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The spin-lattice relaxation (SLR) mechanism based on the energy
modulation of spin-orbital interaction (SOI) has been investigated in
the photoexcited triplet states of a fullerene crystal Cgo. This mod-
ulation emerges as a result of admixture of rotational motions of a
molecule and vibrational motions of the nuclei to the translational
molecular motions at the acoustic lattice vibrations. Simple expres-
sions for SLR rates of direct one-phonon processes are obtained using
the atom-atom potentials and molecular orbitals (MO) methods. The
influence of the dynamic Jahn-Teller (JT) effect in a molecule Cgg on
the SLR rates is analyzed. A comparison of the calculated values for
SLR time with available experimental data is carried out.

1. Introduction

The discovery of fullerene molecules [1] and a simple method to condense
them to a solid phase found by [2] have boosted studies of the physics and
chemistry of these interesting molecules. One of the important electronic
properties of fullerene molecules concerns the excited triplet state which has
been observed in the experiments [3-12] by ODMR, EPR and ESR tech-
niques. The relaxation processes between spin sublevels of excited triplet
states in a solid phase of Cg are studied to obtain information about the
excited state [12].

In the present paper the SLR of the photoexcited triplet states in a
fullerene crystal Cg, is investigated using a spin-phonon interaction mech-
anism [13-14] which is based on the energy modulation of SOI In or-
ganic molecular crystals the amplitude displacement vector for acoustic
phonons consists of the vibrational components and the components de-
scribing intramolecular displacements of the nuclei from an equilibrium po-
sition. These types of motions cause the rotation of molecules and alter
the intramolecular distributions of the electron density. In this case the
anisotropic spin-spin interactions are modulated by low-frequency acoustic
vibrations and the following channels of SLR in the triplet excited states
are realized: the TRM mechanism (the mixing of translational and rota-
tional motions of a molecule) [15-17] and the TVM mechanism (the mixing
of translational motions of a molecule and vibrational motions of the nu-
clei) [18-19]. On the other hand, analysis of the TRM and TVM of motions
has shown that these types of motion can modulate SOI too [13-14]. SOI
gives a contribution to the zero-field splitting and induces relaxation tran-
sitions between spin sublevels of the triplet excited states.
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The field, angular and temperature dependencies of SLR rates for di-
rect one-phonon processes have been investigated by the atom-atom poten-
tials [20] and MO [21-22] methods. The influence of the dynamic JT effect
in a molecule Cgo [23] on SLR rates is analyzed. A comparison of the cal-
culation results for SLR time with the available experimental data [12] is
carried out.

2. Hamiltonian of the problem

Let us consider the photoexcited triplet state in a fullerene Cgq crystal. The

crystal is located in a magnetic field with strength B. Assume that the
spin energy in the magnetic field exceeds considerably the SOI energy, so
spin sublevels can be classified by a spin projection on the magnetic field o
(0 =0,%1). According to the results [13-14] the Hamiltonian of SOI can be

presented in the form (we have used the second order perturbation theory)

HSOI = ZDW/S;.LSW (1)

787

where in the system of principal axes of the photoexcited molecule Cgq
(symmetry group Ij)

D, =Y (B - B BB 2)

n

Here p denotes the molecular axes X, Y and Z; E? and EY are the energies
of the singlet and triplet states in the zeroth approximation, respectively;

e’h L Ly
B" = — g (T =k _ 22k 3
" 4m2C2 zk: k( |R3 ng n)’ ( )

1k

where Z; is the effective Slater charge of the kth nucleus of a carbon atom;
LY, is the pth component of the orbital moment of the first m-electron given
in the coordinates of the kth nucleus; R;; is the distance between the first
m-electron and the kth nucleus.

Let us analyze the possible SLR channels in the triplet excited states of
a fullerene molecule Cgy proceeding from the Hamiltonian (1).

1. The interaction of the spin system with an acoustic wave takes place
due to a variation of D,, components, caused by the rotations of molecules
upon a displacement of their mass centers (mechanism 1). This interaction
is described by the Hamiltonian [13-14]

0H
OHGS = —55CH00,(1), (4)
13 I3

where 60, (t) is an angle of infinitesimal rotation of the photoexcited mole-
cule around its pth principal axis of inertia:

h N .
30, () = Z[W] eu (1) |t exp (iwpt) + hec. (5)
fi

Here N is the number of unit cells in a crystal; I, is the yth component of
inertia moment; f is the phonon wave vector; e, (f7) is the uth polarization
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vector component; q;:j is the phonon creation operator of the jth acoustic
branch; wg; is vibration frequency described by the dispersion law

[Zf Hf]] ’ (6)

where v, 7 is the uth component of the phase velocity.

We choose the coordinate system with Z ||§ Then the spin-phonon
interaction (4) can be rewritten as [13-14]

SHS9, = Y T3 PM30,(t), (7)
o, M

where T3, is an irreducible tensor operator [24]; the non-zero values of the
constants P," are linear combinations of the quantities D, (2):

Px' =i(Dzz — Dyy),

Py =+ (Dzz — Dxx),

Péﬁ2 = :l:’L (DXX - Dyy) .
(8)
2. The change of the nuclei configuration of a molecule in the field of
an acoustic wave is due to the modulation of SOI which induces the SLR
between spin sublevels of the triplet excited state (mechanism 2). According
to the results [13-14] the corresponding spin-phonon interaction Hamiltonian

is given by

OHsor
- ORy,

JHS, = Ry (), 9)

where 0 Ry, is the uth component of the displacement of the kth nucleus:

SRi () = ;[ﬁ]m%( 7 exp(iwpt) +he]. (10

Here M is the mass of the carbon atom nucleus; ey, ( f_ry) is the puth compo-
nent of the amplitude displacement of the kth nucleus.

In the coordinate system with Z||B the Hamiltonian (9) can be rewritten
as [13-14]:

SHE, = 3 3" T3 PYR,(1). (11)

k p,M

The Non-zero values of the quantities PM are equal to

P =—(2)" Dk

P, = —(2)" bk,
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re, =2(2) "' b,

+2 k
PkX_DXX’

PlciY2 = —Dyy,
(12)
where
—1 - -
Dt =3 [BS - ES| BuBp) (13)
and
~ €2h le LY R?k LY
Bn:—Z*T vk n-2k . 14
[ = G 2 (TI gt = TSk (14

Expressions for the calculation of transition probabilities in the approx-
imation of a high magnetic field are presented in Sec.3.

3. Direct one-phonon relaxation processes

1. Regarding the operator (7) as a perturbation we calculate the SLR
transitions probability between spin sublevels o and ¢’ of the photoexcited
molecule (mechanism 1) [13—14]

wi =177 ' Z o (Woo ) AT7 AT (15)

where
ZDMO' o’ (16)

Here D3, __, are the Wigner functions [24] describing the orientation of the

magnetic field vector B relative to the equilibrium position of the molecular
axes.

Dependence of relaxation transition rates on temperature and magnetic
field is given by the correlation function I, (w)

L(w) = [ (30,160, (0)r expliw)dr. (17)

Averaging in (17) is performed over the equilibrium distribution of phonons.

The main difficulty in the calculation of the SLR rates from formula (15)
is finding the quantities P)' (8) with the help of quantum-chemical meth-
ods (in particular, the Parizer-Parr-Pople (PPP) MO method in combina-
tion with the configuration interaction (CI) [21-22]), and also the correla-
tion function (17) from the microscopic theory. For these calculations we
need exact data on the constants characterizing the lattice dynamics of a
real Cgq crystal with taking into account the photoexcited molecule influence
(the observed EPR spectra indicate that the geometry of the Cgy molecule
is distorted from the soccerball geometry in the excited triplet state [4]).
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However, at the frequencies considerably less than the limiting frequency of
acoustic phonons the photoexcited molecule effects are insignificant [15] and
during the calculation of I, (w) we can use the lattice dynamics data for an

ideal Cy crystal [25]. In this approximation for the correlation function (17)
we have

hw

hVy
I, (w)= o Lt [1 — exp(—ﬁ)] , (18)
where Vj is the volume of a unit cell of the crystal and
T 1/22 (f)en(F3)] 200 (19)

Averaging in (19) is performed over all possible orientations of the wave
vector f. It is noted that the matrix 7}, in the system of principal axes of
the molecule Cg, is a diagonal one.

In the present paper the values of T),,, were found from the analysis of the
lattice dynamics equations in the longwave approximation (f — 0), when

the TRM can be taken into account through the perturbation theory [16-17].
The quantities 7, were calculated numerically using the atom-atom
potential method [20] and the data of solid Cg structure at low temperature
= (4.2 — 5)K (symmetry group Pa3, z = 4, a = 14.04 A [26-27]). Tt was
found that Txx ~ Tyy ~ Tz7 = Ty = 3.50 - 101°5° / (kg - m®).
These results allow us to obtain the following approximate expressions
for the SLR rates in the case of direct one-phonon processes

fi -1
W1(01) = aw [1 — exp <_%)} [1+29.8cos” p +20.7cos” 2¢] ,  (20)

2hw\ 1!
WO = 16aw’ [1 —exp (—k—T“’>] [35.9 — 29.8 cos?  — 5.2 cos? 2¢] , (21)
where
T, >
a — anh (-DXX - Dyy) . (22)

Here ¢ is the angle between the magnetic field vector B and the X molec-
ular axis; w is the Larmor frequency. For the photoexcited molecule in a
fullerene Cyq crystal the constant of the spin-phonon interaction is equal to
a =0.56 - 107352,

2. Considering operator (11) to be a perturbation we calculate the SLR
transition probability between spin sublevels o and ¢’ of the photoexcited
molecule (mechanism 2) [13—14]

Wo’o” - 2h2 Z ZIkk AU v AZ’VJ ) (23)

k.k' p,v

where

AZ;U Z DMo’ a’ (24)
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Dependence of relaxation transition rates on the temperature and mag-
netic field is given by the correlation function I} (w):

o

15 (@) = [ (6RO Rin ()7 expliwt)dt. (25)
The quantities P’} (12) in formula (24) were calculated by the PPP MO
method in combination with CI [21-22]. For the correlation function (25)

the following expression has been obtained (in the same approximations
which were used by deriving formula (18) for the correlation function (17))

’ hV ’ hw -1
kk 0 rkk' 5
IF“’ ( ) = % Tl“’ w [1 — eXp(—ﬁ)] ) (26)
where
1 ]_ =, o _ —
T = LS en (Fiews (F)f 7). (27)

It is noted that matrix Tff' in the system of principal axes of the molecule
Cso 1s a diagonal one.

We shall find the values of le’jl from the analysis of the lattice dynamics
equations in the longwave approximation ( f — 0), when the TVM can be
taken into account through the perturbation theory [18-19].

Quantities T‘f"j were calculated numerically using the atom-atom poten-

tials method [20] and the molecular dynamics data for a fullerene Cgq [28]
and the lattice dynamics and structure data of a solid Cg at low tempera-

ture [25-27]. It was found that TE% ~ TE: ~ TEY = T
Taking into consideration the obtained results for the parameters Tt
we can simplify expression (23) for the transition probabilities

h —1
W = b1 - exp ()] sin 20, (28)
2w\ 1-1
W) = 160”1 — exp <_k—;>] [1.6 — 14sin® o +sin' o], (29)
where

V. , : :

b= 3 T4 Dty DYy + Dl DY, (30)
2rh [

For the photoexcited molecule in a fullerene Cgq crystal the constant of
the spin-phonon interaction is equal to b = 0.23 - 10~°2s*.

The value of SLR time in mechanism 1 (: = 1) and mechanism 2 (i = 2)
can be calculated by the equation:

i i )\t
T = (Wi + 2w (31)
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4. Discussion

Let us analyze expressions (20-21) and (28-29) for relaxation transition prob-
abilities obtained by using mechanism 1 and mechanism 2, correspondingly.

SLR rates for the direct one-phonon processes in mechanism 1 and mech-
anism 2 have different angular dependencies. It allows us to investigate the
relaxation processes in a selective way.

SLR rates for the direct one-phonon processes in mechanism 1 and mech-
anism 2 have the same temperature dependencies and different magnetic
field ones. In the limit cases we have: W' ~ Tw? and W? ~ Tw* at
hw/(kT) < 1 and W' ~ w® and W? ~ w® at hw/(kT) > 1. Consequently,
relaxation processes can be investigated in different regions of the magnetic
field.

Numerical values of SLR time in mechanism 1 and mechanism 2 at
different temperature and magnetic fields are given in the table for ¢ = 7/2

(B||Z, the molecular axis Z is orientated along the axis of symmetry C, in
a fullerene Cyy). As we can see at low magnetic fields (B < 1T) the values
of SLR time in mechanism 2 (see 2 in the table) are of the same order as
in mechanism 1 (see 1 in the table). But the contribution of mechanism 2
decreases as compared to mechanism 1 with the increase of the magnetic
field (B > 1T7). The dominant role of mechanism 1 in comparison with
mechanism 2 is explained by the strong TRM of motions [16-17,25] and the
weak TVM of motions [18-19].

A comparison with the available experimental data for paramagnetic
centers in a polycrystalline Cgo [12] shows that the calculated SLR times
are in satisfactory agreement with experimental ones (see the table). It is
confirmed by the relative correction constants of the spin-phonon coupling
calculated by us without any fitting parameters in the case of the pho-

SLR Tl; S
mechanism | B=03T B=1 B=5 ]
T=42K
1 2.1-1073 1.5-107* 2.5-107¢
2 0.5-1073 3.2.107% 2.1-107°
(0.7-107%)"
T =10
1 0.9-103 0.7-10=* 1.9-10°°
2 2.1-10~* 1.6-107¢ 1.5-107°
T =15
1 0.6-1073 0.5-107% 1.5-10°¢
2 1.5-1074 1.3-107% 1.2.107°
T =20
1 0.5-1073 04-107* 1.3-10°¢
2 1.2-1074 1.0-107¢ 0.9-10"°
(0.5-107%)"

Table 1. Calculated values of SLR time for different mag-
netic fields and temperatures caused by: 1,2 - relax-
ation mechanism investigated. )* - the experimental
data [12].
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toexcited molecule. Thus, the SOI effect consideration is necessary in the
investigation of the excited triplet states in fullerene crystals.

It is important to emphasize that the results of the calculation are sen-
sitive to the accuracy of the lattice dynamics computations. For example,
a 15-20 per cent error in the sound velocity determination [25] causes a
change in the values of 7}, (19) andT}* (27) and, correspondingly, in the
SLR times by twice.

Let us analyze the influence of the dynamic JT effect in a molecule Cg
on the values of SLR time. The JT distortions of intramolecular vibrational
modes for a Cg, anion radical are observed in experiment [29]. Changes of
the JT active frequencies as regards the neutral molecule Cgq are 3-19 per

cent. As the values of Tlfl’f' (27) are proportional to the fourth power of
the vibration frequency [18-19], the values of SLR time in mechanism 2 can
increase approximately by a factor of (1.1-1.8). Besides, JT distortions take
place in the triplet excited state of Cgo [4-5,7-8,30]. However, the D,, (2)
(mechanism 1) and D}, (13) (mechanism 2) parameters changes due to the

dynamic JT effect are small and their contribution to the SLR time is less
than 7 per cent.

The obtained values of the SLR time carry information on the lattice
dynamics. In particular, it concerns the coupling between translations and
rotations of the molecules, and also between vibrational nuclei motions and
translational ones of molecules in a solid Cgy, which is difficult to detect
by using other effects at low temperature. Besides, a comparison of the

values 7}, (19) and T (27), obtained experimentally from the data of

measuring the SLR time at different magnetic field orientations, can be
used for determining the lattice parameter of a fullerene crystal Cg.
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CIIIH-TPATKOBA PEJIAKCAIIA Y ®OTO3BYI2KEHOMY
TPUIIJIETHOMY CTAHI ®YJIEPUTY C60: PO3I'JIAL
CIITH-OPBITAJIBHOI BSAEMO/II

IO . I.Ilpuaynbkuit

HMocaimxkeno mexanism cuin-rparkosol peaakcanii (CI'P) y ¢o-
TO30yIKEHUX TPUIIETHUX CTAHAX KpucTtauaa pyreperny C60, mo 3y-
MOBJIEHUI MOLyIsni€to eHeprii cuin-opbiransuoi Bzaemonii (COB).
s Mmomysisanis BUHUKAE K PE3yJabTAT NPUMINTyBaHHA OOE€PTAILHUX
PYXiB Ta KOJWBAJLHUX PYXIiB ANEp MOJEKYJIUW OO 1i TPAHCIAIIN-
HUX PYXiB IpU aKYCTUUYHUX KOJUBAHHAX T'PDATKU. 3 BUKOPUCTAH-
HSIM METOMIB aTOM-aTOMHUX MOTEHIIIaJIiB Ta MOJEKYJIAPHUX OpOiTa-
aert (MO) orpumasni npocti Bupasu iimosipaocti CI'P musa npsamux
onHO(GOHOHHUX mporeciB. IIpoaHasizoBaHMil BIJIMB TUHAMIUHOTO
edpekry flua-Tennepa y mosmexyni C60 Ha Beauuuny HMOBIpHOCTI
CI'P. IlpoBemeno nopiBHAHHS PO3PaXyHKOBUX 3HaueHnb vacy CI'P
3 HASIBHUMU €KCIEPUMEHTAJLHUIMY BEJINUYNHAMU.



