angle between the magnetic field vector B and the long 
molecular axis; go is the g-factor of electron. 

The calculation values of the relaxation transition probability W,, at the 
different temperatures and magnetic fields and cp = 0 are given in Table. 

TABLE The calculated values of SLR probability W,, at the 
different magnetic fields and temperatures for the direct one- 
phonon processes 

T , K  B = l  T B = 5  B =  10 B=20 

1 1.3 7.6 x 10’ 7.5 x 10’ 1.08 x lo4 
4.2 3.8 1.1 x 10’ 8.2 x 10’ 1.09 x lo4 

10 8.4 1.9 x 102 1.2 x 103 1 . 3 ~  104 

DISCUSSION 

In this paper the SLR rates in the TRM mechanism has been calculated 
without any fitting parameter in the case of an isotopic impurity. A com- 
parison with the experimental data for a benzophenone molecule in the 
deuterobenzophenone crystal [6-71 shows that the calculated SLR rate 
W,, for the direct one-phonon processes is of the same order as the experi- 
mental ones. 

The SLR probabilities W,, and W, - , have different angular dependences. 
Consequently the relaxation processes can be investigated by the selective 
way. For example, only probability of transition W,,  is different from zero 
at the orientation of the magnetic field cp = 0. 

The SLR probabilities W,, and W, - have the different field dependence. 
It is allows to investigate the relaxation processes in the different regions of 
the magnetic fields. Because of the small anisotropy of &tensor of the 
spectroscopic splitting, the items, where the alra3 and a, parameters are 
present, will give the maximum contribution to the SLR. The numerical 
calculation has shown that the field dependence W - B3 takes place in the 
region of the magnetic field B < 16 T and with the increasing of the magnet- 
ic field we have W - B’. This effect was observed on the experiment [7] in 
the region of magnetic field strength B = 2 0  T, that confirm about the 
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TRIPLET SPIN-LATTICE RELAXATION 26 1 

relative correction constants of the spin-phonon coupling calculated by us 
from microtheory. 

The expressions for the rates of relaxation transitions depend on the same 
parameters T$ defining by the lattice dynamics. The comparison of values 
T$ obtained experimentally from the data of measurements W,, and W, - , 
at the different magnetic field orientation would allow to identify the TRM 
mechanism of spin-phonon interaction. On the other hand, the founded 
values of 7':: can be used for more precise definition of the lattice structure 
parameters. 
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APPENDIX 

The calculation of e , , ( f j )  within the perturbation theory 
Represent the amplitude vector of the displacement molecule of benzo- 

phenone crystal (the spatial group P z I z I z I , Z = 4 )  in the form of column 

vector Z = [::I, in which the translational (Zf) and rotational (Z') compo- 

nents are picked out, and write the equations of lattice motion 

Ti? = w2Z, (A.1) 

where $is the blocks dynamic matrix which describe the elastic interactions 
during the translational and rotational molecule motions and the TRM as 
well. 

In the longwave limit (f +O) the dynamic matrix of the crystal is deter- 
mined: 

The vectors Zb = .?2p,,a, o = w, # 0 and i?: = Zy,i,l, w = o, , , ,~ ,~  # 0, 
which describe the limiting values of the optical and librational vibrations 
are calculated using the equation (A.l) atf = 0. The three vectors Zb = Z:., 
corresponding to the triply degenerate eigenvalue w = 0 can be chosen 
parallel to the crystal axes. 
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262 V. A. ANDREEV AND YU. I. PRILUTSKI 

The TRM of motions implies that the acoustic vibrations have the trans- 
lational as well as rotational components. Using the limiting values of the 
vectors and frequencies as a zeroth approximation and taking into account 
the relations (A.l),(A.2) it is possible to find these components from the 
perturbation theory at 1 + 0. In the linear dispersion region their transla- 
tional components do not contain any limiting optical phonons and deter- 
mined by the equation 

in which u j ( 8 )  is the phase velocity of the jth branch phonon propagating in 
the direction ti = f / l f I ,  defined by the condition that the determinant of 
equation (A.3) vanish, and 

The rotational component of the amplitude vector of this phonon has the 
form: 

Introducing the notation ul, for the projection of the limiting amplitude 
vector of the Ath librational vibration on to the pth axis of molecule and 

we obtain an expression for the amplitude of the rotation molecule around 
its pth axis under the action of the acoustic vibration 

where 
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