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LIST OF SYMBOLS

JB(2Wr),
JA(2Wr)

n(r)

= 1/2T,
v(2r)

vL(2r)
vm(2r)
vN(2r)
V(2r)

— mean volume concentration of spins
— g-values of the i-th spins
— ESR line shape
— averaging over ESR line shapes
— microwave pulse amplitude
— functions describing the contributions from spectral and instantaneous diffusion

mechanisms to the ESE signal decay of samples of Tt -type, respectively
— radius-vector connecting two spins
— distance distribution function of pairs
— functions describing the contributions from spectral and instantaneous diffusion

mechanisms to the ESE signal decay for samples of T2 -type, respectively
— spin-lattice relaxation times
— duration of a microwave pulse
— spin flip-flop rate
— ESE signal decay due to dipolar interactions in a pair of spins, or the total ESE

signal decay observed experimentally
— ESE signal decay attributed to spin-lattice interaction
— ESE signal decay due to dipole-dipole interaction in isolated spots of spin localization
— ESE signal decay due to electron-nuclear coupling
— ESE signal decay due to dipole-dipole interaction at a certain spatial spin

distribution
— linear spin concentration
— angle of rotation of spins whose Larmor precession frequency coincides

with the carrier frequency of microwave pulses
— angle of rotation of spins whose precession frequency is w-shifted from the carrier

frequency
— angle between r, 2 and the external magnetic field direction Ho
— time interval between microwave pulses
— "dead" time, a minimum time interval between microwave pulses
— spin flip rate distribution function

/. INTRODUCTION

Numerous problems in physics, chemistry
and biology call for information on spatial distri-
bution of paramagnetic centers (PC) — transition
metal ions, their complexes, free radicals, atoms,
stabilized electrons, etc. — in solid matrices. This
information is indispensable, e.g. for photo- and
radiation chemistry: spatial distribution of active
intermediates appreciably affects the reaction
kinetics and the subsequent product generation.
The same information is required to interprete
magnetic effects in recombination of radicals and
optically detected magnetic resonance spectra. In
biological systems it is sometimes necessary to
determine PC spacing for solving the problem of
localization of electron transfer chains, separa-
tions between paramagnetic labels and metal
ions that are present in a biopolymer structure,
etc.

Electron spin echo (ESE) methods have
become effective tools to study spatial PC distri-
butions in solid matrices. Applicability of ESE

methods in this field is based on the fact that
ESE signal decays are mainly contributed to by
dipole-dipole (d-d) PC interactions which depend
on spatial PC distribution. At present a number
of techniques of studying spatial PC distributions
in solids have been proposed and realized in
practice based on the ESE principle.

The present paper reviews the basic methods
of ESE investigations of spatial PC distributions
and some data obtained mainly within the last
few years for particular systems. During this
period noticeable progress has been achieved in
understanding the pair distribution in various
photochemical systems, and interesting results
on numerical simulation of radical tracks have
been obtained. Moreover, new aspects of theory
of ESE signal decay have been recently devel-
oped, in particular, theory of ESE signal decay
due to dipole-dipole interactions between PCs.
Refinements in the theory make it possible to
distinguish contributions from different phase
relaxation mechanisms to ESE signal decays.
The present paper reviews only the main
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theoretical results, whereas detailed discussion of
previously developed theories can be found in the
literature (1-3). Recent theoretical investigations
have supplemented the existing ESE theory and
specified some quantitative characteristics of
well-studied systems.

The review embraces seven sections. Section
II presents some model spatial PC distributions.
Theoretical results on PC d-d interaction effects
upon ESE signal decay are summarized in Sec-
tion HI. Section IV is devoted to methods of ana-
lyzing experimental data with the aim of obtain-
ing information on spatial PC distributions. In
Section V some general problems are considered
arising in experiments on d-d interactions.
Lastly, data on spatial PC distributions in con-
crete systems are described in Section VI, and
Section VII concludes the discussion.

/ / . MODELS OF SPATIAL PC
DISTRIBUTION IN SOLIDS

In the present review only magnetically
diluted systems are considered. The spatial dis-
tribution of PCs stabilized in solids can be diver-
sified depending on the way of preparing the
sample and the technique of PC introduction or
generation. Therefore, though not aimed at
describing ESE signal decays for all spatial dis-
tributions, we believe it to be expedient to con-
sider some sufficiently simple plausible cases
which can serve as models for real systems.

A. Uniform Volume PC Distribution

At a random uniform distribution all lattice
points of a solid can be occupied by PCs with
equal probability. In this case, the spatial distri-
bution is fully determined by the only parameter:
the mean PC concentration C = N/V, where N is
the overall number of spins in the sample, V is
the sample Volume. Figure 1 furnishes an
example of a uniform distribution in a two-di-
mensional lattice. The PC coordinates are ran-
domly distributed within the range 0-1. A uni-
form PC distribution can be observed in a
number of cases. It seems to be realized in crys-
tals dopped with small amounts of a substance
during their growth, in fast-frozen glassy solu-
tions of paramagnetic complexes and stable free
radicals.

The initial nonuniform distribution in sam-
ples can be made uniform by a special treatment
considered in Section V.

The simplest cases of the variety of nonuni-
form PC distributions are as follows.

Figure 1. Random distribution of paramagnetic
centers in a two dimensional lattice.

B. Pair Distribution

The PC distribution in pairs is of practical
importance. For instance, PC pairs are generated
in initial stages of low-temperature photolysis
(4), as well as under radiolysis in solids, the PC
generation probability being the higher the
harder the irradiation (5). The separation and
the relative orientation of PCs inside pairs can be
either fixed or somehow distributed. Numerous
examples of pairs with fixed partner separations
have been considered in the literature (4). In the
general case, PC pairs show a certain variability
of the partner separation and relative orienta-
tion. The relative PC location can be determined
by the pair distribution function n(r). The quan-
tity n(r)dr is the statistic weight of the pair
subensemble, with the radius-vector between the
partners in a pair ranging within (r, r+dr).
When partners are located isotropically, the pair
distribution function depend only on the partner
separation and assumes the form

n(r)dr = 47rn(r)r2dr. (1)

PC pairs in turn can be distributed either uni-
formly or nonunifomly throughout the sample. In
the following systems PC pair distributions are
uniform and thus can be fairly well described by
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the mean pair concentration, Figure 2 showing
an example of such distributions.

C. Distributions of the Cluster and "IslamT'
Types

In some cases PCs can be stabilized in solids
in groups or clusters (see Figure 3). Distributions
of the cluster type are realized most likely in
coils of macromolecules with paramagnetic

Figure 2. Random uniform distribution of pairs
in a two-dimensional lattice.

labels, in artificial liposomes with paramagnetic
ions and stable radicals introduced into them, in
small metal particles with conduction electrons
originating in specially prepared alkaline-halide
crystals (6).

Similar distributions can arise under ionizing
irradiation with an intermediate linear energy
transfer; the so-called blobs and short tracks (5),
regions of high radical concentration.
Nonuniform PC distributions can also result
from structural irregularities in solids. Freezing
solutions can lead to macro- and microscopic
stratification of phases. In this case, paramag-
netic admixtures or radiation-generated PCs
occupy not the whole volume but certain regions,
phases or microphases, or are stabilized at defi-
nite structural inhomogeneities. Inhomogeneous
structure characterizes systems of biological ori-
gin which exhibit, as a rule, nonuniform PC
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Figure 3. Cluster distribution of paramagnetic
centers.

distributions (7).
When PCs make small groups, the distribu-

tion should be called of the cluster type. The
notation of mean concentration is hardly applica-
ble to such systems, and the spatial distributions
should be described through the relative particle
location in a cluster. If the number of PCs in a
group is sufficiently great (let this case be refer-
red to as island distribution), it seems to be pos-
sible to introduce the notion of local PC concen-
tration inside an island as

C, = N/Vst = CV/Vst, (2)

where V is the sample volume, Vs t is the volume
wherein PCs are stabilized.

It is necessary to note an interesting feature
of the nonuniform distribution resulting from
either structural inhomogeneities or nonequiva-
lency of various stabilization sites in a solid lat-
tice. Let us assume that free radicals which are
generated in a solid can be distributed and moved
only along the lattice dislocation axis. This dis-
tribution is obviously nonuniform since the lattice
points remote from dislocations are inaccessible
for PCs. At the same time, in magnetic reso-
nance experiments this distribution can be mani-
fested as a uniform distribution since the effec-
tive mean PC spacing can be manifested as a
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Figure 4. Spatial positions of ionizations induced by an electron with the initial energy of 1 keV calcu-
lated by Monte-Carlo method. The way of generating such tracks is described in detail in ref. 24 from
which the present figure is taken.

uniform distribution since the effective mean PC
spacing can be equal to the mean spacing at a
uniform PC distribution and thus the d-d inter-
action is the same in both cases. The nonuni-
formity of the above distribution is manifested in
magnetic resonance only at great occupation
numbers of stabilization sites considered, i.e. as
the spin concentration in the sample increases.

The possibility of imitating a uniform distri-
bution must be taken into account in studying
spatial PC distribution by analysis of the spin d-d
interaction effects observed in experiment.

D. Surface and Linear Distributions

Interesting cases of PC distribution are PC
stabilization either on a solid surface or along
lines (dislocations, polymer chains, ionizing par-
ticle tracks). These distributions can be in turn
either uniform or nonuniform. An example of
nonuniform distribution is that of ionization
points along a low-energy electron shown in Fig-
ure 4. In solid matrices ions are transformed into
radicals that are stabilized in the vicinity of ioni-
zation points.

Thus, we have mentioned some possible PC
distributions in solids, the borders between them
being, however, not strict. For instance,

spin-labeled DNA and biopolymers can vary
their configuration from a blob (cluster distribu-
tion) to a line depending on external conditions;
ionizing particles may simultaneously create
pairs, clusters and island of PCs. An increase in
the number of radicals in irradiated systems can
result in both uniform due to overlapped tracks
and nonuniform distribution due to occupation of
accessible stabilization sites.

Below we consider the way of determining
the type of one or another distribution and its
details by experimental data on ESE.

III. THEORETICAL PRINCIPLES OF
STUDYING SPATIAL SPIN

DISTRIBUTIONS BY ESE METHODS

A spatial PC distribution can be in principle
determined by studying the contribution from the
PC d-d interaction to the spin dynamics. There is
a great variety of spectroscopic manifestations of
d-d interactions in magnetic resonance experi-
ments. For instance, in the case of a PC pair
with 1/2 spin, a fixed partner separation r, 2
and a fixed relative orientation r, 2 relative to an
external magnetic field Ho (61 2 angle), the d-d
interaction splits the ESR spectral lines into two
components with the splitting equal to
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A=(3/2)Y^(l-3cos2ei2)r1 (3)

where y is the gyromagnetic ratio for the PC.
The partner separation can be determined from
the angular dependence of A on cos ©t 2 . As one
more example, it is possible to mention the static
dipolar broadening of ESR lines in systems with
uniform PC distributions. For particles with 1/2
spins it is (8)

= (47r2/9/3)yI-nC. (4)

This relation shows that measurements of the
dipolar broadening of ESR lines makes it possible
to determine the concentration of PCs stabilized
in a solid; such measurements were carried out
in a number of works (4). However, it is
extremely difficult to experimentally measure
the d-d interaction contribution to the ESR line
broadening and shape in magnetically diluted
solids since the linewidth in such systems is
chiefly conditioned by not d-d interactions but
some other factors: g-tensor anisotropy, isotropic
and anisotropic hyperfine interactions, and
external field inhomogeneities. In the case of free
radicals stabilized in a solid matrix, the ESR
linewidth is 1—10 G, while the dipolar broaden-
ing, according to eqn. 4, equals a fraction of a
Gauss at a typical particle concentration of 101 *
cm"3.

Being insensitive to nonhomogeneous broa-
dening (9), the ESE method can be successfully
employed to eliminate the masking effect of this
broadening and to distinguish the contribution
from comparatively weak d-d interactions to the
spin dynamics.

A. Mechanism of PC d-d Contribution to
ESE Signal Decay

Quite a number of investigators contributed
to the development of theoretical and experimen-
tal principles of the ESE method and its applica-
tion to various problems in chemistry, physics,
and biology. Among them are the groups from
Bell Telephone Laboratory (1, 10) and from the
Novosibirsk Institute of Chemical Kinetics and
Combustion (2, 3, 11-13), as well as other
researchers, e.g.(14-18).

As a rule, in ESE experiments not all spins
are excited by microwave pulses and thus con-
tribute to the echo signal amplitude since the
ESR spectrum width in magnetically diluted sol-
ids most often exceed the amplitude of the
microwave field that arise in experiment and
form the echo signals. The spins excited by

microwave pulses and contributing directly to the
ESE signal are usually referred to as A spins,
the other (unexcited) are called B spins. The d-d
interaction between A spins manifest itself in
ESE experiments in some other way compared to
that between A and B spins. To illustrate this
statement, let us consider a PC pair and discuss
the partner d-d interaction contribution to the
primary echo signal arising at a time moment 2T
subsequent to a Hahn-succession of two pulses
90° —r —180°. Assume also the spin relaxation
flips to be too slow to occur within 2T time inter-
val. The Hamiltonian of this pair includes the
Zeeman spin energies and the spin d-d interac-
tion:

where w, and u>2 are the Zeeman spin frequen-
cies, D(r) determines the d-d interaction and
equals

D(r) =g1 - 3
2 » (6)

where g, and g2 are spectroscopic splitting fac-
tors of the partners. If both pair spins are of A
type, the 180° -pulse changes the sign of the
Zeeman energy in eqn. 5, leaving the d-d inter-
action energy unchanged. Therefore, the d-d
interaction energy must manifest itself in the
echo signal at the time 2T in the similar way as
if there were no 180° -pulse, i.e. the echo signal
amplitude will oscillate:

V(2T)~ cos[D(r)r]. (7)

Thus, A spin d-d interactions are manifested
in the primary echo signal decay in a similar
way as in the free induction decay (2, 13, 19).
The situation changes dramatically if one of the
spins is of B type. In this case, the 180° -pulse
turns only one spin of the pair and alters the d-d
interaction sign. As a result, the d-d contribution
to the spin precession within the time intervals
(0, T) and (T, 2r) completely compensate one
another. In this case,

V(2T)~ 1, (8)

i.e. the d-d interaction is not manifested in the
ESE signal decay, with the processes induced by
relaxation flips neglected. The case is different if
within the time 2T there occur relaxation flips of
B spins. A time-dependent local dipolar field
arises in the the place of location of A spins. As
a result, the A precession frequency varies ran-
domly, spectral diffusion occurs. The A spin
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frequency migration due to d-d interaction modu-
lation by random spin flips results in irreversible
spin dephasing. Random spin flips can be associ-
ated with either spin-lattice relaxation (T, type
samples) or spin flip-flops induced by spin diffu-
sion (T2 type samples). Thus, the d-d interaction
•with B spins is manifested in the ESE signal
decay due to random B spin flips by a spectral
diffusion mechanism.

The A spin interaction shows itself in the
ESE signal decay and in the absence of random
spin flips (eqn. 7), In this case, instead of a ran-
dom flip the spin is turned by the second micro-
wave pulse forming the echo signal. By analogy
with spectral diffusion, the d-d interaction
between A spins is conventionally assumed to
manifest itself in the echo signal decay by the
so-called instantaneous diffusion mechanism.
This mechanism of phase relaxation, typical of
the echo signal, was first reported in (10) and
then studied in detail in (19). A microwave pulse
is meant to "instantaneously" change the local
dipolar field.

In real experiments the manifestation of d-d
interactions in the ESE signal decay is hampered
by two factors. Microwave pulses, inducing the
echo signal, turn the spins through different
angles. As a result, one and the same spin can
contribute to the echo signal simultaneously by
an instantaneous diffusion mechanism, due to
the rotation induced by the pulse, and by a spec-
tral diffusion mechanism since the pulse does not
turn the spin through 180°. As a result, the d-d
contribution to the decay kinetics exhibits a
strong dependence on the character of spin exci-
tation by microwave pulses. The character of
excitation is in turn dependent on the ESR spec-
trum shape of the PC under study, on the ampli-
tude and duration of the microwave pulses.

Another complicating factor is a certain
interference, or overlapping, of the instantaneous
and spectral diffusion mechanisms that occurs
when A spins reorient randomly during the time
of observing the echo signals. Relaxation flips of
A spins suppress their contribution to the
instantaneous diffusion mechanism. Indeed, at
the background of sufficiently frequent random
flips, one or two more pulse-induced flips are of
no importance. Thus, in the extreme case of very
frequent random spin flips, the d-d contribution
to the echo signal decay stops depending on the
character of spin excitation by microwave pulses,
and the spin dephasing results solely from the
spectral diffusion mechanism. A detailed discus-
sion of theory of echo signal decay in magneti-
cally diluted solids can be found in a number of
reviews (1-3, 11, 13). Results of theory obtained

190

for various possible types of spatial PC distribu-
tions in solids can be briefly summarized as fol-
lows.

B. Paramagnetic Particle Pairs

The echo signal decay for PC pairs was ana-
lyzed theoretically (2, 13). The d-d interaction of
a spin with its partner makes the following con-
tribution to the primary echo signal of the spin
(13):

v(2r|r) = [(ChRr+WShRr/R)2

D2 (r)Sh2 RT/4R2 - 0

D2(r)Sh2RT/2R2]exp(-2Wr), (9)

R2 H W2 - D2 (r)/4

providing the partner spin is 1/2. Here W is the
random flip frequency of the spin-partner, W =
1/2T, in T, samples. In T2 samples W is the
spin flip-flop rate, 6 is the angle through which
the spin is turned around the Y-axis by the sec-
ond pulse, sin20/2 is averaged over all possible
angles of the spin-partner rotation, i.e. over all
possible resonance frequencies of the partner.
Relation 9 can be interpreted as follows. When
the spin turns through 0 around the Y-axis, the
spin projection onto the quantization axis does
not vary with the probability cos*0/2. Hence, all
pairs can be divided into two subensembles. In
one of them, with a statistical weight cos2 0/2,
the interaction with the spin-partner contributes
to the echo signal of the spin under study:

v0 = [(ChRr +WShRr/R)2 +

D2(r)Sh2RT/4R2]exp(-2Wr) (10)

This expression results from eqn. 9 with 0 = 0.
In the other ensemble, with the statistical weight
sin20/2, the interaction with the partner contrib-
utes to the echo signal considered:

vr = [(ChRr+WShRr/R)2 -

D2 (r)Sh2 RT/4R2 ]exp(-2Wr) (11)

This expression is derived from eqn. 9 at 0 — n.
When averaged over both subensembles, the
influence of the partner upon the echo signal
under study is

v(2r|r) = <cos2e/2>g(w)vo +
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<sin2O/2> (12)

which is identical to eqn. 9.
In extreme cases the above relations assume

very simple forms. If there occur no random flips
during the observation time, WT < < 1, then

v(2r|r) =

< sin29/2 > g(o,)CosD(r)T (13)

For the above reasoning, the d-d interaction in
one subensemble (cosa©/2>g(aj\ statistical
weight) does* not contribute to uie echo signal
decay (cf. eqn. 8), while that in the other one
(<sin29>/2>g/w\ statistical weight) modulates
the echo signal (cf. eqn. 7). In the other extreme
case of very frequent random spin flips, at WT
> > 1 and W > |D(r)|, eqn. 9 yields

v(2r|r) = exp[-D2(/}r/4W] (14)

As it would be expected, at frequent random spin
flips their contribution to the echo signal decay
stops depending on the character of spin excita-
tion by microwave pulses and is realized by the
spectral diffusion mechanism.

In the case of a B partner, it contributes to
the echo signal decay of the spin under study by
the spectral diffusion mechanism at any W
according to :

vB(2r|r) = tl+WSh2Rr/R +

2W2 Sh7 RT /R2 ]exp(-2Wr) (IS)-

By now we have considered pairs with a
fixed partner separation r, 2 . The echo signal
observed experimentally is the result of averag-
ing over the whole ensemble of pairs. Hence,
eqn. 9 or 15 should be averaged by the pair dis-
tribution function:

< V ( 2 T ) > = / v(2r|r)n(r)dr (16)

In an isotropic situation,

< V ( 2 T ) > = 4TT/ v(2r|r)n(r)r2dr (17)

where v(2r/r) is the echo signal decay in a pair
subensemble with a set r and an arbitrary orien-
tation of the radius vector r connecting the part-
ners:

<v(2r|r)> =%Jv(2r|/-)sin9de (18)

Vol. 7, No. 4

Of practical importance for pair distribution
studies is the case of B spin-partners (20, 21).
The dependence of ESE signal decay upon the
partner separation was obtained by numerical
integration of eqn. 18 (22). Figures 5-7 depict the

Figure 5. Plots of ESE signal intensity vs. the
distance in a pair. The signal decays due to
spectral diffusion. Different curves correspond to
different values of the parameter T/T, : (1) 5, (2)
2, (3) 1, (4) 0.5, (5) 0.2 (22).

results of numerical calculations.
Note some characteristic features of the

function V(2T |r).
At short partner separations (the region of

strong interactions), when g/^g^2'^'1v~3 > W,
the B spin contribution to the A spin ESE decay
becomes r-independent, Figure 5: the phase
relaxation of the A spin results from dephasing
of its precession due to random changes of the
local field induced by the spin-partner and obeys
the expression:

v(2rjr) = exp(-2Wr) = exp(-r/T1B) (19)

At a sufficiently great partner separation, i.e at
g^ggP 2fr 1r~3 < W (the region of weak inter-
actions), random spin flips effectively average to
zero the A spin frequency shift to d-d interac-
tions; it is the phenomenon of exchange narrow-
ing of dipolar broadening well-known in spectros-
copy. In this case,

v(2r|r)« exp[-D2(r)r/4W] = exp[-D2(r)rT1B/2]
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Figure 6. Plots of ESE signal intensity vs. the
distance in a pair for short spin-lattice relaxation
times of B spins, T, < < T, T , ^ > 1 (22).

(20)

Here D(r)a

Note also that the B spin contribution to the A
spin phase relaxation depend substantially on
the partner separation. At r -~~°°, v(2r|r) -*- l .
Figure 7 demonstrates the ESE signal decay due
to d-d interactions to follow the expression

<v(2r|r)> = (21)

Comparing <v(2r|r)> calculated in the above
way with experiment, one can determine the PC
distribution parameters. In the general case,
when the spin-partner is partially excited by a
microwave pulse, one has to calculate
<sin26/2>g(w) for a particular shape of the
partner ESR spectrum (see eqn. 9). Setting «0,

= T H , , tp to be the frequency, amplitude and
duration of the microwave pulse, one can find the
angle 6 of rotation of a S =1/2 spin with the
resonance frequency w:

192

Q>

-2

Figure 7. ESE signal decay due to spectral diffu-
sion of B spins at various distance distribution
functions n(r) and parameters a =
VeyMiT,)1 ' 1 (22). (a) n(r)
(*rr1ro)-1exp(-r/i'o), (1) 0, (2) 0.5, (3) 1, (4) 2,
(5) 3; (b) n(r) = (47rr0

2 r )" l exp(-r/r0), (1) 0, (2)
0.25, (3) 0.5, (4) 0.75, (5) 1, (6) 1.5, (7) 2, (8) 4.

sin2e(w)/2 = «,» sin2 (atp/2)/a* (22)

a s [a>1
2 +(o»—«0)2P and the mean value of

<sin2©/2>g(a)) equals
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<sin*e/2> g ( w ) (23)

To give an idea of the scale of this quantity, its
dependences on the ESR spectrum width and on
the microwave pulse parameters, Figure 8 shows
<sin20/2>gA,) calculated for the Gaussian dis-
tribution of resonance frequencies g(«) under the
assumption that the microwave pulse frequency
coincides with the center of the distribution g(w)
and the width of g(«) is set by the mean quad-
ratic deviation <Aw2 >^fyK^. The mean value
of <sin29/2>g/w) depend on two dimensionless
parameters: T H , t» and <A2 > ^ / H

C. Uniform Volume PC Distribution

In magnetically diluted solids with uniform
PC distributions the ESE signal decay due to the
d-d interaction with all spin-partners can be
written as

V(2r)= < n v k ( 2 r ) > (24)

where V^(2T) is the signal decay due to the
interaction with the k-th partner, <••••> means
averaging over all possible realizations of spatial
PC distribution. The averaging yield the follow-
ing results. The B spin contribution to the A
spin dephasing is

V(2r) = exp[-CBTdKl-v0(2r|r,WB))]S

exp[-gAgBP 2<n-» C B J B ( 2 W B T )/2 WB] (25)

where

J B ( 2 W T ) / 2 W =

The A spin contribution to the ESE decay is

V(2T) = V'(2T)V"(2T)

(26)

(27)

where

V(2r) = expf-C/df (l-vo(2r|r))]

V"(2r) = exp[-C<sinie/2>g^)X

/dr(vo(2r|r)-v7r(2r|r)]] (28)

In eqns. 25 and 28 v0 and v,,. are set by formu-
lae 10 and 11. The factor V'(2r) gives the d-d
contribution of the A spins to the ESE signal
decay by a spectral diffusion mechanism as if the

A spins were B ones, i.e. not excited by micro-
wave pulses:

V'(2T) =

expt-gA
2P 2"fi- l CAJB(2WAr)/2WA] (29)

In the extreme cases of slow and fast spectral

Figure 8. Values of <sin26/2>g^,) for Gaussian
line shape at varying AwUa, : Q) 9, (2) 5, (3) 3,
(4) 2, (5) 1.5, (6) 1, (7) 0 3 , (8) 0.

diffusions we have

J B ( 2 W T ) / 2 W —

J B ( 2 W T ) / 2 W —

; WT
(30)

; WT

The A spin d-d interaction contributes to the sig-
nal decay not only by a spectral diffusion mech-
anism; eqn. 27 contains the factor

V"(2r) = exp[-gA
1PJ1fi-1CAX

<sin2e/2>g(w)JA(2WAT)/2WA] (31)

where

JA(2Wr)/2W =
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g A ' v0 (2r |r)]-V7r(2r|r)]

At low frequencies of the random spin flips, i.e.
atWr < < 1,

V"(2T) -

exp[-&r ' g2 p < sin*6/2 > (32)

Relationship 32 describes the case of static dipo-
lar interactions contributing to the ESE signal
decay and was first derived in (19). In the other
extreme case of Wr > > 1,

V"(2T ) —-*-exp[-2W?g23 2fr * I§J~Z X

CT- l ' 2 W- 3 ' 2 <s in 2 e /2> g ( w ) ] (33)

The comparison of relationships 29 and 33 shows
that in the case of frequent spin flips, WT > > 1,
the basic contribution from the A d-d interaction
to the signal decay is made by a spectral diffu-
sion mechanism; the spin flips induced by micro-
wave pulses are negligible. Indeed, at Wr > > 1

J B ( 2 W T ) / J A ( 2 W T ) ~ WT

and eqns. 26 and 31 can be used to calculate
J B ( 2 W T ) and J A ( 2 W T ) at any W (see Figure 9).
At WT > 1 the function J A ( 2 W T ) / 2 W once again
confirms the above statement that frequent ran-
dom flips completely mask the effect produced by
pulse-induced spin flips.

In real systems spins can also be described
by distribution of the flip rates. For instance, in
magnetically diluted solids the spin flip rates are
(23):

3 ' 2 )exp[-3Wmax/2W]dW (34)

where W m a x is the most plausible rate of ran-
dom spin flips. In this case, the d-d contribution
to the signal decay obeys an expression obtained
from eqns. 29 and 31 by averaging JA(2Wr)/2W
and JB(2Wr)/2W over the flip frequency distri-
bution:

V(2r) = exp{2.5g210-i'C[QB(r|Wmax) +

<sin*e/2>g(w)QA(T|Wmax)]} (35)

where

Figure 9. J A ( 2 W T ) (a) and J B ( 2 W T ) (b) for a
homogeneous spin distribution (22). Dashed lines
show asymptotic dependences

16W7r/Wf/9/3 at Wr > > 1• JB(2Wr) =

J A ( 2 W T )

194

»/dW^(W)JB(2Wr)/2W

-432-n"x 101' JdW4>(W)JA(2WT)/2W

Figure 10 depicts calculated QA(T|Wmax) and
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Figure 10. QA(2Wr) (a) and QB(2Wr) (b) for a
homogeneous volume spin distribution at various
values of the most probable flip-flop rate W m a x
(22): (1) 3 X 10s s " \ (2) 10s s ' 1 , (3) 3 X 104

s"x, (4) 10 4 s" x , (5) 3 X 103 s" *, (6) 0.

D. Uniform Linear PC Distribution

The d-d interaction between PCs randomly
distributed along a straight line contributes to
the ESE signal decay by the law

V(2T) =3jdcos8exp[-x/dKl-v(2T|r))] (36)

where v(2r|r) is determined by eqn. 9, x is the
linear spin density, O is the angle between the
spin distribution line and the external magnetic
field direction Ho. The inner integral in eqn. 36
can be written as

J = Jdr(l-v)(2T|r) =
—CO

2WT
Lf(I w a° 2Wr

. )dx
(37)

where I. x y , (x) are the modified Bessel functions
of the order of -1/3 and a =T21i|l-3cos2©|. The
averaging over dcos@ is carried out indepen-
dently and, as shown by calculations (24), results
in a negligible deviation of V(2r) from the expo-
nent. Calculations of u',

u' = lnfeX,dx (38)

show that u'/u reduces from 1 to 0.85 at u rang-
ing within 0 to 5. As in the volume case, let us
use J in the form

<sin 2e/2>g(w)JA(2Wr)] (39)

In the extreme cases of low and high flip rates,
we have for J A ( 2 W T ) and J B ( 2 W T )

JA(2Wr) = 2 . 3 5 [ W T ] 1 ' 3 [ 1 _ 2 W T ]

J B ( 2 W T ) = 3.52[Wr ]* ' 3 at Wr < < 1

JA(2Wr) = 0 . 1 4 [ W T ] - 5 "

J B ( 2 W T ) - 1.7[Wr]1'* atWr > > 1 (40)

JA(2Wr) and JB(2Wx) at intermediate WT val-
ues were calculated numerically by eqn. 37 (Fig-
ure 11). As in the volume case, the contribution
to the signal decay by an instantaneous diffusion
mechanism goes to zero with increasing fre-
quency of spin flips, and J B ( 2 W T ) / J A ( 2 W T ) ~
Wr.

One can readily demonstrate that in the case
of uniform plane distribution
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Figure 11. JA(2Wr) (1) and JB(2Wr) (2) for a
homogeneous linear distribution (24). Dashed
lines show dependences J^(Wr) = 2.35[Wr]i '3
and JB(Wr) = 3.52[WT]* "3 corresponding to
Wr < < 1.

J B ( 2 W T ) ~ [ W r ] " 3

J A ( 2 W T ) ~ [ W T ] " 2 ' 3

J B ( 2 W T ) ~ [ W T ] 1 ' 3

a tWr<< 1
(41)

atWr>> 1

The comparison of the results for uniform vol-
ume, plane and linear distributions shows that
the signal decay is sensitive to the character of
particle distribution. In the case of a linear dis-
tribution, the signal decays much slower than in
the volume case since an increase of the distance
between the spin under study and its partners
does not change the number of the partners in
the former case and increases it as r2 in the lat-
ter case. A uniform spin distribution in a plane
results in ESE signal decay kinetics which are
intermediate between those at volume and linear
distributions.

It is natural to expect that as the concentra-
tion of spins linearly distributed in a volume
increases, the mean distance between PCs
located at different lines becomes either compa-
rable with or shorter than the mean distance
between PCs along the lines, i.e. at C 1 ' 3 ~ x the
ESE signal decay approaches that obtained in
the previous section (see eqn. 23). A similar

statement is valid for a uniform PC distribution
in a plane. The kinetics come to correspond to
volume distributions at C2 ' 3 ~ 5, where & is the
surface spin density.

E. Nonuniform PC Distribution

The d-d contribution to the signal decay at an
arbitrary particle distribution in a solid matrix
can be calculated by the expression

V(2r) = (42)

where v(2r|qm) is the signal decay of the k-th
particle due to its interaction with the n-th part-
ner; it obeys eqn. 9.

In the general case, according to eqn. 42, the
ESE signal decay is determined by the many-
particle distribution function fjq. The function
%(ri 'r2»—»f>j) is t h e density of the probability of
finding particles in the vicinity of points with the
radius vectors r, ,r2 ,....,J

V(2r) = & l n ) r l n f N dr , ...

At a random uniform particle distribution fj^ =
1/V** and the above formula yield the result of
eqn. 27.

If PCs are stabilized in pairs, the pairs dis-
tributed uniformly throughout the sample, V(2T)
can be expressed through the pair distribution
function. In this case, the ESE signal decay of
the spin under study is

V(2r) = V1(2r)V2(2r) (44)

where V , ( 2 T ) describes the signal decay due to
d-d interaction of a given spin with its partner in
a pair, V, (2T) is set by the relations 16 and 17.
The term V2 (2r) corresponds to the contribution
from the spins of other pairs to the dephasing of
the given spin:

V2(2r) =

exp{-Cpfdr2dr3n(r2 3)[l-v(2T|r2)v(2T|r3)} (45)

where Cp is the mean pair concentration,
V(2T|T2) and v(2r|r3) describe the contributions
from spins located at the points r2 and r3 to the
signal decay of the given spin located at the ori-
gin, n(r2 3) is the pair function eqn. 1.

Similar generalizations are possible in the
case of cluster PC distributions. Here V(2T) can
be expressed via the spin distribution function in
a cluster.

Eqn. 42 can be employed to determine the
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ESE signal decay for an arbitrary PC distribu-
tion. To exemplify this procedure, let us calculate
the ESE signal decay for PCs stabilized in a fast
electron track (24), Figure 4 showing this nonu-
niform distribution. Calculations of decay kinetics
in ionizing particle tracks are divided into two
independent procedures. First, determination of
relative coordinates of ionization points; second,
ESE signal decay calculations properly. Ioniza-
tion point coordinates are calculated by the
Monte Carlo technique on the basis of experi-
mental data on the cross-sections of elastic and
inelastic electron scatterings in the substance
under study. It turned out that 8 X 10s ioniza-
tion points sufficed for the calculations, the sta-
tistical error being no more than 2%.

With sets of tracks with a known relative
distribution of ionization points one can calculate
by eqn. 42 the signal decay induced by d-d inter-
actions between PCs located at the ionization
points:

V(2r)= (46)

Figure 12 shows V(2T) calculated at two spin flip
rates W and some values of <sin2O/2> and r
when ionization points are stabilized in a track of
a 1 keV electron.

It is necessary to note that signal decay
computations in a track by eqn. 42 are rather
time consuming. Therefore, the ESE signal
.kinetics were analyzed (24) depending on the
assumed approximation of the number of neigh-
bors of the spin under study. It turns out that
the approximation "ten neighbors to the left and
to the right" of a given spin results in an error
which does not exceed the statistical error at
least up to a signal decay of some e" 3 (as a rule,
higher magnitudes of the signal decay cannot be
observed experimentally).

The comparison of ESE signal decays due to
PC d-d interactions in a track with those
observed at uniform distributions shows a uni-
form linear distribution to be the best model of
PC distributions in a track. As in the uniform
linear case, the signal decay in a track can be
divided into the components V ^ ( 2 T ) and Vg(2r)
associated with JA(2Wr) and JB(2Wr) Each
component can then be compared with the ana-
lytic expressions given in Section III.D. This
procedure is shown in Figure 12, the linear den-
sity x serving as a fitting parameter.

As seen from Figure 12, analytic eqns. 34-38
fairly well describe the ESE signal decay in a
track at various W. At Wr < < 1 the signal
decay for a PC in a track is linearized in the
coordinates mV(2r)—T1'3 according to eqn. 40,

o.t

Figure 12. ESE signal decay in a track of an
electron with the initial energy of 1 keV: (a) W
= 10' (o) Monte-Carlo calculations with
regard for all particles in the track, (x) the
approximation of "ten neighbors to the left and
to the right" (24). Solid lines show analytic cal-
culations in the approximation of the track to a
line with a homogeneous spin distribution at x =

4.5 X 10' cm"1, (1) vt r
A(2r), (2) vt r

B(2r); (b) W
= 103 s"1 and <sin26/2>g(a,) equal to (1) 0.2,
(2) 0.01. Ordinates of curve 2 are 10-fold mag-
nified. Analytic calcuations (solid lines) corrs-
pond to x = 5 X 10 ' cm' *.

the tangents of the slope of these dependences
being proportional to <sin20/2>g/w\. The value
of x found from the tangents of the slope is 5 X
10' cm" *; this very value corresponds to a good
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agreement between the analytic and calculated
V(2T ) at other W values. The x in a track of an
electron with the initial energy of 1 keV is 7 X
10* cm"1 (24). Thus, the agreement between
the analytic relationships for the signal decays in
the uniform linear case and in the case of PC
distribution in a track is not only qualitative but
also quantitative. This fact substantially facili-
tates analysis of experimental data on ESE sig-
nal decays in tracks.

ESE signal decays for some types of nonuni-
form particle distributions were calculated in
(25).

Unfortutnately, model "island" distributions
have not been so far calculated; however, as seen
from the above data, the difficulties that are met
are of calculation rather than fundamental
character.

IV. METHODS OF SPATIAL PC
DISTRIBUTION ANALYSIS IN ESE

EXPERIMENTS

This section dwells upon the possibility of
gaining information on spatial PC distributions
from the decay kinetics resulting from PC d-d
interactions.

A. The Inverse Problem of the ESE Method

The above results of the theory of d-d contri-
bution to ESE signal decays demonstrate this
contribution to substantially depend on spatial
PC distributions in solid matrices. Therefore,
ESE signal decay analysis can in principle sup-
ply one with a detailed information on spatial
spin distributions.

ESE theory (see Section III) usually consid-
ers the direct problem of Finding ESE signal
decay kinetics induced by PC d-d interactions at
a set of spatial PC distribution. In experiment
one has to solve the inverse problem: to deter-
mine the type and parameters of the spatial spin
distribution by echo signal decay data. Solution
of this problem is hampered by a number of cir-
cumstances. In' experiment ESE signal decay
kinetics are measured within a limited time
interval, 3 X 10"1 < T < 5 X 10"* s (26). Evi-
dently, the shorter the time interval, the less
reliable the spatial PC distribution obtained.
When solving the inverse problem, one should
remember that different PC distributions can
pertain to the same signal decay, e.g. ESE sig-
nal decay asymptotics may coincide in some
cases of pair and linear distributions (cf. eqns. 21
and 40). However, in real situations the inverse
problem is often facilitated substantially since

some other data (not ESE data) provide informa-
tion on possible or expected types of PC distribu-
tions in particular systems. For instance, under
photochemical molecular decomposition in a solid
there is often every reason to expect that gemi-
nate pairs of free radicals originate at early pho-
tolysis stages. A detailed character of the radical
distribution in pairs can be found out by analyz-
ing the ESE signal kinetics.

The d-d contribution to spin phase relaxation
depend on the spin flip rate during the spin-lat-
tice relaxation or spin diffusion. Therefore, to
obtain information on spatial PC distributions
from ESE data, it is desirable to find spin flip
rates by independent experiments.

The PC d-d interaction is an important, how-
ever, not sole cause of spin phase relaxation.
Electron-nuclear coupling (2), spin-lattice inter-
actions, etc. are also of essential, sometimes
paramount, importance in electron spin dephas-
ing. Therefore, to obtain information of spatial
PC distributions, it is first of all necessary to
distinguish the d-d contribution to the echo sig-
nal decay The procedure of finding W and distin-
guishing the d-d contribution in the total decay
kinetics will be discussed in Section V.

Assume the ESE decay kinetics associated
with d-d interactions to be distinguished in
experiment. At present ESE decay have been
fairly well analyzed for the following model PC
distributions: uniform volume, surface, linear
particle distributions and PC distributions by
pairs. Analytical formulae and plots of ESE
decay kinetics for these cases are adduced above.
Thus, it is necessary to verify first of all whether
experimental data correspond to theoretical
results referred to one of the model cases. If
there is no correspondence, one has to try other
possible types of PC distributions, to use equa-
tions of the type 42 and 43 for numerical calcu-
lations. At a uniform PC distribution experiment
yields only a mean concentration of PCs. In the
case of pair spin distributions, there exists a
well-developed procedure of calculating pair dis-
tribution functions based on partner separations.

B. Ways of Determining Pair Distribution
Functions

According to theoretical data (see Section
III), the spin phase relaxation due to d-d interac-
tions between spin-partners depend on quite a
number of parameters: random spin flip rate,
degree of spin excitation by microwave pulses,
partner separation. Since pairs of different PCs
are most interesting from the viewpoint of prac-
tice, we are going to consider only pairs of A and
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B spins with substantially differing resonance
frequencies. In this case, microwave pulses
inducing ESE signals excite only one of the pair
spins. The B spin contribution to the A spin
dephasing essentially depend on the B flip rate
and hence the ways of determining the pair dis-
tribution functions by ESE data are different for
B spins with low (WT < < 1) and high (WT > >
1) rates of random flips.

1. PC Pairs with WT >> 1

In this case B spins induce A spin dephasing
by a spectral diffusion mechanism. Figure 5
shows plots of ESE decay due to spin d-d inter-
actions vs. partner separations. The dependence
is of a specific S-shape. In approximate calcula-
tions it can be replaced by the step function

r < r*rexp(-2rW) =
v < 2 T k ) l i

where r* is the point of the maximum slope of
v(2T|r). According to estimates (26), r* is deter-
mined as

The ESE signal amplitude for the whole pair
ensemble is obtained by substituting eqn. 47 into
eqn. 17:

r*
VD(2T) = 4ir[exp(-T/T1B)Jn(r)r2dr+/n(r)r2dr]

° r* (49)

Taking into account the normalization require-
ment 47r/n(r)r2dr = 1, it is possible to reduce
eqn. 49 to the form

4ir/n(r)r2dr =
r*

[vp(2r)-exp(-r/T1B)]/[l-exp(-r/T1B] (50)

Relationship 50 assumes the simplest form when
the B spins have very short spin-lattice relaxa-
tion times:

47r/n(r)r2dr = (51)

i.e. at a moment 2T the echo signal amplitude is
in fact proportional to the PCs with the partner
separation over r*; for this fraction the d-d
interaction is sufficiently low and hence no spin
dephasing can occur during the time interval 2T.
Measuring the ESE amplitude at various T / T j B ,
one can find the pair distribution function by eqn.
50 or 51. To this end let us introduce the volume

V* restricted by a r*- radius sphere,

V* = (4/3>rr*3 , (52)

and differentiate Vp(2r) with respect to r*, i.e

-dvp/dV* * n(r*). (53)

Note that V * ( T T J B ) is measured experimentally
for a given type of B spins. For this purpose it is
necessary to prepare a system with a uniform
distribution of B spins. The B spin contribution to
the A spin ESE decay obeys eqn. 26 in the case
of a uniform volume distribution. Employing the
approximation of eqn. 47, one can write eqn. 26
as

v (2T) = exp{-CB[l-exp(-T/T1B)]«4ir/ r
2dr} =

^ o
exp{-CBV*[l-exp(-r/T1B)]} (54)

Thus, measuring the spin dephasing by a spec-
tral diffusion mechanism for the case of a uni-
form volume distribution of B spins, one can
determine the characteristic volume V * ( T T J B )
for any T T 1 B and, subsequently, obtain the pair
distribution function by eqn. 53.

The substitution of V(2T |r) by the step func-
tion is naturally valid only if n(r) varies with r
slower than v(27-Jr).

To estimate the degree of reliability of the
above equation for the pair distribution function
n(r), vp(2r) was calculated numerically for a
number of model functions. A model analytic
function was substituted into eqn. 17 to calculate
ESE signal decays. Thereafter n(r*) was deter-
mined by eqns. 50-53 and compared with the
initial n(r). Figure 13 shows the results obtained.
The procedure proposed is seen to fairly well
describe the form of n(r). As expected, noticable
errors arose only for functions that varied
appreciably at short distances, e.g. 8 - and step
functions.

Expression 48 estimates the distance range
wherein n(r*) can be determined by the above
procedure. The inferior limit of measurable r* is
10-15 A at rT , = 3 X 10" *• s2. The superior
limit is reached at T ~ T, and is 100 A for ions
with a spin S = 2 (such ions are usually used in
experiments).

2. PC Pairs with W B T < < 1

According to theoretical expressions given in
Section III, in this case B spins do not practically
contribute to A spin ESE signal decay. Hence,
the ESE method seems to be inapplicable to
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Figure 13. Approximate spatial distribution
function n(r) for radical-paramagnetic ion pairs,
with one of the partners having short spin-lattice
relaxation times. Solid line - the real model dis-
tribution density, dashed line - that calculated
by eqn. 53 (22). (a) -M'-G function; 2-2'-exp(-r/5)
(b) -I-r-exp(-r2 /8»); 2-2'-exp[-(r-5)»/S * ]
3-3'-exp[-(r-25)i/251].

determination of the pair distribution function.
The problem can be solved, however, by the
double resonance method (27). In this method, at
a time moment t' after the first pulse of <o * fre-
quency inducing the ESE signal, a saturating

200

pulse is applied at the resonance frequency of B
spins, « B . The role of the saturating pulse is to
change the B spin orientation and thus to induce
an "instantaneous" shift of the local dipolar field
created by the B spins at the sites of location of
the A spins. As a result, the B spins dephase the
A ones by a mechanism analogous to that of
instantaneous diffusion. The B spins contribute
to the A spin ESE signal decay as (27):

VCD = 1 - p[l-4ir/n(r)K(u)rJdr], (55)

where u =7AYBfiTr-3; T = r-W-t'l- p =
<sin*e/2>g(w);

K(u) = Jcos[u(l-3cos2G')]dcod9'.o
It has been proposed (27) that the distribution
function n(r) should be determined by the signal
decay V(T) measured. The oscillating kernal K(u)
of the integral eqn. 55 is substituted by the step
function

K(u, J (56)
0 S u S 1,2

10 u> 1,2
In this case, eqn. 55 can be written in the form

r*
V(T) = 1 - p [ l _ / n(r)r*dr] (57)

with r* = (0.833YA-yB1iT)x'» , and thus it is
possible to determine the fraction of spins located
within 0 to r*. Using the relationship

f(r*) =' 47rn(r*)r*2 = -dV'(T)/dr*,

where V'CD = 1 - tl-V(T)]/p,

one can determine an approximate distribution
function n(r) with the help of an experimental
ESE signal. Eqn. 57 estimates the distances at
which the distribution function can be deter-
mined. At a real T = 5 X 10 "6 s, r* ~ 100 A for
spin-partners of 1/2. As in the previous case of
W T > > 1, approximate methods of determining
the pair distribution function are applicable only
if n(r) is smoother than K(u). Therefore, we are
going to consider more reliable methods of n(r)
determination developed recently (23).

C. General Methods of Determining the Pair
Distribution Function

The distance distribution function of spin-
partners is the solution of an integral equation of
the type:

?v(2T|r)n(r)dr= V(2T) (58)
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where V(2T) is known over the range [T j ^ , rg] .
The kernal v(2x|r) can be represented as a series
of eigenfunctions in the band r = [0, °°], r =
[r A , r B ] :

r^r) (59)

satisfy the following

v(2r|r) = .S

The functions <£j(r) and ^ ( T
orthogonality relationships:

-
(60)

The expansion of eqn. 59 and the conditions of
eqn. 60 readily yield

(61)

which show that an operator inverse to v(27-|r)
is

v"1(2r|r) = 2 ( l / a j ^ r ^ T ) (62)

Applying v"1 (2r|r) to V(2x), we find n(r) as

n(r) = 2

The eigenfunctions of v" * (2r |r) can be deter-
mined, e.g. as follows. The right side of eqn. 58
is measured at a certain set of points TQ, T2,...,
Tn-1* Hence, eqn. 60 is reduced to

(63)

where «j are some weight factors. All integrals
in T are calculated in a similar manner. Consider
now the integral

Sy = Sjj = 7 v(2rj|r)v(2rj|r)dr (64)

that can be written in the form

(65)

The coefficients aj were shown (28) to go to zero
with increasing 1: c*10 £ 10"1 0, which fact
makes it possible to use no more than 10 mem-
bers of the summation. If ^J(T=) is designated as
bjj, eqns. 63 and 65 yield for the matrices B —
{By}, S = {Sjp.A = {a j^ i j} ,^ = {WJSJJ} the
following equations:

BQ BT = E

With the substitution B = B d
take the form

B T AB =

BBT = E

(66)

these equations

(67)

Thus, the problem is reduced to that of eigenva-
lues and eigenvectors B of the matrix"^ Sw*.

With B and A known, one can determine
^J(T:) and aj and thus <£j(r) (see eqn. 61):

1 (68)

(69)

and then the pair distribution n(r):

n(r) =
1=0

The above method of n(r) determination has been
used (28) with experimental data on ESE signal
decay taken from (27). Figure 14 shows n(r) cal-
culated in this way and by approximate rela-

Figure 14. Distance distribution function of
H—Q pairs (27, 28). Curves 1 and 2 are
obtained by processing experimental data by dif-
ferent methods; curve 1 by the technique
described in Section IV.B.2, curve 2 by that in
Section IV.C.
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tions (eqn. 47). The approximate method, with
the step function substituted for the kernal K(u),
is seen to allow a reliable distribution function.

Thus, in Sections HI and IV we have consid-
ered theoretical principles of phase relaxation
due to d-d interactions in magnetically diluted
solids. Let us discuss now methods of determin-
ing spatial PC distribution parameters based on
experimental signal decays. The next section
demonstrates experimental realization of the
above program.

V. MEASUREMENTS OF ESE SIGNAL
DECAYS DUE TO d-d

INTERACTIONS OF PCs.
EXPERIMENTAL DATA ON PHASE
RELAXATION IN SYSTEMS WITH

UNIFORM PC DISTRIBUTION

At the present moment there has been
developed a definite sequence of experimental
steps necessary for obtaining information on PC
d-d interactions and spatial PC distribution.

An experimentalist has to start his work
with solving two general problems: determination
of the microwave field strength in the cavity of a
spectrometer, and separation of the ESE signal
decay contributed by the mechanisms of instan-
taneous and spectral diffusions.

A. Determination of Microwave ff, Pulse
Amplitude in a Spectrometer

Cavity at the Location of a Sample

This parameter can be determined by analy-
sis of the ESE signal shape. The ESE signal
shape is known (29) to obey the expression

V(t) = jf [sin3(a/T+x~*)/(l+x2)2 X
—oo

f / l+x 2 cos(a/T+xJ)cos(acx) +

where

xsin(a/ l+x2)sin(acx)/g(x)dx

= t,tp/2

(70)

g(x) is the line shape of a PC under study, r is
the pulse duration. Relation 70 is written for
pulses of equal duration. Figure 15 depicts V(t)
calculated by eqn. 70 at various H, for Gaussian
line shapes (19). Irrespective of the line shape,
the ESE signal is seen to be of a double-peak
shape at THttp = n which solves the experi-
mental problem of H, determination since t- can
be measured independently. All of the
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subsequent H, values are set relatively to the
obtained H, * = T/ytp with the help of a cali-
brated attenuator mounted between the micro-

01

-</ -2 o 2 -* -2 o a -9-2

Figure 15. Primary ESE signal shape at the
Gaussian excitation line shape, with the half-
width between points of maximum slope equal to
2G and various values of the amplitude H, of a
microwave pulse (19): (a) YH,tp = 2.1, (b) 3.14,
(c) 3.6.

wave-pulse source and the spectrometer cavity.

B. Separation of Contributions from
d-d Interactions, Spin-lattice

Relaxation and Electron-Nuclear Interac-
tions to the Total ESE Signal Decay Kinetics

Let us consider first the way of distinguish-
ing contributions from various mechanisms to
the ESE signal decay in systems with uniform
volume distributions. In the general case, the
ESE signal decay in such systems is

V(2r) = V'(2r)Vr(2r);

V = V N ( 2 T V L ( 2 T )
(71)

where VJ^(2T) is the decay associated with elec-
tron-nuclear interactions,

lnVN(2r) = - (72)

VJJ.2T) is the decay due to spin-lattice interac-
tions

lnVL(2r) = - T / T 2 1 (73)

Vr(2r) is that contribution from d-d interactions,
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lnVr(2r) =

-y 21iCtJB(2WT )/2W+pJA(2Wr )/2W]

p = <sin2e/2>g ( w )

(74)

The structure of eqns 71-74 prompts the follow-
ing way of distinguishing each of the ESE decay
contributions. The signal decay is measured at
various spin concentrations and at a constant H,
The lnV(2r) values at each fixed T are plotted as
a function of PC concentration. The intercepts of
the y-axis are — 7"/T2j—f̂ C7") a ' e a c ^ Particular
T, the tangents of the slope being
Y2fi[JB/2W+pJA/2W]. Having plotted the inter-
cepts as a function of r , one obtains the signal
decay resulting from electron-nuclear interac-
tions and spin-lattice relaxation, V'(2r), eqn. 71.
Next, by decreasing the temperature, one can
obtain VJJ.2T) ~ 1 within the r range under
study; VJ^(2T) is temperature-independent as
has been confirmed experimentally (30). Hence,
with these low temperature data one obtains

and VL(2T) at various temperatures

V L ( 2 T ) = V'(2T)/VN(2T-) (75)

Figures 16-20 illustrate the above procedure of

distinguishing various contributions to an ESE
signal decay. The <sin2G/2>g/a)% dependence of
the signal decay is then analyzed at a fixed con-
centration of spins, and experimental results are
plotted in the coordinates lnV(2r) —
<sina9/2 >„(,;„) at each fixed T (Figure 18). The
y-intercepts give [lnV'(2T)]Cy2'nJB/2W, while the
tangents of the slope afford
-Cr2-nJA.(2Wr)/2W. Since V'(2r) are deter-
mined by the above method, the procedure
described allows one to find JA/2W and Jg/2W,
i.e. to distinguish the contributions from instan-
taneous and spectral diffusions to Vr(2r). Thus,
carrying out .experiments at various tempera-
tures, concentrations and microwave strengths,
one can distinguish all contributions to the sig-
nal decay.

In the case of nonuniform distributions, the
procedure of distinguishing the d-d contribution is
somewhat more elaborate. At a nonuniform PC
distribution the total signal decay is

V(2T) = Vin(2r)Vr(2T)VN(2T)VL(2r)

Vd(2r) V(2r)
(76)

where Vjn(2r) is the ESE signal decay due to
d-d interactions of PCs in isolated regions of their

Tjus

Figure 16. ESE signal decay of SO4" radical-
ions at a concentration of 2 X 1017 cm"3 and
various temperatures. At this spin concentration
the ESE signal decays due to spin-lattice relaxa-
tion and the contribution from magnetic nuclei.
(1) 77 K, (2) 64.5 K, (3) 50 K, (4) 40.6 K, (5)
24.8 K, (6) 17.9 K, (7) 4.2 K. At 4.2 K (curve 7)
the signal decays due only to electron-nuclear
interactions (13).
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Figure 17. ESE signal decay of S04" radical
ions at 5 X 101 • cm"3, 11.6 K and various H. :
(1) 0.44 Oe, (2) 0.89 Oe,
Oe, (5) 2.8 Oe (13).

(3) 1.41 Oe, (4) 2.22

localization (pairs, tracks, etc.), Vr(2r) is that
due to PC d-d interactions between different
regions of PC localization. The other terms are
designated as in eqns. 72 and 73. The term
V'(2T) is determined in experiments with a uni-
form PC distribution and thus is considered to be
known. Hence, Vd(2r) can be obtained as

Vd(2r) = V(2r)/V'(2r) (77)

The concentration dependence of V(J(2T) is then
analyzed since at each particular T. Vr(2r) is a
linear function of a mean concentration within a
certain concentration range, and at C *"0,
Vr(2r) »-l, while Vm(2r) does not depend on
the mean concentration and is determined by the
d-d interaction characteristic of a particular type
of PC distribution. Therefore, if lnVd(2T) is plot-
ted vs. the mean spin concentration at a fixed T ,
the intercept on the y-axis affords Vjn(2r). If it
is necessary to distinguish the contributions from
instantaneous and spectral diffusions to Vjn(2T),
this procedure should be carried out at different

Figure 18. Plots of the ESE signal decay of SO4 "
radical-ions vs. <sin29/2>g(a)) at fixed r .
Temperature of measurements is 11.6 K. Dif-
ferent curves correspond to different T (in MS): (1)
0.5, (2) 0.8, (3) 1.3, (4) 1.7, (5) 2.3, (6) 2.5.
SO4" concentration is 5X 10l f cm"3 (13).
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Figure 19.
for SO4" radical-ions.

at various temperatures
4 Results of two different

experiments are shown: (o) the phase relaxation
of S04 * was measured, (•) the influence of SO4 "
upon the phase relaxation of hydrogen atoms
was investigated (13). T - K: (1) 77, (2) 64.5,
(3) 50, (4) 40.6, (5) 30, (6) 24.8, (7) 17.9, (8)
14.9, (9) 11.6.

<sin26/2 >„£,,) values.
Figures 21 to 23 exemplify the above pro-

cessing of experimental data for the case of track
distributions.

Experimentally the ESE signal decay kinet-
ics can be investigated only starting with a cer-
tain time TQ. i.e. a "dead" time of a device which
is 150-500 ns in modern ESE spectrometers (31,
32), the valuable information on the beginning of
the decay, Vjn(2r), being lost. However, it is
possible to determine the signal decay before the
time moment TQ. TO this end the ESE signal
amplitude of a species with a uniform PC distri-
bution is compared to that of the system under
study. The mean PC concentration in both cases
is chosen as a minimum so that Vr(2r0) and
Vr(2r0)* 1. Hence,

Vin(2r) = VI(0)V(2ro)A^n(0)V'(2To) (78)

where Vj(O) and VJJ(O) are ESR signal

1"
6

2

» 0,5

/

,—*

•f.O 1S Z

Figure 20. for SO4" at various^ ^ , 4
temperatures (13). Denotation of curves corre-
sponds to that of Figure 19. The curves running
via experimental points were calculated at the
same T, as those shown in Figure 19.
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Figure 21. ESE signal decay Vd(2T)/Vd(l MS) in
(3-irradiated samples measured at 4.2 K and
various SO4" concentrations (cm"3) (24): (1)
3.7 X io»», (2) 2.6 X 101 7, (3) 6.5 X 101 7, (4)
1.2 X 101*, <sin2e/2>g ( a ) ) = 0.2.

0,1 <(«

Ofi 0,9

Figure 23. Time dependences of ESE signal
decay for SO4" radical-ions in the track of a T
3-particle, Vjn(2r) determined at various temp-
eratures. Solid curves — calculations, dots —
experiment. Calculations were made at various
radical recombination probability p in a track
(24): (a) 4.2 K, p = 0.5, curves 1 and 2 corre-
spond to different values of <sin29/2>.gti)\ : (1)
0.2, (2) 0.1; (b) 77 K, p = 0 (curve 1); p = 0.5
(curve 2).

Figure 22. Spin concentration dependence of
V(J(2T)/V(}(1 MS) in 3-irradiated samples at a
fixed T. At 4.2 K the T values (fts) are (24): (1)
0.9, (2) 1.3, (3) 1.7, (4) 2.1, (5) 2.9, (6) 3.3.

amplitudes of the species under study and of that
with a uniform PC distribution, respectively;
V ( 2 T 0 ) and V ' ( 2 T 0 ) are ESE signal amplitudes of
these species at the time moment 2r 0 .

Thus, the method described makes it possible
to determine the ESE signal decay due to d-d
interactions in the interior of a sample with a
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given nonuniform PC distribution.

C. Systems with a Uniform Volume PC
Distribution

The present section furnishes examples of
some systems when the PC distribution can be
considered uniform to a high accuracy, e.g. fro-
zen solutions of stable radicals and ions. A uni-
formity criterion is a well-resolved ESR spectrum
of these glasses, that is the nonpresence of wide
lines belonging to the microphase and the equal-
ity of mean concentrations determined by the
ESR method and in a weighed sample of the PCs
under study.

A uniform PC distribution can be obtained by
photochemical generation of radicals. For
instance, in acid matrices the photochemical
reaction

Af + H

results in radical pairs Af""H generated from
aromatic molecules. However, PCs are distrib-
uted uniformly in each subsystem — aromatic
radicals and H atoms — because of a uniform
light absorption in the sample. This is also the
case with other photochemical systems consid-
ered below, namely the subsystems of the pairs
Fe3 + ""H and Fe2 + "—R, where R is an alcohol
radical. These systems admit of a further ran-
domization of the distribution. For example, H
atoms in acid matrices are known (33) to
migrate about the matrix even at 77 K. There-
fore, a long-term annealing of the samples
results in decomposition of the initial photochem-
ical pairs and in a uniform distribution of PCs of
both types in the matrix.

Systems involving alcohol radicals are sub-
jected to a photodecomposition and subsequent
thermoannealing. Let us consider this technique
as applied to photogenerated • pairs
Fe2 CH2 OH. Under ultraviolet light CH2 OH
radicals are transformed to CH, ones that react

o
with the matrix in the dark forming CH2 OH
once again. Each act of the dark reaction results
in migration of the valency about the matrix and
hence the PC distribution becomes uniform after
repeated photo- and thermoannealing. A partial
decay of the radicals due to random encounters
during their migration is one more proof of ran-
domizing the distribution.

In the case of radiation-chemical generation
of radicals, the PC distribution in the sample can
be made uniform by successive photo- and ther-
moannealings. In some radiation-chemical

systems, such as trapped electrons e^ in alka-
line matrices (34), a uniform PC distribution is
achieved under a long-term irradiation since the
mobile electrons formed by radiolysis randomly
react with the trapped ones and thus eliminate
the initial nonuniform distribution arising at
early stages of radiolysis.

D. Experimental Results on Phase
Relaxation at a Uniform PC Distribution

Our experiments on systems with a uniform
PC distribution were aimed at verifying the the-
oretical relationships of Section III on the one
hand; and at gaining information on the spin flip
rate (a parameter necessary for the decay kinetic
analysis in the the case of a nonuniform PC dis-
tribution) on the other hand.

1. Phase Relaxation ofS04 ' Radical-Ions in
Glassy Solutions ofSulfuric Acid

The SO4 " phase relaxation has been investi-
gated in detail over the temperature range from
4.2 to 77 K (13). Since in this system there also
arise H atoms, the contribution from SO4~ radi-
cal-ions to the phase relaxation of H atoms was
studied along with SO4" phase relaxation. The
d-d contribution to the total SO4" signal decay
was distinguished by the method described in
Section V.B. Figures 19 and 20 show the basic
results: dependences of T J J J ^ T / T , ) and
TjJ^fr/T,) obtained at different temperatures.
The SO4 " contribution to the phase relaxation of
H atoms allowed us to independently measure
T^jjfr/T,). Figure 19 shows that T ^ g ^ / T , )
measured in both ways agrees fairly well. The
curves drawn via experimental points were cal-
culated by eqns. 25-29 by varying the spin flip
frequency W. A good agreement was attained at
one value Tt for each temperature. Figure 24
presents the T, values obtained as a function of
temperature, and T21 determined in the same
experiments. The T, and T£j are seen to coincide
within the experimental error which provides
additional evidence for the correctness of the T,
values used for the calculated curves.

As far as we know, the experiment described
is the only one investigating T, J ^ r / T , ) over a
wide range of spin flip rates. However, the case
of WT < < 1, i.e. when the main contribution to
the PC phase relaxation due to d-d interactions is
made by instantaneous diffusion, has been stud-
ied in quite a number of systems. Experimental
data obtained for these systems are discussed
below.

Vol. 7, No. 4 207



4
,6s

4

2

10*

m 30 SO 100

Figure 24. Temperature dependences of T, (o)
andT2i(»)ofSO4' (13).

2. Phase Relaxation due to d-d Interactions
at Low Rates of Spin Flips

The following systems were investigated at
77 or 4.2 K: trapped electrons e ^ in alkaline
glasses, H atoms stabilized in glassy solutions of
sulfuric, phosphoric and perchloric acids and in
crystalline quartz, Cd+ ions trapped in glassy
methanol (19, 34, 35). The systems studied
were characterized by various line shapes,
<sin2©/2>g(^ ranging from. 10"2 to 1. In all
the experiments T, J^Cr/T, ) was shown to coin-
cide with the static limit within the experimental
error and to equal 2.5T according to eqn. 32.

3. Studies on the Spectral Diffusion Contri-
bution to PC Phase Relaxation (36) .

Alongside the example mentioned in Section
V.D.I., the contribution from spectral diffusion
to the ESE signal decay was investigated for a
number of systems at spin flip rates of 10* ° to
104 s'1 and thus at W varying from WT > > 1
to WT < < 1. The systems involved two types of
spins. As A spins served hydrogen or deuterium
atoms with WT < < 1, B spins were Fe2 * or
Cu2* ions with the spin-lattice relaxation rate
controlled by varying temperature within 77 - 8
K.

Figure 25 shows experimental data on the
contibution from spectral diffusion of rapidly

Figure 25. The phase relaxation of D atoms due
to Fea * ions in frozen sulfate solutions at various
concentrations and temperatures (36). [Fe2*] is
1.6 X 10 1 ' cm"3 (o) and 2.3 X 101 • (•) cm" 3.
(1) U K , (2) 19.6 K, (3) 77 K. According to
theory for spins with short relaxation times (WT

1), lnV(2r)~TJS.

relaxing Fe2* ions to the D atom ESE signal
decay. Preliminary ESR and ESE experiments
on Fe2 * ions showed WT > > 1 to hold for these
ions. Indeed, all experimental decay kinetics are
seen from Figure 25 to be fairly well linearized
in the coordinates lnV(2r) — V 2̂T which is in full
agreement with eqn. 30. Experimental data were
used to determine T, as a function of tempera-
ture (see Figure 26).

Figure 27 presents data on the phase relax-
ation of D atoms induced by the d-d interaction
with Cu2* ions at different temperatures. The
curves passing through experimental points were
calculated by eqn. 25 by varying T t . The temp-
erature dependence of T, obtained is shown in
Figure 28. Since Cu2* ions can be observed in
the ESE at 50 K and lower, it proved to be pos-
sible to find T2 of these ions and to compare it
with T, . Figure 28 shows T, and T2 to have
practically the same temperature dependence,
their magnitude being twice as different. This
fact can be readily explained in terms of the
Aminov-Orbach spin-lattice relaxation mecha-
nism.

Thus, the phase relaxation due to d-d inter-
actions was studied experimentally for samples
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Figure 26. Temperature dependence of Fea*
spin-lattice relaxation times in frozen sulfuric
acid solutions.
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Figure 27. Phase relaxation of H atoms due to
Cu2 * ions in frozen sulfuric acid solutions (36).
[Cu24] = 3.1 X 101* cm"3. (1) 77 K, (2) 50 K,
(3) 40 K, (4) 31 K, (5) 25 K, (6) 19.8 K.
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Figure 28. Temperature depences of T, (1) and
T2j (2) for Cu2 * ions (36).

with a uniform PC distribution at spin flip rates
from 101 ' s*1 to several s" x . Experiment dem-
onstrated an attractive fit to theory which made
it possible to apply the theoretical tool discussed
in Sections III and IV to problems of nonuniform
PC distribution.

It should be noted that the experimental data
adduced in Section V are referred to as samples
of "type T,." There is a number of studies on
phase relaxation in samples of "type T2" (37,
38). For instance, as the spin concentration in a
sample grows, the spin diffusion rate is shown
(37) to increase hence inducing spectral diffusion
in the spin system; the phase realaxation rate is
demonstrated to obey the theoretical relation of
eqn. 33 with good accuracy. PC phase relaxa-
tion was studied (38) as affected by spin flip-
flops with forbidden electron-nuclear transitions.
The spin flip rate was shown to follow the rela-
tion

W = (79)

where I is the forbidden transition intensity.
Varying the forbidden transition intensity made
it possible to experimentally observe variations
of the contributions from instantaneous and
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spectral diffusions to the ESE signal decay.
However, it should be mentioned that a number
of problems associated with samples of "T2
type" still remain to be solved in both theory and
experiment.

VI. SYSTEMS WITH NONUNIFORM PC
DISTRIBUTIONS

A. Distribution ofFe2 * —R Pairs in Alcohol
Matrices

This section is devoted to data on spatial dis-
tributions in radical-radical and radical-ion pairs
and in ionizing particle tracks. Let us consider
experimental results on the spatial distribution
function of Fe2 * *"R pairs and its evolution dur-
ing photo- and thermoannealing (20). Such pairs
arise by the reaction of electron phototransfer in
Fes* halogen complexes under X > 330 nm
ultraviolet light that does not destroy the pairs
formed:

Fe3* + R2CH(OH)
hV R2C(OH) +

where R is H for methanol and CH3 for isopro-
panol. A uniform PC distribution in this system
can be readily obtained by photoannealing (see
Section V.C.).

Experiments with systems with uniform PC
distributions showed that Wr > > 1 for Fe2*
ions at a temperature of 8 to 20 K. Therefore,
the distance distribution function for these pairs
was obtained by eqn. 53; Vp(2T) s Vm(2r);
Vm(2r) was determined as described in Section
V.A; V* was measured in experiments with a
uniform PC distribution. Figure 29 depicts
Vin(2r', T°) vs. V*(T°), where T* is a fixed
value of T at the measured signal amplitude.
Figure 30 shows the distance distribution func-
tion obtained by numerical differentiation of the
V* dependence of obtained demonstrates that the
partners of the Fe2*""R radical pairs are close
in space; in 80% of radical pairs the partners are
no more than 17 A away, i.e. once generated,
the radicals travel only at a distance of several
molecular diameters before their stabilization.

The distribution function n(r*) was .studied
(20) in the above systems under isothermal
annealing, Figure 30 showing the results
obtained. The function n(r*) is seen to increase
with temperature at each particular r*, which is
atttributed to radical diffusion from the ions to
the matrix. This n(r*) behavior cannot be
described in terms of conventional diffusion
theory: at a given temperature it is impossible to
entirely randomize the spins by increasing the

r
m

ZO IS to
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Figure 29. Plots of ESE signal intensity of
CH2 OH radicals in samples with the pair spatial
distribution vs. temperature and volume V* at T
= 0.4 MS. (V* = 47rr*3/3; paramagnetic ions
contribute substantially to the radical phase
relaxation only within the range of r S r*).

Z1

Figure 30. CH2OH radical distribution function
relatively Fe2 * ions at various annealing tmep-
ratures (20). Annealing times are 20 min. (1) T
= 112 K, (2) Initial distribution function, (3)
96.5 K, (4) 100 K.

annealing times. The PC distribution can become
uniform only with increasing temperature
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(Figure 30).
Similar anomalous features were observed in

radical diffusion in isopropoanol (Figure 31).
However, in this case the initial distribution
function turns from a rapidly falling to increas-
ing function due to the reaction of alcohol radi-
cals with Fe2* (Figure 31) and becomes mini-
mum in the vicinity of an ion.

Thus investigations of the distribution func-
tion variations under isothermal annealing dem-
onstrated the spatial scale of radical diffusion to
be limited at each given temperature. This fact is
believed (20) to result in the so-called step-by-
step decay of radicals in solids.

The distribution functionof isopropanol radi-
cals with respect to Fe2 * was investigated (26)
as affected by various photochemical transfor-
mations. Table 1 lists the diffusion ranges in
photochemical and dark reactions.

Thus, we have demonstrated possible techni-
ques of studying spatial distributions in pairs
with one of the partners characterized by a short
spin-lattice relaxation time, WT > > 1, as
applied to Fe2 * "**R pairs.

If both partners have a long spin-lattice
relaxation times, WT < < 1, the spin-partner
distribution function should be investigated by
the method described in Section IV.B.2.

19 21 23

Figure 31. Distribution function of radical-par-
amagnetic ion pairs in isopropanol and its varia-
tions during isothermal annealing (20). (1) 124
K, (2) 121 K, (3) 118 K, (4) 77 K.
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Table 1.

Migration of radicals due to photochemical

or thermal reaction in isopropanol

1

2

3

4

Reaction

R + M -» R1

R'+ M -^ R

R1 -* R"

R"+ M -?- R

Photolysis
or annealing

^ > 330 nm

106 K

^ > 250 nm

106 K

The distance of
miaration

d

0

A/8 A

0
3-4 A

0
>20 A

M - isopropanol,

R'- CH

R

R"
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B. Pairs with Long Relaxation Times

These pairs can be exemplified by those
resulting from hydroquinone photolysis in acid
matrices. In this case, pairs are constituted by
hydroquninone radicals Q and either ft or f)
atoms depending on whether the process runs in
a deuterated or protonated matrix. Both types of
PCs have long relaxation times, T, > 10"3 s,
and well-resolved spectra which allows one to
employ the double-resonance technique (27).

Figure 32 shows the experimental ESE sig-
nal decay kinetics resulting from d-d interaction

1,0

0,5

Figure 32. ESE signal decay kinetics Vm(t') of
H atoms in ft-—Q pairs (27).

in these pairs. The signal decay is seen to be
measurable within 0 to 2X 10"' s which guar-
antees determination of the distribution function
up to some 80 A. The pair distance distribution
function f(r) (Figure 14) was obtained by numer-
ical differentiation of the decay kinetics (Figure
32). As seen, 63% of the pairs are within 0 to 85
A, the rest 37% of them have distances exceed-
ing 85 A. To determine the spatial distribution at

distances longer than 85 A, it is necessary to
measure additionally the decay kinetics at long
times. The distance distribution function obtained
made it possible to determine the thermalization
length of free electrons resulting from hydroqui-
none photoionization. This information cannot be
obtained by any other method.

C. Some Examples of Investigating Pairs
with Wr^l

Though less detailed, the information on dis-
tribution functions for Fe3*—D, Cr3*—D,
SO4 -"H pairs obtained from ESE data proved to
be extremely useful. The first two pairs were
generated by photolysis of Fe2 * and Cr2 * in acid
glasses (33), the third ones in 7-irradiated frozen
solutions of sulfuric acid (39).

The spin-lattice relaxation times of Fe3 * and
Cr3 * were measured in independent experiments
with samples of uniform volume PC distribu-
tions. Analysis of the D atom ESE signal ampli-
tude at a uniform D distribution throughout the
sample, resulting from isothermal annealing,
showed some fivefold change of the signal inten-
sity at T0 = 0.4 MS, the overall number of spins
in the sample preserved. Since the signal inten-
sity strongly depends on the partner separation
in a pair (see Figure 6), the signal intensity
observed, V(2r0) = 0.2, correspond to the frac-
tion of H atoms located at distances exceeding*
(fcrrT,)1'*, i.e. 53 A for Fe3* and 44 A for
Cr3 *. Thus, the increase in the ESE signal
amplitude in the sample with randomized spins
is informative of the fact that some 80% of the
spins in pairs are at distances shorter than 50 A.
Hence, photolysis results in pairs with rather
close-distant radicals. Since D atom lines in an
acid matrix are rather narrow (A&u ~ 2G), extra
information on the pair distribution function was
obtained by analyzing the dipolar broadening of
D atom ESR lines (39). It was found out that
about 30% of pairs have distances shorter than
17 A. The comparison of ESE and ESR data
allowed the distance distribution function shown
in Figure 33. The shape of this function and the
photochemical information (40) prompted the
conclusion that the photolysis of the metal ions
under study proceed without photoionization, H
atoms are generated directly in the first coordi-
nation sphere of the complexes and then migrate
until they are trapped. The distance distribution
function of the process was calculated

*a = S(S + l)y4-n2/3
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Figure 33. Experimental (1) and calculated (2)
plots of distance distribution of Fe3 * —-D pairs
(33). The distribution function employed for cal-

^ Aculations is n(r) =
(curve 3).

(47rr0
2 r)~ = 16 A

Figure 34. The first derivative of the high-field
component of D ESR spectra after (1) and before
(2) isothermal annealing (33). Curve 3 is the cal-
culated distribution function for FeJ * ""D pairs
n(r) =

theoretically as

n(r) = (47rro
ir)-1exp(-r/ro) (80)

where r0 is a parameter depending on the free
path of H atoms and on the trap concentration.
Figure 36 depicts this function. A good agree-
ment between calculated and experimental ESE
and ESR data was achieved at rQ = 16 A (Fig-
ure 34). In this way it has been determined that
when generated, H atoms diffuse at a mean dis-
tance of some 30 A before trapping, i.e the prob-
lem of active particle diffusion in glassy matrices
has been solved.

Pairs H""SO4" arise in irradiated glassy
solutions of sulfuric acid. Studies on radiation-
chemical processes running in this system show
that ionized water molecules H2O* are precur-
sors of SO4", while thermalized electrons are
those of H atoms. As a result, the distribution of
SO4" ••••H pairs is informative of a thermaliza-
tion path of slow electrons relative to the parent
ions. The radical-ion spin-lattice relaxation rate
was measured in experiments reported in Section
V.D.

Figure 35 shows the ESE signal decay due

to d-d interaction in H>—SO4" pairs. The decay
kinetics analyzed by eqn. 50 demonstrates a
partner separation of 0 to 70 A for 30% of all the
pairs, the rest of them having longer radical-ion
distances. With supplementary data on radia-
tion-chemical and photoelectrochemical experi-
ments, the distance distribution fucntion can be
presented as shown in Figure 35. This function
adequately describes the ESE signal decay
kinetics resulting from d-d interactions. Thus,
analysis of the distance distribution function for
H-—SO4 " pairs demonstrates that the thermali-
zation path of slow electrons in glassy water
solutions exceed hundred of Angstrom. This was
quite a novel fact to radiation chemistry of water
and water solutions since electrons were believed
to be thermalized at distances not longer than
20-60 A from the parent ions (41).

D. Spatial SO4 ' Radical-ion Distribution in
Tracks ofT& -particles

This section will be devoted to a nonuniform
distribution of SO4" radical-ions generated in 8
M H2SO4 solutions irradiated with T 3-particles.
The technique described in Section V was used to
determine the ESE decay induced by PC d-d
interactions in a track. Measurements were
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Figure 35. (a) ESE signal decay kinetics for H
atoms in H""SO4 " pairs. Dashed line: numerical
calculations with the distribution function shown
in (b) (39).

carried out at two temperatures: 77 and 4.2 K.
In the latter case spectral diffusion did not con-
tribute to the ESE signal decay. The results
obtained are demonstrated in Figure 23. The
signal decay logarithms are seen to nonlinearly
depend on T and to sharply increase at 0 to 0.5
MS with the subsequent much smoother trend.

Since SO4" precursors are ionized water
molecules, experimental data were compared
with those calculated by eqn. 42 with distances
between primary ionization points used as rnjj
(PC separation). All in all we recalculated 32
tracks created by electrons with the initial
energy distributed in line with the well-known
electron energy distribution observed under tri-
tium decay. It was taken into account that a
fraction of ions disappears in the process of ini-
tial recombination, the portion of those survived
being p = 0.5.

As a result, the elementary decay kinetics of
eqn. 42 were calculated as

vnk'

Figure 23 depicts the ESE signal decay kinetics
calculated. The calculated and experimental
curves are seen to agree in the case of either

spectral (77 K) or instantaneous (4.2 K) diffusion
making the basic contribution to the signal
decay. This fact allows one to infer that a SO4 "
radical-ion track has a spatial structure similar
to that of ionization points. Additional calcula-
tions demonstrate the theoretical kinetics to start
varying when the track particles diffuse at some
20 A from the points of their generation. Thus,
SO4" radical-ions are localized relatively M* at
distances no longer than 20 A.

Summarizing, it can be pointed out that even
in the case of so complex distributions as those of
PCs in tracks, it proves to be possible to compare
calculated and experimental decay kinetics and
thus to obtain information on spatial particle dis-
tributions.

VII. CONCLUSION

The present paper is devoted to theoretical
principles of phase relaxation in ESE experi-
ments which are necessary for gaining informa-
tion on spatial PC distribution.

We did not discuss ESE signal decay calcula-
tions for distributions mentioned in Section II.C
(cluster and island distributions) since these are
faced with difficulties of a calculation rather than
fundamental character, and to our knowledge at
present there is no experiment that demands
such calculations.

In the above described investigations the
experimentalists had some information on the
spatial distribution prior to analysis of the decay
kinetics. The problem is whether it is possible to
obtain at least rough information on the type of
distribution if the PC concentration cannot be
varied experimentally and a uniform spin distri-
bution cannot be attained. In the case of "T,
type" samples, this question can be answered
positively since one can always obtain the situ-
ation when WT < < 1 and the signal decay is
determined by an instantaneous diffusion mech-
anism. In this case, spin-lattice relaxation does
not contribute to the ESE decay determined only
by instantaneous diffusion and electron-nuclear
interaction, the contribution from the latter being
obtained at low Ht values. Hence, there is the
possibility of distinguishing the signal decay
associated only with d-d interactions. In the case
of a uniform distribution, the decay kinetics must
be exponential, the relaxation rate and the mean
PC concentration being related as

C = 1.25 X 1012b/<sin2e/2> (82)

where b is the decay rate. The nonexponential
decay and the discrepancy between the mean
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concentrations calculated by eqn. 82 and deter-
mined by stationary ESR spectroscopy unequi-
vocally prove a nonuniform PC distribution.
Thereafter one can try to determine the type of
distribution by plotting the signal decay
logarithm in the coordinates lnv(j(2r) — T1'3,
T 2 ' 3. Linear dependences obviously attest that
the PC distribution is linear in the former case or
plane in the latter (or close to them). However,
one should remember that a pair distribution can
imitate analogous time functions at some other
<sin29/2>g(w) dependences. In the case of "T2
samples", similar conclusions are possible only at
a low concentration of magnetic nuclei. This
situation is rather typical for inorganic crystals
when one is faced with difficulties in varying
spin concentrations. As a result, at sufficiently
low temperatures a ESE signal decay results
from spectral and instantaneous diffusions; each
contribution can be determined by varying H, .
The decay kinetics obtained are compared with
calculated QQ(T) and QA( T ) using one of the
experimental dependences for the determination
of the most plausible spin flip rate. Thus, a uni-
form volume distribution can be distinguished
from any other type of distributions in the case
of "T2 samples" too.

However, the problem of distribution and
distribution function can be completely solved
only by varying the concentration, temperature
and H1 and creating species with a uniform PC
distribution in the matrix.

In conclusion one more important point
should be mentioned. The present review sum-
marizes particle spatial distribution studies based
on principles of spin phase realxation. However,
d-d interactions of particles do not solely affect
the spin dephasing but also result in cross-relax-
ation and spin excitation transfer processes. The
spin excitation transfer influences the relaxation
of the longitudinal magnitization component. As
a result, some information on particle spatial
distribution can be also gained from kinetic anal-
ysis of the longitudinal component restoration in
ESE experiments. For instance, this method was
used (42) to determine local concentrations of
hydrogen atoms in tracks of 3- and a-particles. It
should be noted that some possibilities of study-
ing nonuniform PC distributions with the help of
cross-relaxation have been recently considered
theoretically (43). However, a wide use of this
approach demand further development of theory
of cross-relaxation, spin diffusion, spin excitation
transfer in disordered paramagnetic systems.
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