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Adiabatic rotation of effective spin. Il. Spin-rotational relaxation

Yu. A. Serebrennikov and U. E. Steiner

Fakultar fur Chemie, Universitar Konstanz, D-78434 Konstanz, Germany

The theory of electron spin-rotational (SR) relaxation in systems with an effective spin =1 is
formulated in terms of the adiabatic rotation of effective spin (ARES) approach. It is shown that SR
relaxation results from the orientational random walk of the axes of the intramolecular electric field
potential (ligand field) to which a spin-bearing atomic center is exposed. The validity of the
stochastic treatment presented here is not limited by the Redfield conditions. The general expression
obtained for the time constant of electron spin relaxation in liquid phase reproduces the well-known
result of Hubbard-Atkins—-Kivelson theory if it is specialized to the case of systems with weak

spin—orbit coupling.

I. INTRODUCTION

Since Kronig’s' and Van Vleck’s? pioneering work it is
well recognized that, mediated through spin—orbit coupling
(SOC), a random modulation of the interatomic electric field
potential V affects the spin and induces spin-lattice relax-
ation (SLR). The first application of the Kronig—Van Vieck
mechanism, originally developed for crystals, to the descrip-
tion of spin relaxation in the liquid phase by Altshuler and
Valiev® and, in more detail, by Kivelson® was restricted to
“stretching” modes of the collective motion, which modu-
late only the strength of V. The same idea has been exploited
by McConnell in his *‘spin—orbit pulse” mechanism of
SLR.?

Relaxation of rotational degrees of freedom could inde-
pendently induce relaxation of a spin. This process has been
described in terms of spin-rotational ®® ‘“‘rotational
spin—orbit,” *!° and “spin—orbit tunneling”'' mechanisms
of SLR. In its “pure” form SR relaxation operates in the gas
phase where the change of molecular orientation may be de-
scribed as a sequence of free rotations interrupted by colli-
sions and the rotational (angular momentum) relaxation time
7y is a physically well-defined parameter. Actually, this
mechanism has been first introduced by Blombergen et al'?
in their studies of proton NMR in a gas. This “‘gas phase”-
type mechanism has been adapted to liquids and investigated
in great details for molecules of different shape and for dif-
ferent models of molecular rotation in the condensed phase
(see, e.g., Ref. 8 and references therein).

The theory of SR relaxation has been formulated in
terms of the effective spin Hamiltonian:%®

H =NCS*", (1)

where N is the rotational angular momentum of the mol-
ecule, C is the spin-rotation coupling tensor, and ST is the
operator of effective spin. This interaction can lead to SLR,
because both N and C are stochasticaly modulated by mo-
lecular collisions in a gas and by anisotropic intermolecular
forces in a liquid. Usually it is assumed that the spin and
rotational variables are weakly coupled. Consequently, the
theory may be applied only in cases where the relaxation of
rotational degrees of freedom proceeds at a much higher rate
than the SLR process (Redfield limit). This automatically
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leads to an exponential decay of the initial spin orientation
with the rate constant 1/T; which may be expressed in terms
of the correlation function K {¢) of H, Eq. (1). In liquids
the time scales of rotational (angular momentum) and orien-
tational relaxation 7, are very different (7y<€7g). There-
fore, K (¢) can be factorized and 1/7; may be readily calcu-
lated (see, e.g. Ref. 8).

Nuclear spin is in general weakly coupled to the lattice.
Therefore, the Redfield approximation is undoubtedly appli-
cable for the description of nuciear SLR in the liquid phase
(the case for which the theory was originally developed®). It
should be clear from the above that in such a situation the
following inequality holds true:

TS> TW> TN (2)

Atkins and Kivelson’ were the first to apply the spin-
rotational mechanism to the analysis of electron spin relax-
ation. Following Curl,”® they approximated the effective
spin-rotational Hamiltonian [Eq. (1)] by the expression”!

Hy~—N(I"'5%)S°". (3)

Here dg=¢— g,f , with g, the g factor of the free electron,
and I the molecular tensor of inertia. It should be stressed
that this approximation is valid only if || 82| <1, which is a
common case for organic radicals.

In Ref. 14 a geometrical approach to the problem was
developed. It has been shown that in $*T=1/2 species SR
interaction arises from a U(2) non-Abelian gauge potential
and can be described within the framework of the adiabatic
rotation of effective spin (ARES) formalism (cf. Ref. 14, in
the following referred to as ARES I) in terms of an effective
spin-Hamiltonian:

HRes=— iAWV = — 0858°. @)
Here L denotes the lab frame, A is the corresponding gauge
potential, 63=%—1, and @=NI"" is the angular velocity of

molecular rotation. The tensor ¥ is defined by the
expression'*'

¥8°= Pyp(L+S) Pyp. (5)

Here L and S are the operators of electron orbital momentum
and spin, Pgp, is the projector onto the two-dimensional Hil-
bert space which is spanned by the ground Kramers doublet
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(KD). The specific form of Pgp and thus %, computed from
Eq. (5), depends upon the eigenbasis of the Hamiltonian in
the nonrotating system and reflects the degree of mixing be-
tween the eigenfunctions |a'”) and [BY) of the real spin
operator S5”. It has been pointed out' that in the case of
weak SOC 6%~ 63, and thereby H'3gs ~ HP .

One should note that, independent of the particular
model used to describe electron spin relaxation, the theoreti-
cally predicted upper limit of the SLR rate for
S°ﬁ=%—systems with weak coupling between spin and spa-
tial degrees of freedom in magnetically dilute solutions is
less than 10% s™! (see, e.g., Ref. 16 and references therein).
However, for ($T=%) paramagnetic complexes of high
ligand symmetry (slightly distorted octahedral) extremely
short values of electron SLR times T,~107"'-107'% s have
been reported.'” A relaxation time in the subnanosecond time
scale has been estimated for hydroxyl radicals and some
other organic and inorganic radicals of axial symmetry in
liquid solutions.'®!” The basic common feature of these spe-
cies is their partially unquenched orbital momentum and, re-
sulting from it, a strong coupling between electron spin and
spatial variables. Consequently, inequality (2) and Eq. (3) do
not hold (T~ 74, or even shorter than 74) and the Redfield
approximation is not valid. It appears, however, that so far
there is no theoretical treatment of SR relaxation of electron
spin in the condensed phase which is not based on the as-
sumption of Redfield conditions.

In this paper it will be shown that ARES-type motion of
the effective spin, which adiabatically follows the random
walk of the main axes of the intramolecular electric (ligand)
field tensor, is a suitable and most useful picture for describ-
ing spin-rotational relaxation. Applying the ARES approach
we will provide a theoretical description of SR relaxation in
$°F=1/2 species beyond the Redfield limit, i.e., for situations
with an arbitrary rate of stochastic modulation of the ARES
Hamiltonian, Eq. (4). Our approach to the problem is valid
for an arbitrary ratio between the basic ‘“‘structural” param-
eters of a system: effective SOC constant A and the strength
of its intramolecular electric (ligand) field potential V. In the
limit of weak SOC the well-known expression for 1/T that
results from the Hubbard theory of SR relaxation in the lig-
uid phase for systems with two orientational degrees of
freedom®~® is reproduced.

Il. TIME EVOLUTION OF MAGNETIZATION

Even in the absence of an external magnetic field the
SLR process can be characterized by the decay of the pro-
jection of the ensemble averaged, (--+), electron spin on its
original direction in space, which may be chosen as the axis
Z; of the L frame. If the lattice variables are “frozen” the
evolution of the density operator p'“)(r) is governed by the
Liouville equation (=1)

d

— p(0)= =il (0)pP(r). (6)
Following Refs. 14 and 20 we consider the Hamiltonian

H,(0)=\LS+V,(0). (7
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At +=0 the axes of the L frame are oriented along the prin-
cipal axes of the electric (ligand) field tensor V. For atoms
with an odd number of electrons in an environment of sym-
metry lower than cubic, it is possible that, among the eigen-
states of H;(0) there are some exhibiting no other than
Kramers degeneracy.”' Let us consider the situation in which
such a Kramers doublet constitutes the ground term of the

system. It is spanned by two kets: |a'®’) and |3D).

Now let the molecule rotate. With no significant loss of
generality we may take the origin of L frame at the molecu-
lar center of mass and assume that the main axes of the
molecular tensor of inertia coincide with the principal axes
of the electric (ligand) field tensor. Since, in the case under
consideration, V,A>kpT, any thermal molecular motion to
which the real spin is coupled occurs at a much slower rate
than the energy difference (in frequency units) between the
lowest KD and higher eigenstates of H; . In other words, the
ground doublet is adiabatically isolated from the excited lev-
els and, in order to calculate any observable quantity of a
system, we only need the matrix elements of the correspond-
ing operator within this lowest KD. In such a case it is con-
venient to introduce the effective (formal) spin operator Seff
(cf. Ref. 21, and ARES I) acting in a two-dimensional Hil-
bert space in which an eigenbasis of (S°")? and § }f:(” consti-

tute the eigenvectors |a'™) and |B‘Y’). Molecular rotation
results in the variation of the orientation of vector Seff(t)
relative to its initial direction $°(0). Formally, this is per-
formed by a linear transformation Uaggs(?) in the two-
dimensional Hilbert space of eigenfunctions of S}‘:"".M

In the rotating molecular frame (M) the evolution of a
reduced  density operator of the ground KD

(|a™y,1800)):

(1) =0ML(DpM(0), FM(0)=5D(0) ()

is governed by the propagator l‘]&”&s(:) which is defined in

the (2X2)? Liouville space
A t
Ulkes(n=T exp{ —ifOH%éé(r')d:'], ©)

where T is the time-ordering operator.'*
Consider now the time behavior of the following quan-
tity:

MZ[(1)=Te(S5 "5 (1)). (10)

The transformation which relates the irreducible tensor op-
erators in the lab frame to those in the moving molecular
frame is

S = R(Qp) SO = 2 R"d ‘qL(QLM)S;‘Z("). (1

9L
Here g, =0,=2;, Q;y={arp.Bry Xru} is the set of Eu-
ler angles defining the instantaneous orientation of the prin-
cipal axes of the electric, (ligand) field tensor V (M frame)
relative to the L frame; R is the Liouville space operator of
finite rotation relating two systems o‘f coordinates, the

1 . . . L
Rq, o, 2T€ the Wigner rotation matrices. R({};,) is given by
1o
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R(Quy)=expliary(Lz, +S7,)expliBy(Ly, +Sy,)]
xexplix.u(Lz, +Sz,)]. (12)

Substituting Eqgs. (8) and (11) into Eq. (10), we obtain

M ()= TrZ e Ry, o, [ Qw010 UE(1))51(0).
(13)

The random character of the molecular rotation in a liquid
leads to a stochastic modulation of H{}%k . Thus it is neces-
sary to average Eq. (13) over all realizations of the random
process H' ARE_g(t) or, in other words, to find the relaxation
operator

&)qL 0,(1) (Rq O[QLM(t REs(t» _ (14)

Knowing d>q 0, (1) it is stralghtforward to calculate the de-
cay of the observable M (t)

Ill. KINETIC EQUATION

It is well-known that in the condensed phase the angular
velocity (angular momentum) of a molecule relaxes .on a
much shorter time scale, 7y, than the orientational coordi-
nates. Thus for times #> 7y, it is legitimate to eliminate the
fast variables and to assume that the process of random
variation of the molecular orientation is a stationary Markov-
ian process.*?? In such a case the conditional probability
P(Q,,, Q21— 1y) of finding the orientation of the mo-
lecular framework equal to (), ,, at the end of the time inter-
val (tg,1), if it is known to have been equal to 13, at its
beginning (t,=0) satisfies the Kolmogorov—Feller equation®

9 0
3 P(Qpp, Qppit)

TN P(Qu . Qi) - JP(QLM’QQM;t)

xf(‘Q’LMv‘QLM)d‘Ql,,M]v (15)

P(Q4,0014:0)= 8(Q = Q). (16)

Here 7, is a mean time between the variation of the molecu-
lar orientation. The function f({};,,,{);,,) describes the
probability density for jumping from {;,, to {,,, in one
jump. Since the problem is formulated in the M frame, the
sets of Euler angles Q;,,, Q. , and Qf,, are chosen to
define the orientation of the rotating molecular framework
relative to the immobile L frame, therefore ¢, in Egs. (15)
and (16) equals zero.

If, e.g., molecular rotation is accomplished by small (i.e.,
much less than 2m) steps in the angular space it may be
considered as a Debye rotational diffusion®? at times 1> 7y .
The solution of Eq. (15) for the case of continuous diffusion
in the angular space is well-known?* and in principle could
be used in Eq. (17) to find an average over all realizations of
Quu(1):

M (=Tt X S;‘Z‘“| f dQpy P(Qy,031)
qL

Xy, 0,(Dm »t)ﬁ‘“(O)]. (17)

Here the partially averaged relaxation operator
Dy, .0,(Qpu.1) (averaged only over those realizations of

diffusional trajectories which have identical values (};,, at
the instant ¢) has been introduced, whereby

‘DqL.oL(t):J’ dQyy P(QLM,O:t)&)q,_,oL(QLMJ)- (18)

It is convenient to describe the decay of M‘z':(t) in terms of
the averaged operator

O'q,_(t)EJ’ dQy P(-QLM,O;I)&’q,_ 0,(Qa 1)5H(0)

(19)
by use of which Eq. (17) takes the form
M (0)=Tr 2 S e, (1)} (20)
q

Let us multiply Eq. (15) by &, o (21 .3®(0) and in-
tegrate the result over (), ,,, like in Eq. (17). This procedure
gives

qL(t)_ -

at T:l[a.ql_(t) —J’ (‘DqL.OL(‘Q’LM ,1)5(“(0)

Xd.QLMJ’ P(.QiM ,O§t)f(Q£M ,QLm)dQLM .
(21)

To proceed further we must specify the partially aver-
aged relaxation operator Q)qL,oL(.Q um »1) explicitly. In what
follows the approximate form of @, o ({21 .) will be

used, which is exact in the limit of short times wherein only
infinitesimally small angles of molecular (ligand field) reori-
entation may be reached (see also Ref. 15):

@, 0, (Qm ,t)=R;,_,o,_(QLM)R°ﬁ(QLM)- (22)
Here
RO p]=explinaruSsy )exp(ivi BuSyy )

X exp(i ViXLuSTy )s (23)

N=Yz,,.2,5 Yi=¥x, x, =V, (24)

Note that in an isotropic medium f(€;,,0;y)
= f(Qpy,— Qy) = f(Q) That allows us, using the rela-
tionships R(.Q) R(.Q)R( ~Q') and dQ2=dQ, to represent

the integral term of Eq. (21) (see also Ref. 25) as



Ef Ravan (ﬂ)i”“(ﬂ)f(ﬂ)dﬂ[ f P(£2},,,0:1)

9L

XRy 0, (R RUQL)(0)d0 ]}

=2 f e (DR D)o, (DF( D).

qi1L

Thus Eq. (21) is closed relative to O'qL(t) and has the form

aqL(r )=-2 T o, ), (25)

9L

where

1 g (=1 f 80~ £(6h)]

991

Dy, .0, (Do, [(ndfh. (26)
The initial condition for Eq. (25) i s obtained from the defi-
nitions of o, (1) [Eq. (19)], and R(Q) [Eq. (23)]:

04,(0)=8,, 0,6""(0). @7

The kinetic equation (25) constitutes the basis for the
description of the SLR process in the ground KD for systems
with an arbitrarily strong SOC. Formally, this equation looks
like the homogeneous differential equations of the impact
theory?? with the “collisional operator” [Eq. (26)]. The basic
difference is the absence of a Hamiltonian which governs the
dynamical evolution of the system on the “free path” be-
tween “collisions,” i.e., jumps of the molecular framework
in the angulag space. The Hamiltonian is hidden in the defi-
nition of the R°™ [Eq. (23)] from which it is readily seen that
the following equality holds true:

R?eff(ﬂ)=ﬁ(1/2)(ﬂeff), (28)

where Q°ﬁ={’)1|a,‘yl B,nx}. Thus, as expected, the response
of the effective spin on the variation of the molecular orien-
tation depends upon the strength of the coupling between the
spatial and spin degrees of freedom, which is reflected in the
parameters ¥ and y, .

IV. RELAXATION TIME

Consider an atom with a single electron (A\>0) or hole
(A<0) in the p-valence shell and exposed to an axially sym-
metric environment. The action of V, [Eq. (7)] in the space
of p functions may be expressed in terms of the T, compo-
nent of the set of unit irreducible tensor operators of
rank-2, 1420

v,(0)= /AT, ‘ (29)

where A = —(3/2)VZL z, defines the splitting of p orbit-
als in the absence of SOC under the action of the interatomic
electric field potential; Vz z, is the correspondmg main

value of the electric field tensor, and Vx x, = VyL_yL
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= A/3 for axial symmetry. In this simple model case we may
readily find the eigenfunctions of #; [Eq. (7}] and calculate
the basic parameters of the theory'*

%=1 v, =cos? x+2v2 sin x cos x. (30)

The degree of mixing between the different spin-orbital
states is expressed by x and is determined by the ratio of the
electric field splitting parameter A and the effective SOC
constant A:

(x) 2 31
tan(x)= 1

AM2—=A—=(A2=-A)2+2)2
with —(m2)<x<(m/2).

To proceed further, let us multiply Eq. (25) by S;T") and
take the trace from both sides. As is shown in the Appendix,
in the case of linear molecules this procedure leads to the
following equation:

eff, —_
—M )==2 Ay, 0, Mo (8). (32)
qiL
Here
M(D=Tr o, (NS5, (33)

l - -~
A a ST lfo d(cos B)[ &(cos B—1)

= flcos BYIRy 4, (BRy, 4 (v.B).  (34)

Since M3 () = Z, M) [Eq. (19)], the spin relaxation
time, defined as

9L

T, f dt Meff(;)/M "(0), (35)-

can be found by Laplace transformation of Eq. (32):

T,= X {47, g My (0)/MFH(0). (36)
qL-91L
The initial condition for Eq. (32) is obtained from Eq. (27):
M (0)=8,, 0,M7)(0). (37
Thus the inversion of 3X3 matrix Ay gives
1 _az—b2 . 1)
T, a—-2b ¢° (
where

a= f; d(cos )] &(cos B—1)=f(cos f)]
* X[cos(1+y,)B+eos(1-,) B2, (39)

b= fold(cos B 8(cos Bél)—f(cos A
X[cos(1—y,)B~cos(1+7,)B)2. (40)

It is easy to see from Eqs. (30) and (31) that if there is no
connection between the real spin S and orbital momentum L
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{A=0) the degenerate functions of the corresponding KD
span a complete representation of the spinor group SU(2). In
this limit [a") =| a*), |BE) =| B%), ¥=1. and Eq. (38)
gives 1/T;=0. Due to SOC the spin and orbital variables are
coupled. At the same time, in the presense of the anisotropic
electric field potential the orbital momentum is no longer a
constant of motion (L2 does not commute with V). As a
result, if V, A#0, the eigenstates of H,; [Eq. (7)] span neither
a representation of SU(2) nor a SU(2)XS0O(3) double
group. If A>X, the spin and spatial degrees of freedom are
weakly coupled [Hund case (b)]. In this limit |1 — v, |<1 (see
also Ref. 14). As a result, Eqgs. (38)~(40) yield

UT,=3(1- YL)ZDRv 41
where
1 . -
Dg= fo d(cos B)f(cos B)B%l4r, 42)

is the coefficient of rotational diffusion for a linear rotator
(systems with two rotational degrees of freedom).?* This re-
sult is independent of the particular form of f(cos B), as it
should be within the region of applicability of stochastic per-
turbation theory.

It has been shown in Ref. 14 that if A/||V||<1, in the first
nonzero order of perturbation theory,

(1=y,)*=(g.—g.)% , 43)

Here g, is the éyL’yL = éxL x, Main value of the g tensor.
Thus Eq. (41) reproduces the well-known result of Hub-
bard’s theory (see, e.g., Ref. 8 and references therein). Note,
however, that in our derivation of Eq. (41) we did not treat
the problem in terms of an effective Hamiltonian of spin-
rotational interaction, Eq. (2), and thus avoided using the
Hubbard relation between 7y and the orientational relaxation
time 74 of rank / tensors.%5%

The case of our primary interest is || V]|=A> kT [Hund
case (a)], a situation encountered in paramagnetic complexes
of high symmetry, axially symmetric and atomic radicals
with heavy atoms. In this case the spin and spatial degrees of
freedom are strongly coupled, vy, <1, and the effective spin
closely follows the orientation of the molecular framework.'*
It is readily seen that if, e.g., A=9\/4, Eqgs. (30) and (31)
give ¥, =0, and from Egs. (38)~(40) we immediately obtain

T;1= 7. lJ:)lti(cos ﬁ)[&(cos E—l)—f(COS B)]cos B

= 7'91' (44)

Consequently, in the case of relatively strong SOC (v, <1)
the SLR time for linear molecules should be close to the
orientational relaxation time 7g,.

Note that in the model of continuous diffusion f(cos B)
is different from zero only for small B. Thereby we may
expand cos(1%y,)B in Egs. (39) and (40) in powers of B.
Dropping terms of higher than the second order in ﬂ we
obtain the following result®:

T_,_(l -y )*(1+7y,)?
: (1+y) +27,

(2Dy), (45)

0=y =I. (46)

It is easy to verify that in the respective limiting cases this
expression reproduces Egs. (41) and (44) (note that for linear
rotators in the diffusion approximation 75;'=2Dg%*).

V. DISCUSSION

Traditionally the process of spin-lattice relaxation is de-
scribed as a result of nonadiabatic (instantaneous) stochastic
modulation of the dynamical (regular) metion of spin. The
random character of the perturbation results from thermal
fluctuations of spatial variables which are usually modeled
by Markovian or Gaussian-type stochastic process (see, e.g.,
Refs. 8, 16, 21, and 22, and references therein). This nona-
diabatic kinetic theory cannot describe the evolution of the
system over times comparable to or less than the “switch-
ing” time 7, of the perturbation (the time interval in which
the variation of the Hamiltonian takes place). The nonadia-
batic approach to spin relaxation is well justified when the
energy separation between the eigenstates of the Hamiltonian
coupled by the time-dependent perturbation is much smaller
than 7'6'~10”—10'3 s7! (<kgT). For S=1/2 systems this is
obviously the case when the frequency of internal motions is
determined by Zeeman interactions. The nonadiabatic theory
of SLR may still be appropriate for triplet molecules and
paramagnetic complexes with S°f=1, where the zero-field
splitting is usually lower than 10 cm™!

The situation is different, however, if the energy gap
between the terms coupled by the perturbation is determined
by the electronic Hamiltonian (|H*[=10° cm™'), i.e., be-
comes much larger than the inverse correlation time of any
thermal molecular motion. In this case the random perturba-
tion of a system has a qualitatively different, namely an adia-
batic, character.

Free radicals and paramagnetic complexes with sf=1/2
represent an important class of systems in which the spin—
orbit mixed Kramers doublet constitutes the adiabatically
isolated degenerate electronic ground state. Actually, the en-
ergy difference between the orbitally nondegenerate ground
state and the lowest excited electronic term coupled by SOC
to the ground one is of the order of the intramolecular
(ligand) electric field potential, which is usually much larger
than kx7T. As a result, in these species the lowest KD is
adiabatically isolated from the higher eigenstates of the mo-
lecular Hamiltonian.

In Ref. 14 the effect of regular molecular rotations, as far
as they represent an adiabatic perturbation to the electronic
system, has been adequately described as an adiabatic rota-
tion of effective spin. It has been shown that the action of
molecular rotation on the effective spin does not depend on
the angular velocity at which the molecule passes a given
rotational trajectory, but only on the geometry of that trajec-
tory, i.e., it can be described in purely geometric terms. Fur-
thermore, the analysis that has been made in that work
clearly shows that only in the case of weak SOC, the tradi-
tional representation of the effective spin-Hamiltonian of
spin-rotational interaction, is equivalent to the more gener-
ally valid ARES Hamiltonian.



In the present paper the theory of spin-rotational relax-
ation in systems with S°=1/2 has been developed within the
framework of the ARES approach. It has been shown that
spin-rotational relaxation results from the rotational fluctua-
tions of the anisotropic intramolecular electric field potential
(ligand field) to which the spin bearing atom is exposed.
When this field is strong enough (V>kzT) the effective spin
of the system follows the time variation of the M frame
adiabatically. In the M frame, the ARES-type motion of the
effective spin appears as if it were driven by a “fictitious”
internal magnetic field, f=—w?y. Correspondingly, the ran-
dom walk of the principal axes of the tensor V in the angular
space induces the SR relaxation.

Thus we come to the important qualitative conclusion: as
long as the time variation of V in the angular space repre-
sents an adiabatic perturbation to the electronic system the
spin-rotational relaxation in S°T=1/2 species is a result of
stochastic modulation of the molecular orientation, irrespec-
tive of the values of angular velocity at which the molecule
passes the random trajectory in the angular space. Equiva-
lently, in purely geometric terms, the ARES mechanism of
spin-rotational relaxation originates from the action of a fluc-
tuating Wilczek-Zee gauge potential (see Refs. 14, and ref-
erences therein). Consequently, this process, traditionally at-
tributed to the gas phase or nonviscous liquids, should be
considered as an important one for most S*T=1/2 systems
even with only partially “unfrozen” rotational degrees of
freedom, e.g., in hydrogen-bonded liquids, polymer solu-
tions, and in the solid phase.

For the sake of clarity it seems of interest to compare the
ARES mechanism of the spin-rotational relaxation with the
“rotational spin—orbit” model of SLR.>'" In the latter, spin
relaxation is described as a response of S to the fluctuations
of L in the angular space. Formalily, the spin—orbit Hamil-
tonian ALS was reduced to a time-dependent effective spin
Hamiltonian by evaluating the matrix elements of L in the
molecular frame, with the implicit assumption that the orbit-
als do rotate adiabatically with the M frame, whereas the
effective spin does not.”!? In its effect to the spin, rotation of
the orbits was considered as a Gaussian-type’ or
Markovian'® stochastic process. It should be clear from the
above, that this approach to the problem is not valid when
the energy gap between the ground Kramers doublet and the
lowest excited electronic state spin-orbitally coupled to the
ground one is more than kgT. In this case one should con-
sider the adiabatic motion of the full (L,S) system in the
rotating intramolecular electric field before the calculation of
any macroscopical observable (see also Ref. 20, where the
limit V<€k4T has been considered in some detail).

In this paper the principles of treating spin-rotational re-
laxation in $*T=1/2 systems by the ARES mechanism have
been demonstrated. An atom with a single electron or hole in
the p shell belonging to a linear molecule rotating in an
isotropic liquid, represents the simplest model case that al-
lows us to come to first practical results. However, the gen-
eral formulation of the problem in terms of the ARES kinetic
equation (25) allows one to treat the action of the rotationally
modulated electric (ligand) field potential on the spin bearing
atom (also with d and f electrons) within many different
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models of thermal motion and molecular shape. An applica-
tion to the problem of electron angular momentum relaxation
in liquid solutions of highly symmetric paramagnetic com-
plexes with §T=1/2 is now in progress.
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APPENDIX .

Multiplying Eq. (25) by S5 and taking the trace we
obtain

d
= Tr{sf,"L“L’oqL(:)}

=73 [ 1o~ AR, 4, (O

q9L91L
9L

XTrSTHRID( M, (1} (A1)

Since

(L) 51/2/ Qeff
Tr{SfIL R4 )O'q”_(t)}
=Tr{a,,, (R~ Qs

and
ﬁ(l/2)( _ ﬂeﬂ')s‘e'f(L) = % RlQ.q,_( _ ﬂeﬁ)saﬁ(u )
Eq. (Al) takes the form

d
W Tr{S;f(L)oqL(t)}

=-7'3 f [5(D)-f(DIR], . ()
Q.q1L
XRIQ'qL(—ﬂeﬂ-)Tr{O'

(HSTHas. (A2)

9L

For linear molecules in the isotropic liquid the kernel
£(£2)=f(cos B)l4m>. (A3)

Thus, substituting Eq. (A3) into Eq. (A2) and using the exact
expressions for Wigner rotation matrices,”’ after integration
over {a,¥} and summation over Q, we obtain the closed rela-
tive to M, (1), Eq. (32).
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