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A review is presented of the theoretical and experimental papers on spin resonance, in which the
concept of the reservoir of spin- spin interactions in a solid is used. We explain the main ideas con-
nected with the introduction of two spin temperatures, T z and Tgg, to describe quasi-equilibrium in
the Zeeman and spin-spin subsystems (Provotorov's theory); methods of strongly altering Tgg are
indicated. We consider the effects due to the shift of the Tgg following saturation of the ESR line,
dynamic polarization and spin-lattice relaxation of the nuclei, and electron cross relaxation both
between different lines and inside lies with inhomogeneous broadening. Experiments show that the
concept of spin-spin temperature in ESR are well confirmed and explain many new phenomena,
namely induced emission at not too strong saturation of the ESR lines; polarization, relaxation, and
thermal mixing of the nuclear spins by contact with the reservoir of the electronic spin-spin interac-
tions; limitation of the redistribution of the saturation over the ESR spectrum in the case of cross
relaxation; stimulated spectral diffusion, etc. It is shown that the shift of Tgg becomes equally
manifest both in homogeneous ESR lines (with spin-spin broadening) and in inhomogeneous lines,
provided only the spin-spin interactions are more effective than the spin-lattice ones.
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INTRODUCTION and spectral diffusion1153, the model of dynamic polar-
« ization of nuclei'-6'7-', and others, have limited applica-

A. new approach to the problem of the dynamic behav- bility or are not applicable at all. On the other hand,
ior of spin systems in a solid has been developed re- the development of the spin-spin reservoir idea has led
cently, and is based on segregating the energies of the to the prediction of many new physical effects frequently
relatively weak spin-spin interactions into a separate quite unexpected, connected with saturation of the mag-
"reservoir" possessing its own temperature (Tgg)111'23 netic resonance lines, the redistribution of the excita-
It turned out that the introduction of such a "spin-spin tion over the spectrum, electron-nuclear spin-spin
reservoir" (SS-reservoir) alters appreciably the tradi- interactions, and others.
tional notions concerning the behavior of spin systems. The applicability of the concept of the SS-reservoir
In particular, it must be admitted that such well-estab- to nuclear magnetic resonance (NMR) was confirmed
lished premises as the Bloembergen-Pur cell-Pound experimentally quite long ago (see, e.g.,1-8"103). In the
saturation theory[3: l, the theories of cross relaxation^*3 case of electron spin resonance (ESR), however, such an
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experimental verification has been greatly hindered.
Consequently, the role of the spin-spin reservoir has
been disregarded for a long time in ESR research
(cf., e.g.1-11"13-1). Experiments pointing to the real exis-
tence and the great significance of the SS-reservoir in
ESR were performed only very recently (1967—1971).

The present review is devoted mainly to just these
latest results, although it does include a general sec-
tion (Chaps. 1—2), aimed at describing the physical prin-
ciples of the concept of spin-spin temperature and in-
tended for a large group of physicists, whereas the sec-
ond part of the review (Chaps. 3—6) is more specialized
in character.

1. TEMPERATURE OF SPIN-SPIN INTERACTIONS

The object of the study of paramagnetic resonance in
solids is usually the spin system in a crystal placed in
an external magnetic field Ho. If all the spins are the
same, and if an alternating magnetic field with ampli-
tude 2Hi and frequency ν i s applied to the field Ho, then
the Hamiltonian of the system is given by

= hyH0Sz Sx cos 2πνί (1)

h e r e S z and S x a r e t h e o p e r a t o r s of the s u m s of the

p r o j e c t i o n s of a l l the s p i n s of t h e s y s t e m a l o n g H o and

H i , r e s p e c t i v e l y , y H 0 = v0 and y H i a r e t h e L a r m o r f r e -

q u e n c i e s of the s p i n p r e c e s s i o n a r o u n d the f i e lds H o a n d

Hi, and γ is the spectroscopic splitting factor
(in Hz/Oe). For simplicity we d i s regard for the t ime
being the t e r m s corresponding to the action of the intra-
crystal l ine field, and also the quadrupole and hyperfine
interact ions.

The first two t e r m s in (1) constitute the Zeeman en-
ergy of the spins in the fields Ho and Hi, respectively,
and the third descr ibes the spin-spin (magnetic dipole-
dipole and exchange) interaction, which can be charac-
terized by an r m s local field H L (cf., e . g . , [ 8 ' 9 > 1 4 ] ) .

Under the conditions of paramagnetic resonance, we
usually have Ho 3> Hi, H L , so that in the first approxi-
mation the eigenvalues of the Hamiltonian (1) a re deter-
mined by the first t e r m and correspond to a large num-
ber of degenerate equidistant levels separated by inter-
vals hi^0. The spin-spin interaction lifts the degeneracy,
splitting each level into a quasi- continuous band, the
transi t ions within which correspond to frequencies of the
order of γΉ-^.

In the traditional theory of paramagnetic reson-
a n c e ^ 3 ' 1 4 3 , it i s assumed explicitly or implicitly that the
probability n^ of finding the spin system at i t s energy
level Ej is determined by the canonical distribution

= const-exp (—E,/kTs), (2)

where Tg is called the spin temperature .
The establishment of the distribution (2), i .e., of the

internal thermodynamic quasi-equilibrium with tem-
p e r a t u r e Tg, is the resul t of spin-spin interactions
during the spin-spin relaxation time τ2, which is much
shor ter in solids than the spin-latt ice relaxation time

Tl.
The introduction of the spin tempera ture has made it

possible, in the solution of many problems, to regard (2)
as a Boltzmann distribution of the populations in a s im-
ple two-level system corresponding to the spectrum of

the individual spin in the field Ho. Using the population
concept, we can describe the behavior of the spin sys-
tem by means of simple ra te equations that a re widely
used in all of the problems related to paramagnetic
resonance (see, e.g.,1-7 '1 1*1 3^).

In part icular , when saturation of resonance by an
alternating field is considered, one speaks of an un-
bounded increase of T g , meaning that the population dif-
ference tends to zero . To the contrary, a decrease of
the field Ho, carr ied out rapidly in comparison with τγ

but slowly in comparison τ2 (so that quasi-equilibrium
has time to set in " a t each instant") d e c r e a s e s the en-
ergy gap hu0 and leaves the population difference un-
changed, meaning a decrease of Tg. It is interesting that
such a demagnetization, all the way to Ho = 0, is shown
by experiment to be revers ib le , so that the magnetic
moment of the system i s completely res tored when the
field is subsequently increased. This means that this
p r o c e s s is thermodynamically adiabatic, i.e., isen-
t r o p i c L " ' 1 5 : l , and a s H o — 0 the spin ordering in the
field Ho i s completely replaced by ordering in the local
fields produced by the spins themselves; this effect r e -
veals the deep physical meaning of the temperature Tg.

In spite of obvious success in the use of the concept
of spin temperature , its introduction is not always valid.
In fact, in order for an internal quasi-equilibrium to
exist in a spin system it is necessary that its establish-
ment time τ2 be much shorter than the t imes of all the
remaining interactions. This requirement is most ob-
viously violated when Hi > H ^ and the action of the
alternating field is no les s effective than the action of
<£i"gg. However, even when H x <?C H ^ (and this is p r e -
cisely the case which we shall consider from now on) it
is far from always that a single temperature Tg is es-
tablished. The point is that when Ho ^> H ^ direct en-
ergy exchange between the subsystems Ζ and SS, c o r r e -
sponding to the first and third t e r m s in (1), has a ra ther
low probability, owing to the strong difference between
their natural frequencies (u0 3> y H , ) . Therefore, if we
exclude the case Ho ~ H^, so that there a r e no obsta-
cles to the establishment of a single temperature Tg,
we can assume the subsystems Ζ and SS to be insulated
from each other and neglect the nonsecular t e r m s in the
operator c '̂gg (precisely as is done in the calculation of
the absorption-line shape'-1 6-'). Thus, proper ly speak-
ing, there a r e no grounds whatever for a single tempera-
ture Tg to exist in the joint spin system when Ho J§> H^,
provided we do not deal with the trivial case of thermal
equilibrium of the entire system with the lattice
( T S = To).

Nonetheless, by changing over to a coordinate system
rotating with frequency ν around Ho, Redfield'-17·1 suc-
ceeded in reducing the problem of a strong saturation
of paramagnetic resonance to the usual concept of a
single spin temperature . In the rotating coordinate sys-
tem, the alternating field Hx cos 27r^t turns out to be
stat ic; when superimposed on the decreased (owing to
the change of the coordinate system) constant magnetic
field, it forms an "effective f ield" H e f { , with compon-
ents H ? f f = (v0 - v)/y and H x « = H 1 ; which plays the ro le
of the field Ho in the rotating coordinate system. Conse-
quently, in this system the Zeeman and spin-spin ener-
gies a re comparable in magnitude, and a single spin
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temperature Tg should be established there L 1 7 ) 1 8 J in the
case of strong saturation (when the interaction of the
spins with the field Hi is much stronger than with the
lattice); naturally, this does not mean at all that a single
spin temperature exists in the laboratory reference
frame.

Redfield's theory was convincingly confirmed in ex-
periments on strong NMR saturation in solids
(see^17"20·1 and elsewhere), and made it possible, in
particular, to explain the reversibility of the isentropic
passage of the resonance line under saturation condi-
tions'-19-'. In the general case of an arbitrary degree of
saturation, however, it is no longer possible to retain
the "single-temperature" description.

A solution of the problem was proposed by Provo-
torov'-1-1, who used the concept of two generally different
spin temperatures T^ and Tgg, describing the quasi-
equilibrium in each of the subsystems Ζ and SS (the
lat ter corresponds to the secular part of <5t'gg, which will
be denoted by<?i?gg). Such an approach, of course, p r e -
supposes the satisfaction of the inequalities

i/ ,<//x. , τ 2 < τ , ,

w h i c h e x p r e s s the r e q u i r e m e n t t h a t the s p i n - s p i n i n t e r -

a c t i o n s r e s p o n s i b l e for the e s t a b l i s h m e n t of the q u a s i -

e q u i l i b r i u m be e f fect ive in c o m p a r i s o n wi th the r e m a i n -

ing i n t e r a c t i o n s . We e m p h a s i z e t h a t in s o l i d s t h e f i r s t

of t h e s e i n e q u a l i t i e s d o e s not e x c l u d e by f a r the p o s s i -

b i l i ty of s t r o n g s a t u r a t i o n , for which t h e c o n d i t i o n WT1

3> 1 a l o n e i s suf f ic ient (w i s the p r o b a b i l i t y of t h e t r a n -

s i t i o n i n d u c e d by the field HO, w h i c h i s fully c o m p a t i b l e

with Hi <S H-^ w h e n Τι 3> ~2.

T h e d e s c r i b e d a p p r o a c h , w h i c h we s h a l l c a l l the

" T g g c o n c e p t " for s h o r t , c o r r e s p o n d s f o r m a l l y to t h e

i n t r o d u c t i o n of a q u a s i - e q u i l i b r i u m d e n s i t y m a t r i x in

t h e f o r m

ρ (0 = const-exp [- (•$£z/kTz) - (M%slkTS8)\. (3)

In p a r a m a g n e t i c r e s o n a n c e we u s u a l l y h a v e hv <S k T , so

t h a t (3) c a n be l i n e a r i z e d :

p (f) as const-11 - (SezlkTz) - (Se'ss/kTss)\.

At v e r y low t e m p e r a t u r e s (hv <I k T ) , the o r d e r i n g of

t h e s p i n s y s t e m i n c r e a s e s s h a r p l y and a c o r r e l a t i o n

appears between the s tates of the subsystems Ζ and SS,
so that the question of the use of the Tg and Tgg con-
cepts calls for a special analysis'- 2 1^.

The difference between the traditional concept of a
unified spin temperature Tg and the Tgg concept is
i l lustrated in Fig. 1, which shows the population dis t r i-

FIG. 1. Distribution of the populations η over the energy levels in
models using a single spin temperature Tg (a) and two temperatures T£
and Tgg (b, c).

butions for both cases . We note that the rec iprocal tem-
p e r a t u r e s T g and Tgxg character ize not only the average
energies of the subsystems Ζ and SS, but also the de-
grees of their ordering, and an increase of | T g | c o r r e -
sponds to an ordering of the spins in the field Ho ( "wi th"
and " a g a i n s t " the field), while an increase of |Tgg|
corresponds to ordering in local fields (i.e., to spatial
correlat ion in the spin orientation).

The express ion for the density matr ix was used irr1J

to obtain ra te equations for Τ 7 and Too:

d v<> _ ,,-ίΛϊ Ι ν

TJ (4)

d A"

(γ//ζ.)2
Μ

H e r e Δ = ν— ν0, W ( A ) OC y 2 H i g ( A ) , w h e r e g(A) i s the

shape function of the equilibrium absorption line homo-
geneously broadened by spin-spin interactions, η and τ[
a r e the spin-latt ice relaxation t imes of the Ζ and SS
r e s e r v o i r s , respectively, and T o i s the lattice tempera-
ture .

The coefficient ίΡ(δ) of resonant paramagnetic ab-
sorption at a frequency v0 + δ close to v0 turns out now
to be proportional to the sum of the Boltzmann factors
Ι Ό / Τ ^ and δ/Tgg that determine the population differ-
ences in the subsystems Ζ and SS;

(6) (δ) l(vo/Tz) + (&/Tss)\- (5)

If the funct ion g(5) i s s y m m e t r i c a l wi th r e s p e c t to va,

the s i g n a l c o n s i s t s t h u s of a s y m m e t r i c a l and a n t i s y m -

metrical part . It is clear that at Tgg = Τ 2 (in part icu-
lar , if Tgg = T z = T o ), the second t e r m (5) is negligibly
small because δ is small compared with v0, and we
arr ive again at the traditional concepts of the line
shape 1 1 3 ' 1 6 -. However, if the conditions such that |Tgg|
3> IT^I a r e produced, then formula (5) leads directly
to an unusually and sharply asymmetr ica l shape of the
absorption line.

This interesting resu l t is only one of many conse-
quences of the Tgg concept. Before we proceed to their
analysis, let us stop to discuss the methods used to ob-
tain a state with | T 0 / T g S j S> 1.

2, METHODS OF VARYING THE SPIN-SPIN
TEMPERATURE

We consider first the saturation of a magnetic-
resonance line at a frequency ν = v0 + Δ Φ- ν0 ("not
str ict ly resonant s a t u r a t i o n " ) . Since the Zeeman sub-
system has in our case a single resonant frequency v0,
each act of absorption of a quantum hv by the joint spin
system should be accompanied by transfer of the
" r e m a i n d e r " of the energy ΙιΔ to the SS reservo i r (or to
extraction of an energy |hA| from it if Δ < 0). Since the
rat io of the specific heats of the spin-spin and Zeeman
r e s e r v o i r s is Cgg/Cg = {y'R-Qz/v% «C 1, one can expect
a sharp change of Tgg in the not-str ict ly-resonant
saturation p r o c e s s . When Δ > 0, the SS r e s e r v o i r is
" h e a t e d " until its upper energy levels a re predomin-
antly populated (Tgg < 0) (see Fig. l c ) , and when Δ < 0
it is " c o o l e d " (see Fig. lb) .

This qualitative reasoning is confirmed by the solu-
tion of Eqs. (4). Under the conditions of strong satura-
tion (w(A) > τ Ι1, τ Γ 1 ) we obta in C 2 2 ]
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= - (νο/Δ) (TJTZ) « - (νο/Δ) (Δ0/Δ)2 (6)

w h e r e

Δο = Δ» = yHL (τ,/τ;)

for the s t a t i o n a r y r e g i m e and

Δο s Δ»ο = yHL (8)

d i r e c t l y a f t e r t h e c o m p l e t i o n of t h e s a t u r a t i o n , but b e -

f o r e s p i n - l a t t i c e r e l a x a t i o n s e t s in (in the l a t t e r c a s e it

i s a s s u m e d t h a t T z = T g s = T o p r i o r t o s a t u r a t i o n ) . It

i s s e e n f r o m (6)—(8) t h a t t h e m a x i m u m of | T a / T g g | i s

reached at Δ = Δ 0 and is equal to

| m a x = νο/2Δο, (9)

i . e . , t h e g r o w t h of |Tgg] s h o u l d a m o u n t to two o r t h r e e

o r d e r s of magnitude and can be maintained in the sta-
tionary regime if the ratio τχ/τΊ i s not too large (it is
frequently assumed to be equal to 2—31-14-1).

The value of | T 0 / T g g | can be doubled in comparison
with (9) if, by start ing the strong saturation at |Δ[
3> y H ^ and ensuring it at each instant of t ime, we de-
c r e a s e Δ continuously to zero (the ent i re procedure i s
carr ied out with the system insulated from the lattice,
i.e., rapidly in comparison with τχ and τ[). This proc-
ess , called "adiabat ic demagnetization in rotating
f r a m e " (ADRF), is more conveniently described in
t e r m s of Redfield's theory 1 1 7 -', which gives at Hx «C H ^
the same resu l t s as Provotorov 's theory in strong
saturation. In rotating coordinates, the decrease of Δ
to zero means a corresponding d e c r e a s e of Heff, and
the ADRF turns out to be analogous to the adiabatic
(isentropic) demagnetization in the laboratory frame
(see Chap. 1), namely, the spin order ing in the external
field (in the field Heff in the case of ADRF) goes over in
both cases into ordering in the local fields.

Tgg can be varied also by c r o s s relaxation, which
consists of energy exchange between the Ζ and SS sub-
sys tems, due to the action of the nonsecular par t of the
operator ^ g g . In fields Ho ίϊ> Η·^, the c r o s s relaxation
time TQJ^ may turn out to be shorter than τχ only if the
spectrum contains several resonant lines whose fre-
quencies va, vo, ..., a r e either almost equal or almost
integral multiples. The elementary act of f i r s t-order
cross relaxation consists of simultaneous flipping of the
near-equal-frequency spin sys tems a and β in opposite
direct ions; it is obvious that the energy difference
hA^g = h(j£j - va) should in this case be t ransferred
to the common SS r e s e r v o i r , causing thereby a change
of Tgg (it is assumed here , naturally, that TQR S> T 2 ) .

The change of Tgg by cross relaxation was calcula-
ted in1-2-1, where r a t e equations were obtained for Tgg
and the Zeeman t e m p e r a t u r e s T Z a and T Z 0 . If one of
the Zeeman subsystems (e.g., Z f t ) is saturated by the
alternating field and if TQR <C τχ, T[, then the stationary
values of T 0 /Tgg and T 0 / T Z a a r e given by formulas'1 2 2-'
that a r e s imi lar to (6) except that Δ is replaced by
and the p a r a m e t e r Δο° is replaced by

A?R -= yHL
(10)

where = N a^ > / S Q > β ( S ^ + 1), Ν = N f f + N j 3 > N f f > / J

and S ο a re respectively the numbers and magnitudes
of the spins of the par t ic les of type a and (3, while γ and

Η^ are averaged over all the spins having the common
SS reservoir [ 8 ' 9 > 1 4 ] . Thus, in this case, too, |Tgg|
should undergo an increase which is almost as apprec-
iable as in the case of not strictly resonant saturation.
We note that the analogy between these two methods of
acting on the SS reservoir (not-strictly-resonant satur-
ation of a homogeneous line and saturation of one of the
lines taking part in the cross relaxation) turns out to be
quite far reaching (see Chap. 6).

Principally different methods for increasing |Tgg|
were proposed by Jeener et al.^9-1 In one of these
methods ("adiabatic demagnetization followed by sudden
magnetization") the ordering of the spins in the local
fields is attained by adiabatically decreasing the field Ho

to zero (see Chap. 1); this produces a single and rather
low spin temperature Tgg. If the subsequent new appli-
cation of the field Ho is sufficiently rapid (not adiabatic),
then this ordering is maintained, but characterizes only
the SS reservoir, with Tg turning into Tgg. We note that
this method, as well as another one (the method of two
pulses1^9-1) was used so far only in MMR.

Thus, there are several methods for altering Tgg
strongly. However, the manifestations of such a change
were initially investigated only in MMR experiments,
where the lines are usually broadened (homogeneously)
by the spin- spin interaction, and therefore the Redfield-
Provotorov theory is directly applicable (see,
e.g., [ 8" 1 0 ' 1 4 ' 1 7" 2 0 ]). The random character of the distri-
bution of the paramagnetic impurity in electronic para-
magnets, and particularly the important role played in
ESR by the inhomogeneous line broadening (owing to im-
perfection of the crystal, the hyperfine structure (hfs)
due to the interaction with the nuclear spins of the para-
magnetic ions in the lattice, and others), have cast
doubts for a long time on the applicability of the Tgg
concept to electron spins. Recently, however, a number
of ESR experiments (see1-23"25-1 et al.) have revealed
effects connected with the existence of an electron SS
reservoir. They turned out to be even more interesting
than in MMR, owing to the larger role played by cross
relaxation in ESR, and also in connection with the ob-
servation of new mechanisms of dynamic polarization
and spin-lattice relaxation of the nuclei in paramagnetic
crystals. We proceed now to describe these results.

3. ESR LINE SHAPE UNDER SATURATION CONDITIONS

The ESR line shape in saturation can be investigated
experimentally in two ways:

a) The line is saturated at a definite point of its con-
tour (at the frequency ν = va + Δ), and the remainder of
the line is recorded with a sufficiently weak (non-
saturating) microwave signal.

b) The saturation and recording are carried out with
the same microwave signal.

Method (a), in spite of its being somewhat more
complicated, is preferable because the recorded ab-
sorption line shape iP(6) characterizes here directly the
state of the spin system, i.e., the population of its en-
ergy levels.

Expressing Tgg in terms of T z from (6) and substi-
tuting in (5) we obtain

=if0 (6) (7yr z )/ [ l - (δ/Δ)], (11)
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Where T z is determined from (6) and ci>0(6) is the value
of iP(6) at T z = T g S = T o . The line shape defined by (11)
i s shown in Fig. 2 (the equilibrium line is shown dashed;
the regions of negative and increased absorption a r e
shaded). We see that, in contrast to the traditional
theory1-3-1, according to which the saturation at any point
of the contour of a homogeneous line leads to ^(δ) — 0
for all 6, now #>(6) vanishes only at the saturation point
(δ = Δ). The most interesting features of Fig. 2 a r e the
regions of negative absorption (i.e., of induced emis-
sion) and of increased absorption (in comparison with
cP0) on opposite wings of the line'-22-'. The occurrence of
these sections follows directly from the population dis-
tributions shown in Figs, l b and l c (the solid a r rows on
Figs, b and c show the saturat ion points Δ < 0 (b) and
Δ > 0 (c), and the wavy l ines show the induced emission
signal on the line wing).

It should be noted that formula (11) holds t rue for any
instant of time Τ after completion of the saturation at
the frequency v0 + Δ ; ί 2 2 ] in this case Τ ζ is obviously a
function of t, since the p a r a m e t e r Δ ο in (6) changes from
Δ° to Δ " during the course of the spin-lattice relaxation
of the Ζ and SS r e s e r v o i r s .

It is clear from (5) that the res torat ion of the equili-
brium line shape after turning on the saturating signal
should follow two exponentials: the ant isymmetr ical
component, which is proportional to Tg'g, will vanish
with a t ime constant τ/, and the symmetr ica l (Zeeman)
component will tend to ί/Ό(δ) with a t ime constant τι .
Since usually τ[ < rlt the f irst p r o c e s s is completed
ahead of the second one.

The first experiments in which the effects i l lustrated
in Fig. 2 could be observed were apparently performed
i n L 2 3 ^ on K3Co(CN)6 c rys ta l s with 0.6% Fe 3 * ions (effec-
tive spin 1/2) as an impurity at 1.8° Κ in the 3-cm band.
Saturation at the frequency v0 + Δ was produced by short
microwave pulses at Hj <C H^, and the line was regis-
tered in the intervals between the pulses with the aid of
a weak continuous microwave signal with a magnetic-
field sweep that was rapid in comparison with τι . Sec-
tions of induced radiation and of increased absorption
were observed on the line wings and were in sufficiently
good agreement with relat ions (6) and (11), thereby
justifying the conclusion that the Tgg concept can be
applied in principle to ESR.

More detailed investigations of this type were per-
formed on CaWOi crysta ls containing 101 8 cm"3 Ce 3 + ions
(effective spin 1/2) '-31-'. Figure 3 shows some experi-
mental r e s u l t s obtained at 1.8° Κ in the 3-cm band; we
see that they agree well with formula (11), at the first
instant after the saturation (1) as well as in the station-

ary reg ime (2). (The points r e p r e s e n t the experimental
data, curves 1 and 2 a re theoretical (see formula (11)),
and 3 i s the equilibrium line.) An investigation of the
dependence of T z and Tgg on Δ and an analysis of the
establishment of the stationary saturation and of the
spin-latt ice relaxation1-3 have also confirmed the con-
clusions of the theory, part icular ly the relation (6).

As seen from Fig. 3, the effect of induced radiation
at not too str ict ly resonant saturation is relatively
smal l . This is due to the fact that to obtain a maximum
value of | T 0 / T g g | it i s necessary to saturate a line with

! a frequency deviation Δ = Δ ο it yHj^, and in dilute para-
magnets yH·^ greatly exceeds the half-width of the
homogeneous line^3 6-1; as a resul t , the point v0 + Δ ο

turns out to be on the far wing of the l ine, where &(δ)
is very small . We note that in MMR, where the line
shape is close to Gaussian and yH-^ ~ δν, the radiation
on the wing turns out to be much stronger'-3 7-'.

The radiation can be increased by saturating the line
first on the wing and then at the center . Such a proced-
u r e , c a r r i e d out within a time t <C τι, τ[ causes the
Zeeman energy to vanish ( T 0 / T z = 0) and the signal
ίΡ(δ), as seen from (5), should become ant isymmetr ical
relat ive to the line center. This resul t was also ob-
tained experimentally in ; the appearance of induced
radiation when the saturation point is moved from the
wing to the center of the line is i l lustrated by motion-
picture f rames (see Fig. 4, where the f rames follow
each other in intervals of 1/8 sec, and the vertical line
marks the point of saturation at the instant a).

The experiment i l lustrated in Fig. 4 is close to the
ADRF phenomenon mentioned in Chap. 2 and observed
ear l ier in MMR1-20-1. Fur ther motion of the saturation

Λ 3

FIG. 3. ESR absorption line shape
of the ion Ce3 + in CaWO4 in the case
of saturation at the point marked by
the arrow.

FIG. 4. Change of ESR absorption
line shape of the ion Ce 3 + in CaWO4

when the saturation point is shifted
(breaks in the curves) from the wing
(a) of the line to its center (d).

FIG. 2. The theoretical absorption-line shape & (6) under conditions
of saturation at the frequency v0 + Δ (arrow).
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point along the line (all the way to the opposite wing)
gives a symmetrical absorption curve, but inverted
relative to (Po(6). This phenomenon is also described
in the case of NMR1-19'20-1 and constitutes adiabatic (in
the thermodynamic sense, i.e., isentropic) passage of
the l i n e [ 1 4 ' 1 5 ] ; it must not be confused with the fast
adiabatic (in the quantum-mechanical sense) passage
described by Bloch [ 3 8 ] . To obtain inversion in the latter
case, it is essential to have synchronous precession of
all the spins of the sample about the direction of the
effective field in the rotating coordinate system; obvi-
ously, the passage must be completed within a time
t « Ti, and the field Hx should be much stronger than
H L · For the experiment to be successful in our case,
the conditions are just the opposite, since it is assumed
that there exists a single temperature Tg at each instant
of time of the isentropic passage in the rotating coordin-
ate system (see Chap. 1); this is connected with the total
loss of synchronism in the motion of the spin and we
should therefore have t 3> τ2 and Hx £ H ^ (and in par-
ticular also Hj <C Ητ ).

It should be notea that inversion of the absorption
line, for passage within the time t > τζ, was observed
in ESR also e a r l i e r . Then, however, this effect was not
connected with the isentropic character of the passage,
and was explained by an incorrect combination of Bloch's
equations1138-1 with the r e s u l t s of Redfield's t h e o r y 1 " 3

( c f . , e . g . / " - u · ^ ) . .

In the cited p a p e r s 1 2 3 ' , the effects confirming the
Tgg concept were observed on lines whose shape was
determined not only by the spin-spin interact ions, but
also, to no les s a degree, by the inhomogeneous broad-
ening. In^2 8-1, experiments s imi lar to those described
above were performed on the crys ta l s
(Ce x La 1 _ x ) 2 Mg 3 (NO 3 ) 1 2 · 24H2O (x = 0 . 3 6 - 1), where the
width of the ESR line was determined practical ly en-
tirely by the spin-spin interactions of Ce 3 + . In these ex-
p e r i m e n t s , an agreement was also established between
the line shape <J'(5) at not-str ict ly-resonant saturation
and formula (11); in par t icular , induced radiation was
observed on the line wing.

An interesting feature of the la t ter experiment was
the occurrence of "phonon overheat ing" due to the
strong coupling of the spin system with phonons having
the same frequency as the ESR signal ( "d i rec t proces-
s e s " of spin-lattice relaxation; cf., e . g . / 4 0 3 ) . To take
this phenomenon into account from the point of view of
the Tgg concept, the authors of[-28-1 have proposed that
phonon production in direct spin-lattice p r o c e s s e s de-
pends on the s tates of both spin subsystems Ζ and SS
and is determined, just as resonant absorption of micro-
wave energy, by the shape of the &(δ) curve shown in
Fig. 2 (more accurately, by the deviation of tf'(6) from
iPofi)). This means that the phonon " t e m p e r a t u r e "
Τ η(δ) var ies within the l imits of the ESR line, namely,
it r e m a i n s equal to T o at the point of intersect ion of έΛ(δ)
with ^Ό(δ) (see Fig. 2), but one should even expect it to
decrease in the region of increased absorption. On the
other hand, it i s known that under "phonon overheat ing"
conditions the spin-system state that leads to negative
absorption (i.e., to emission) of the microwave-field
energy can cause a very strong increase of T p ^ (the
so-called "phonon avalanche" 1-4 1- 1). Allowance for the
change of T p n has made it possible to explain in1-28-1

certain deviations of the experimental data from the
predictions of the theory1-1-1.

An effective resul t was obtained in Kazan', where V n

for the same crystals was determined directly by the
Mandel'shtam-Brillouin scatter ing method using a
laser1-42-1. Under the conditions of not-str ict ly-resonant
saturation of the ESR line of the C e 3 t at 1.5°K, a
"phonon avalanche" was observed, leading to a station-
ary increase of T p n to 250° Κ at the ESR frequency, and
to 8000° Κ in the pulsed reg ime. It is interesting that
this effect, which is of appreciable magnitude, is appar-
ently the consequence of a relatively weak signal of in-
duced radiation on the line wing.

The difference between the traditional t h e o r y L 3 ] and
the Tgg concept should become manifest also in experi-
ments on the reg is t rat ion of the line shape by the micro-
wave saturating signal itself, i .e., using the method (b).
In this case the absorption coefficient (i .e., the imagin-
ary par t χ" of the paramagnetic susceptibility) is not so
explicitly connected with Τ 2 and Tgg; to find it we can
use the balance between the microwave field energy ab-
sorbed by the spin system at the frequency ν = v0 + Δ
and the energy t ransferred to the lattice as a resul t of
spin-lattice relaxation. Since the lat ter can be easily
shown to be determined only by the deviation of T g from
T o , we have in the case of strong saturation[ l> l 4> 2 8J

•χ" (Δ) -:- (H\U> incx,) χ0 1{ΤΟ/ΓΖ) — 1], (12)

where χ0 is the static paramagnetic susceptibility at the
temperature T o , and P j n c i s the microwave power inci-
dent on the sample.

The traditional theory1-3-1 a lso leads to the formula
(12), but then T% should be taken to mean the single spin
temperature Tg. Since Tg, and consequently also χ",
does not depend on Δ in this case, formula (12) signifies
an unlimited increase of the line width upon saturation.
On the other hand, by substituting in (12) the expression
(6) for Τ 2 , we see that in this case the absorption line
should have a Lorentz shape with a half-width Δο°.

The use of the Tgg concept in the calculation of the
rea l par t of the paramagnetic susceptibility χ', which is
proportional to the reg i s tered dispers ion signal, also
gives resu l t s that differ from the traditional theory.
Thus, the assumption that in the case of strong satura-
tion the total magnetic moment Μ of the spin system
differs from zero and is directed along Heff in a rotat-
ing coordinate s y s t e m [ 1 7 ' 1 8 ^ leads directly to the con-
clusion that the component M x , which is proportional to
χ', a lso differs from zero. Simple calculation yields for
this case

and the dispersion signal thus does not tend to zero as

inc — °o, i.e., it is not saturated.
Exper iments on the reg i s t ra t ion of the absorption

line shape with a saturating signal were carr ied out on
a number of crystals with spin-spin broadening of the
ESR line, namely, in a complex compound of divalent
copper (without diamagnetic dilution) at 4 .2°K L 2 6 ] , in
cerium-magnesium double ni trate (both concentrated
and diluted with diamagnetic lanthanum ions) at

1 4 ο κ [ 2 β ] ^ a n d i n diamond crys ta l s with nitrogen-atom
impurity at room temperature 1- 3 5- 1 . The resu l t s of all
these experiments a re well described (12) and thus con-
firm the " T g g concept."
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The conclusions of the Redfield- Provotorov theory
were confirmed also in investigations of the signal of
paramagnet ic dispers ion of χ ' in ruby1-26-1 and in carbon-
ized dextrose^ 4 3 · 1 (in the lat ter case, however, the ex-
per iment was performed only at Hi >

4. ELECTRON-NUCLEAR INTERACTIONS

The concept of electron spin-spin temperature Tgg
p e r m i t s a new approach to the question of dynamic
polarization of nuclei (DPN) and their spin-lattice r e -
laxation in crys ta l s with paramagnetic impuri t ies .

In the magnetic fields customari ly employed in p r a c -
tice (ΙΟ3—104 Oe), and at paramagnet ic-center concen-
trat ions ΙΟ 1 8—10 1 9 cm" 3, the MMR frequency for most
nuclear spins falls in the s a m e frequency band a s the
r a t e of e lectron spin-spin relaxation: va ~ τ"1

ΙΟ6—107 sec" 1 (the subscr ipts η and e will henceforth
denote the nuclear and electronic sys tems, re spec-
tively). This agreement causes the alternating local
fields produced by the electron spins to have in their
frequency spectra an appreciable component of frequency
ua, which induces t ransi t ions in the nuclear Zeeman
system Z n . The " i n t e r m e d i a r y " between the electrons
and the nuclei i s in this case the e lectron-nuclear mag-
netic dipole-dipole interaction, the operator of which
does not commute with the Hamiltonians of the sys tems

a v e r a g i n g m e t h o d i s d e t e r m i n e d b y t h e d e t a i l s o f t h e

spin-diffusion p r o c e s s ^ 4 7 3 ) and a = τ ο/τ 2 β « 3^36>4β3_
In addition to the described d i rect thermal contact of

the systems SS e and Z n , there is also another possibil-
ity of equalizing the t e m p e r a t u r e s Tgg and T Z n , connec-
ted with the saturation of " forb idden" electron-nuclear
transi t ions at the frequency ve + vn or ve — un by means
of a microwave field. As is well known, such a satura-
tion leads in itself to DPN (the " s o l i d state effect" 1- 6 ' 7 3);
it is shown ΐ η [ 4 9 " * ι : ι that if the same microwave field
saturates simultaneously also the main ("al lowed") ESR
line (this is possible if vn ^ 5i^e), then the nuclear-spin
temperature Tgg i s determined in this case by the con-
ditions of not-str ict ly-resonant saturation at the fre-
quency ve + Δ. In this mechanism, the role of the
" i n t e r m e d i a r y " between SS e and Z n is played by the
microwave field that sa turates the " forbidden" t rans i-
tions, and the r a t e s of relaxation of SS e to Z n and vice
versa turn out to be respectively of the order of w g and
w n , where

">? = [NJ (I + i)/NeS {S + 1)] u>± = {WlH0Ywe

is the probability of the " forb idden" transit ion.
Taking into account both mechanisms of coupling of

the SS e and Z n r e s e r v o i r s , we can write down ra te
equations for the t e m p e r a t u r e s T Z e , Tgg, and Τ Ζ η

[ 4 5 ' 2 5 ] :

e n

F r o m the assumed existence of quasi-equilibrium in
each of the sys tems SS e and Z n , it follows that such an
exchange of energy between them is equivalent to a d i re
direct thermal contact with a tendency towards equal-
ization of the t e m p e r a t u r e s Tgg and T Z n of these r e s e r -
voirs . If we increase | T 0 / T g g | in some manner (not
str ict ly resonant saturation of the ESR line, c ros s r e -
laxation, etc. ; see Chap. 2), then the direct thermal
contact of the nuclear spins with the electronic SS r e s e r -
voir should lead to a corresponding growth of | T 0 / T z n | ,
i .e., to D P N 1 - 2 1 ' 4 4 ' 4 ^ . This DPN mechanism is some-
t imes called "dynamic cooling" of the nuclear spins'-2 1-1.

To descr ibe the ra te of establishment of thermal
equilibrium between SS e and Z n , one introduces the
t imes Tgn and T n g, which character ize respectively the
relaxation of the SS e system to Z n and vice versa . It is
easy to show t 4 5 : l that

- CssICZn = (NJNn) i(yHL)Vv!

n\ IS (S -i- 1)1, (13)

where N e , S and N n , I a r e the numbers and the spins of
the e lectrons and nuclei, respectively, and Cgg and C Z n

a r e the specific heats of the sys tems SS e and Z n .
To calculate the time Tng we can use the well known

theory of spin-lattice relaxation of nuclei in crysta ls
with paramagnetic i m p u r i t i e s ^ 4 6 ' 4 7 ^ . Since, however,
the system Z n exchanges energy in this case not with
the lattice but with the electronic SS reservo i r , the
correlat ion t ime T C of the quantity S z , which we need
for the calculation, should be determined not by the
spin-lattice but by the spin-spin relaxation of the elec-
t rons , i.e., it i s of the o r d e r of τ 2 6 and not τ ι 6 .

, , 2 6

Using the r e s u l t s of1-47-, we can obtain
(2jivnat2e)- (14)

w h e r e 6 H i s t h e r m s l o c a l m a g n e t i c f i e l d p r o d u c e d by

t h e e l e c t r o n s a t t h e l o c a t i o n s o f t h e n u c l e a r s p i n s ( t h e

d 1
~dTTZ

! _ I ve

t i e V TZe

A —vn + / ve . vB . Δ

_! ΙΛ_±.(Α
T S S τ Ζ η I T ; e \ TS

(15)
where r n j is the time of the nuclear spin-lattice r e -
laxation due to any mechanism with the exception of
thermal contact between the sys tems Z n and SS e . It is
assumed here that Δ > 0, so that w e <?C w*.

The meaning of these equations is i l lustrated in Fig.
5, where the coupling of the SS e and Z n r e s e r v o i r s is
shown schematically in the form of a thermal contact
between bodies having definite specific heats (the dou-
ble, single, wavy, and dashed arrows denote, respec-
tively, direct thermal contact, the resu l t s of saturation
of " forb idden" transit ions, coupling with the lattice, and
the additional channel of nuclear spin-lattice relaxation;
the t imes of the corresponding p r o c e s s e s a r e marked
on the arrows) .

Lattice

FIG. 5. Scheme of contact between the systems SSe and Zn.
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From the stationary solution of (15) in the case of
strong saturation of the "allowed" ESR transition it
follows1-25^ that the condition for the equalization of the
temperatures T Z n and Tgg is satisfaction of at least
one of the inequalities

τη β « t , h (16)

(„,*)-» < τηΙ. (17)

The conditions (16) and (17) have a very simple physical
meaning and follow directly from an examination of the
scheme of the thermal contact (see Fig. 5). If rn^ is
determined by "forbidden" electron-nuclear transitions
accompanying the spin-lattice relaxation of the para-
magnetic impurities'-46-', and is described by the same
token by an expression similar to (14) but with a r 2 e re-
placed by r i e , then the condition (16) becomes

a t 2 e [1 + (2πνηατ2,)- !] < τ,. (18)

(we n e g l e c t h e r e t h e d i f f e r e n c e b e t w e e n t h e a v e r a g e d

6 H i n t h e c a l c u l a t i o n s of T n g a n d Tn^
i7^, w h i c h i s i n s i g -

n i f i c a n t a t low t e m p e r a t u r e s ; i n a d d i t i o n , we put r i e v n

3> 1) . It fo l lows f r o m t h e s a m e e q u a t i o n s (15) t h a t if

C s s / C Z n » T i A n , (19)

t h e n t h e n u c l e a r s p i n s of t h e l a t t i c e do not in f luence t h e

s t a t i o n a r y v a l u e of T g g , w h i c h i s s p e c i f i e d by t h e s a t u r -

a t i o n of t h e E S R ( f o r m u l a (6)) o r by t h e c r o s s r e l a x a t i o n ,

a n d c a n t h e r e f o r e s e r v e a s a t h e r m o m e t e r of s o r t s for

t h e m e a s u r e m e n t of T g g .

When the i n e q u a l i t i e s (16) a n d (19) a r e s a t i s f i e d , t h e

m a x i m u m e n h a n c e m e n t of t h e n u c l e a r p o l a r i z a t i o n E ,

a t t a i n a b l e in the " d y n a m i c c o o l i n g " m e t h o d and d e t e r -

m i n e d by r e l a t i o n (9), c a n be r e a c h e d . C o m p a r i n g t h i s

v a l u e wi th t h e m a x i m u m e n h a n c e m e n t of t h e p o l a r i z a -

t ion in t h e " s o l i d - s t a t e e f fec t " ' - 6 ' 7 - ' , w h i c h i s e q u a l to

ve/vn, we c a n c o n c l u d e t h a t t h e p o l a r i z a t i o n of n u c l e i

by c o n t a c t wi th t h e S S e r e s e r v o i r m a y t u r n out to be, in

p r i n c i p l e , m o r e e f fect ive t h a n t h e " s o l i d - s t a t e e f f e c t , "

provided only ( T 1 / T 1 ' ) 1 / 2 < ^~ However, owing
to the random distribution of the paramagnetic centers,
the quantity yH^ is usually quite large in comparison
with Tgg, and it is apparently difficult to reconcile the
last inequality with the condition (18) of good thermal
contact.

The new DPN mechanism was investigated experi-
mentally in [ 2 5 : l on ruby crystals (AI2Q3) doped with Cr3*
ions. To exclude the possibility of the usual "solid-
state effect," the ESR line was saturated in these ex-
periments without a deviation from the center frequency,
i.e., at exactly the frequency vQ, and the Tgg shift was
obtained as a result of cross relaxation between the
different transitions of the ESR spectrum of ruby.

Figure 6 shows the experimental enhancement of the
polarization Ε of[27] Al nuclei, obtained in the case of
strictly resonant saturation of the 2—3 transition of the
ESR spectrum (the energy levels of the Cr3 + ion are
numbered upward), as a function of the angle θ between
the field Ho and the ruby axis C 2 5 ] . The upper part of the
figure is the diagram of the resonant frequencies of the
ESR spectrum at ν a = const (the dashed lines show the
doubled frequencies; the arrows indicate the cross-
relaxation regions). We see that in all the regions
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c o n d i t i o n s o f s a t u r a t i o n o f t h e c e n t e r o f t h e 2 - 3 t r a n s i t i o n o f t h e E S R

s p e c t r u m o f C r 3 + ( C = 0 . 3 % , T o = 1 . 8 ° K .

w h e r e t h e f r e q u e n c i e s o f t h e d i f f e r e n t C r 3 * i o n t r a n s i -

t i o n s ( o r t h e i r m u l t i p l e s ) c o m e c l o s e t o g e t h e r , t h e

n u c l e a r p o l a r i z a t i o n o f 1 - 7 - 1 A l b e c o m e s e n h a n c e d , a n d

the sign of Ε corresponds everywhere to the expected
sign of Tgg (this effect can be called cross-relaxation
nuclear polarization CRNP).

Estimates have shown1^25-1 that inequalities (16) in
(18) are satisfied under the conditions of these experi-
ments, and consequently one should expect equalization
of the temperatures Tgg and Τ Ζ η . This prediction of the
theory was verified in a number of experiments'^5-',
where the temperature Tgg was measured, in particu-
lar, by analyzing the shape of the ESR line obtained with
a weak microwave signal under conditions of pulsed
saturation of the line center. Since T Z e = 0 in this case,
it is clear from (5) that the absorption signal should be
antisymmetrical with respect to v%, as was indeed ob-
served in the experiment (see Fig. 7, where the turning
on of the saturating pulse at the instant of passage
through the line center is shown on the left, and the ab-
sorption line shape, observed 10 msec during the return
sweep of the magnetic field is shown on the right; the
equiilibrium line is shown dashed). The temperature Tgg
determined from the magnitude of this signal with the
aid of (5) turned out to be practically equal to T^n a s

measured directly from the NMR signal^27:l of Al. The
same result was obtained in a number of experiments
in which electronic cross relaxation was used to deter-
mine Tgg (see Chap. 5).

It should be noted that in all these experiments the
microwave pulses did not saturate "forbidden" transi-
tions at the frequencies ve ± i>n, and thus the equaliza-
tion of Tgg and T Z n was apparently due to the direct
thermal contact mechanism.

Evidence of the existence of the DPN mechanism
through equalization of the temperatures T Z n

 ar>d Tgg
was obtained also for other paramagnetic crystals.
Thus, in Tutton salt of zinc doped with Cu2* ions at
helium temperatures, an "anomalous" doubly-exponen-
tial establishment of the proton polarization was ob-
tained in not-strictly-resonant saturation of the ESR of
the copper ions.1-29-1 This singularity, as it turned out,
can be explained within the framework of (15) if equal-
ization of T Z n and Tgg as a result of saturation of the
"forbidden" transitions is assumed.



T E M P E R A T U R E OF S P I N - S P I N I N T E R A C T I O N S 259

S

FIG. 7. ESR line shape of Cr3+ ion in ruby under the conditions of
polarization of the nuclei "A1(E = 25, To = 1.8°K).

A distortion of the ESR line shape, due to the anti-
symmetr ica l t e r m in (5), was observed 1- 3 0 3 in experi-
ments on lanthanum-magnesium nitrate crysta ls with
2% Nd3+ ions under conditions of increased proton polar-
ization at Ho = 2.5 kOe and T o = 1.5°K. When the micro-
wave field producing the DPN was turned off, this dis-
tortion vanished within the nuclear spin-latt ice relaxa-
tion t ime T m , i .e., in synchronism with the r e t u r n of
the Z n system to equilibrium with the latt ice. Although
no quantitative comparison of the temperatures Tgg and
T Z n i s repor ted in 3 , this r e s u l t undoubtedly favors
the mechanism of the direct thermal contact of SS e with
Z n ; it is important that the contact exists in this case
in the absence of any saturating microwave field.

The mechanism of "dynamic cooling" of the nuclear
spins apparently plays an important role also in many
other experiments on D P N [ 5 2 ' 5 3 3 , where appreciable
deviations from the traditional " s o l i d - s t a t e effect" pic-
ture a r e frequently observed. We note that the possibil-
ity of nuclear polarization in electronic c r o s s relaxa-
tion was considered already in 1 1 5 2 3 . At that t ime, how-
ever, the concept of the spin-spin temperature had not
yet suitably been developed, and the authors of these
p a p e r s could not take c o r r e c t account of the change in
the energy of the spin-spin interact ions, and therefore
confined themselves only to an analysis of the special

case \va - VQ\ = vn.
The d i rect thermal contact between the Z n and SS e

sys tems c r e a t e s also an additional channel for spin-
lattice relaxation of the nuclei. If T Z n ^ T o at the initial
instant of t ime (e.g., if the nuclei a re polarized before-
hand or a re saturated by a high-frequency field), then
the electronic SS r e s e r v o i r , which is much more
strongly coupled to the lattice than the Z n system
(τ'1β ~ τ 1 θ <C τηι), turns out to be the intermediary
between the nuclear spins and the latt ice. Two limiting
cases a r e possible h e r e . If the " b o t t l e n e c k " of the r e -
laxation through the Z n — SS e — lattice channel is the

n

SS e , i .e., if r'ie <
i

r S n (see Fig. 5), then
f i l i b i it

section Z i e S

the SS e r e s e r v o i r hardly deviates from equilibrium with
the lattice during the relaxation p r o c e s s . In this case,
obviously, this mechanism r e s u l t s in a nuclear spin-
lattice relaxation t ime r n gj « r n g .

To the contrary, when r'ie <C Tgn, the " b o t t l e n e c k "
of the relaxation p r o c e s s lines in the section SS e

— latt ice, and the temperature Tgg is close to T Z n at
all t imes . As can be readily seen from an elementary
analysis of the transient p r o c e s s e s in the case of ther
thermal contact between several bodies (see Fig. 5), we
have here

-•- CSS)/CSSH (CzJCss) τ'λ. (20)

(the s e c o n d e q u a l i t y i s t h e c o n s e q u e n c e of the r e l a t i o n
c Z n ^ Css> w n i c t l u s u a l l v h o l d s for d i l u t e p a r a m a g -

n e t s ) . T h e s a m e e x p r e s s i o n s for T n g^ a r e o b t a i n e d

r i g o r o u s l y f r o m (15) by o m i t t i n g f r o m t h e l a t t e r t h e

t e r m s t h a t t a k e into a c c o u n t t h e a c t i o n of t h e m i c r o w a v e

f i e l d s 1 - 4 5 3 .

It i s o b v i o u s t h a t t h e r o l e of t h e S S e r e s e r v o i r i n t h e

s p i n - l a t t i c e r e l a x a t i o n of t h e n u c l e i wi l l be d e c i s i v e if

τΒ β ! < Tn). (21)

If τηι i s determined by the " t r a d i t i o n a l " mechanism of
nuclear relaxation, due to the spin-lattice relaxation of
the paramagnetic impuri t ies of'-46-1, then we can con-
clude, taking (14) into account, that in the case when the
" b o t t l e n e c k " occurs in the section Z n — SS e , the in-
equality (21) reduces in pract ice to the requirement
T2e *C Tie, a n d is usually satisfied with a large margin;
on the other, if the " b o t t l e n e c k " is the section
SS e — latt ice, then the influence of the SS e r e s e r v o i r on
the spin-lattice relaxation of the nuclei will be signifi-
cant only at not too smal l a rat io Cgg/C^u·

The possibility of spin-lattice relaxation of the nuclei
via the SS e r e s e r v o i r was discussed theoretically quite
long agoC543 , but experiments that identify this relaxa-
tion mechanism uniquely were performed only in 1968,
also on ruby crys ta l s 1 1 2 5 3 . The time τ ι η of t h e [ 2 7 ] Al
nuclei measured in^27-1 at liquid-helium temperature*·
in fields 1000—4000 Oe turns out to be shorter by three
o r d e r s of magnitude than the time obtained by calcula-
tion on the basis of the " t r a d i t i o n a l " mechanism 1- 4 6 ' 4 7-',
but agrees well, on the other hand, with formula (20)
(the rat io Cgjj/Cgg * - u r n s o u ' ; *· 0 ^ e here of the order of
102). The existence of a " b o t t l e n e c k " in section
SS e — lattice was confirmed in this case also by an
est imate of the values of r n g and τη^.

The " b o t t l e n e c k " in the second section of the relaxa-
tion time through the channel Z n — SS e -~ lattice was
observed also in lanthanum-magnesium nitrate doped
with Nd3*, where the relat ion τ ι η oc Cgg was noted'-34-1,
in yttr ium ethyl sulfate doped with Dy3+ (see1-55-1), and in
other substances.

Let us discuss also an interesting consequence of the
thermal contact between the SS e and Z n sys tems, namely
the thermal mixing of nuclear spins having different
frequencies v'n £ v'^, which lie, however, in the band
~ T ^ . It is obvious that if each of the nuclear Zeeman
systems Z n and Z^ is effectively coupled with the SS e

r e s e r v o i r , then the Zeeman temperatures T'zn and
T Z n become equalized. In par t icular , saturation of one
of the nuclear sys tems (say Z n ) by a resonant field at
frequency v'n will be t ransferred via the SS e system to
the second nuclear system (Z^), a fact observable by
the double NMR method.

The influence of saturation of nuclear spins of one
type on the NMR signal of nuclei of another type was ob-
served in e x p e r i m e n t s L 5 6 ] performed even pr ior to the
development of the Tgg concept (these experiments per-
tained to the transfer of saturation from nuclear spins
of the paramagnet ic centers themselves to the lattice
nuclei). Naturally, the authors of these papers could not
interpret this phenomenon satisfactorily and confined
themselves to vague re ferences to " s p i n diffusion."

The idea of attributing these resu l t s to the thermal
mixing via an SS e r e s e r v o i r was advanced in1-2 4 3 and
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w a s ver i f ied on AI2O3 c r y s t a l s [ 2 7 ] , the " d i f f e r e n t "
nuc lear sp ins employed h e r e being five t rans i t ions of
the NMR s p e c t r u m of1-273 Al, separated by quadrupole
spl i tt ing. In a c r y s t a l containing 0 . 0 3 % Cr 3 + ions, trans-
fer of saturat ion ( thermal mixing) w a s observed between
t h e s e t rans i t ions at 1.9° K, w h e r e a s in a control exper i-
ment with pure AI2O3 there w a s no such t rans fer . The
condit ions of e f fect ive thermal mix ing can be e a s i l y ob-
tained from a s c h e m e of the type of Fig. 5 and from the
r a t e equat ions for T ' Z n , T Z n , and T g g [ 2 7 3 .

T h e r m a l mixing of nuc lear sp ins w a s r e c e n t l y ob-
s e r v e d a l s o in a number of experiments'-S 7~ 5 9^ and w a s
used, in part icu lar, to i n c r e a s e apprec iab ly the s e n s i -
t iv ity of a c o u s t i c NMR (acoust ic saturat ion of"53-1 Cr
nucle i w a s r e v e a l e d by the change of the NMR signal
o f [ 2 7 ] Al n u c l e i ) t 5 8 ] . We note a l s o the p o s s i b i l i t y of e s -
tabl ishing a s ing le spin temperature T Z n by thermal
mixing of nuclear sp ins separated by a "di f fus ion bar-
r i e r , " i .e . , s i tuated in e s s e n t i a l l y different loca l f ie lds
produced by the paramagnet ic c e n t e r s . Apparently,
thermal contact of these nucle i with the S S e r e s e r v o i r
h a s a cons iderab le effect on the phenomenon of " r e -
m o t e " e l e c t r o n nuclear double r e s o n a n c e (ENDOR),
which c o n s i s t s of the transfer of saturat ion from the
bulk of the la t t ice nuclei to the n e a r e s t paramagnet ic-
center ne ighbors that d e t e r m i n e the ESR l ine
shape [ 5 6 ' 6 0 λ

5. NEW ASPECTS OF CROSS RELAXATION

It was already indicated in Chap. 2 that if two spin
sys tems a and β having frequencies va « νβ (or
mua « ni/o) a re present in a crysta l , an important ro le
i s played By the interaction of Za and Z« with the com-
mon SS r e s e r v o i r (cross relaxation)'-4-'. Since the fre-
quencies of these three subsystems a r e different, the
energy balance occurring during their interaction calls
for simultaneous changes in the population differences
in all three r e s e r v o i r s (e.g., η spins "a" go over to the
lower Zeeman level, η spins "β" to the upper level, and
η batches of energy hAag = hi/g- hva a re t ransferred
to the SS reservo i r ) . Dynamic equilibrium in the ent i re
system as a whole se t s in therefore when the algebraic
sum of all three Boltzmann f a c t o r s ^ 3 , the " s t i m u l a -
t o r " of the c r o s s relaxation, becomes equal to zero :

Oaf, = (νβ/Τζβ) - (vJTza) - (,&ae/Tss) = 0. (22)

Generally speaking, the three t e m p e r a t u r e s Τ Ζ α , Τ Ζ β ,
and Tgg can be different C 9 ' " 3 , and under conditions of
a s trong shift of Tgg the relation (22) does not mean at
all an equalization of the Zeeman temperatures T Z f f

and T Z / 3 a s predicted by the " t r a d i t i o n a l " theory i*l .
Here and later on (Chap. 6) we shall refer to a c r o s s

relaxation a s "e f fect ive" if it prevai l s over the spin-
lattice relaxation, i.e., if

tCT < τ,, τ;. (23)

The rate equat ions for the t e m p e r a t u r e s in the g e n e r a l
c a s e of c r o s s re laxat ion between many l i n e s a r e wr i t ten
out in Chap. 6; we p r e s e n t here their solut ion for the
case of two l ines, a and β. If (23) i s satisfied and the
line a is strongly saturated exactly at the center, we
have in the stationary regime'-22-'

1/7. „ = (Aoe/ve)/7ss = 1/7.11 + (ΔίνΔα.)·] (24)

where A C R i s defined in (10). It i s seen from (24) that
the saturation of the line a does not lead to a vanishing
of T Z g , which is proportional to the absorption coeffi-
cient at the frequency ν a. Moreover, according to (24),

when |A
a j 3 | > the transfer of the saturation from

j

the spins a to the spins j3 can be negligible (T 0 /T Z £
> 1/2), and the only essential result of the effective
cross relaxation will in this case be an increase of
|T0/Tgg|. It is important that the condition (23) which
is necessary for this purpose can be satisfied even for
very large detunings &ao, provided only the tempera-
ture To is low enough.

We note that if the increase of |Tgg| is due to another
factor acting simultaneously with the cross relaxation
(e.g., to saturation of the line a at the frequency
va + Δ), the line β may turn out to be not only " i n c o m -
pletely s a t u r a t e d " but even " c o o l e d " ( T 0 / T Z / 3 > l ) C 6 l ]

or inverted, depending on the relat ive signs of Δ and
Ααβ·

The theoretical prediction that the shift of Tgg l imits
the transfer of saturation over the ESR spectrum was
first experimentally confirmed for ruby^ 2 4 -. A study of
the res torat ion of the ESR signal of the C r 3 t ions after
pulsed saturation under cross-re laxat ion conditions has
revealed a non-exponential section proportional to t .
Since such a dependence is character i s t ic of nuclear
spin diffusion^47-1, the resul t was attributed to relaxa-
tion of the SS e r e s e r v o i r , greatly deviating from equili-
brium with the latt ice, to the Z n sys tem of t h e [ 2 7 3 Al
nuclei. It is precisely this p r o c e s s which apparently
l imits here the r a t e of temperature equalization of the
transi t ions involved in the c ross relaxation.

More direct proof was obtained (likewise in ruby) in
the already cited s t u d i e s L 2 5 ] . Thus, Fig. 6, which
demonstrates the cross-re laxat ion nuclear-polarization
(CRNP) effect, not only indicates a d irect thermal con-
tact between the Z n and SS e r e s e r v o i r s , but also con-
firms the occurrence of a strong shift of Tgg in c ross
relaxation. The connection between this shift and the
transfer of the saturation over the ESR spectrum was
specially investigated in^25-1, with the transit ions 1—2
and 2—3 of the Cr 3* ion in ruby at Τ = 1.8°Κ as exam-
ples .

Figure 8 shows the dependence of T 0 / T z (1—2) (de-
termined by measuring the absorption coefficient in the
transit ion 1—2) on the detuning &ao = 2̂3 — vl2 under
conditions when the 2—3 line is saturated (curve I,
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FIG. 8. Dependence of the reciprocal temperature of the 1—2 transi-
tion of the ESR spectrum of ruby on Δ ^ = νϊ3-νί2 under conditions
of saturation of the 2-3 line.
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left-hand scale; the top inser t shows the energy level
scheme of C r 3 t in ruby at θ = 6 6 o [ 2 5 : l ) ; these data were
used to calculate Tgg in accordance with'-24-', and the
r e s u l t s were compared with the experimentally meas-
ured temperature T Z n of the5-27-1 Al nuclei (curve II,
right-hand scale; dashed curve—the calculation of
To/Tgg in accordance with formula (6), using curve I,
points—experimental values of the enhancement of the
polarization Ε of t h e [ 2 7 ] Al nuclei).

It is seen from Fig. 8 that in a wide range of detuning
( | Δ Ο ( 3 | < 700 MHz) the calculated values of Tgg agree
well with the measured value of T Z n , which is equal,
owing to the direct contact between SS e and Z n (see
Chap. 3), to the true temperature of the electronic SS
r e s e r v o i r . This means that the t ransfer of saturation
is indeed limited in this case not by the increase of
TCR> b u t b y t n e s n i f t o f T SS· W e n o t e t n a t t n i s s n i f t >
which leads to polarization of the nuclei, can serve as a
r a t h e r sensitive indicator in the investigation of elec-
tronic c ros s relaxation.

Relation (22) can be used for deliberately al tering
the behavior and r e s u l t s of the c r o s s relaxation by
forcing a change in Tgg. Thus, saturation of the NMR
signal of the latt ice nuclei ( T Z n — 0) in the case of good
contact between the Z n and SS e sys tems should lead to
saturat ion (albeit partial) of the SS e r e s e r v o i r
(Tglg — 0). It is obvious from (22) that in this case one
should expect a s tronger t ransfer of saturation over the
ESR spectrum. This phenomenon, called " s t imula ted
spectra l diffusion" (SSD), was observed experimentally
in r u b y r 2 5 > 3 2 ] and in barium fluoride doped with E r 3 + [ 3 3 ] .
It is shown in'-32-1 that in the case of saturation of NMR
of1-27-1 Al in ruby, the SSD can increase the effectiveness
of certain widely used quantum paramagnet ic amplifier
schemes in which the c r o s s relaxation is used for
simultaneous saturat ion of severa l pump transi t ions.
We note that a s imi lar effect was observed e a r l i e r 1 - ^ ,
but was not explained there at all.

We indicate, finally, one more consequence of re la-
tion (22), namely the shortening of the t ime τ χ η of the
nuclear spin-latt ice relaxation under conditions of cross
relaxation in the ESR spectrum of a paramagnetic im-
purity 1- 2 4 ' 2 5-'. It was noted in Chap. 4 that in the case of
relaxation of nuclei via the channel Z n — SS e —' latt ice,
the " b o t t l e n e c k " of the p r o c e s s may turn out to be the
second section, with Tgg κ T Z n and | T 0 / T g g | » 1.
Electronic c r o s s relaxation connects, according to (22),
the value of Tgg with the values of T Z Q , a n c * ^Ζβ· * η *-ne

spin-lattice relaxation p r o c e s s , the t e m p e r a t u r e s T ^ o
and Τ Ζ β tend to T o , " d r a g g i n g " Tgg with them, in ac-
cordance with (22). This produces an additional
SS e — lattice channel, which " w i d e n s " the " b o t t l e n e c k "
and d e c r e a s e s τ ι η .

This effect, which appears obviously only when Δ „
/= 0, can be regarded as the inverse of CRNP. It was
observed in a number of studies (on ruby1-63-1, on S r F 2

doped with Eu2*1-64-1 and on lanthanum magnesium nitrate
doped with Nd 3 + l - 6 5 ] ) , but the character i s t ic dependence
of τ ι η on Δ ~ was investigated only r e c e n t l y 1 ^ (see

Fig. 9, where 1 - C = 0.03%, T o = 1.9°K, 2 - C = 0.03%,
T o = 4.2°K, 3 - C = 0.02%, T o = 1.9°K), and the ap-
propr ia te calculation confirmed the interpretat ion pro-
posed in^2 4-1.

rln, sec

-is -w -as ο as ίο is

FIG. 9. Dependence of the spin-lattice relaxation time T[n of "Al
nuclei in ruby on the frequency difference between the transitions 2—3
and 1 -2 of the ESR spectrum of Cr3+ (0 = 66°, Ho = 3400 Oe).

6. CROSS RELAXATION IN A SYSTEM OF SPIN
PACKETS AND THE PROBLEM OF INHOMOGENE-
OUS BROADENING

As already indicated (Chap. 2), the ESR l ines in crys-
tals a r e frequently inhomogeneously broadened (mainly
because of the hyperfine s t ructure and imperfections of
the crystal), and it is therefore necessary to examine
the behavior and the role of the SS r e s e r v o i r in mag-
netic resonance with inhomogeneous broadening. In the
theoretical investigations of this question the inhomo-
geneous line was traditionally'-5 '6 6-' represented as con-
sisting of homogeneous p a r t s made up of groups of iden-
tical spins (spin packets). Initially the packets were
assumed to be non-interacting and each was assigned
its own spin-spin reservoir 1 - 6 7 ^. This corresponds, in
part icular , to a spatial separat ion of the packets (e.g.,
in the case of macroscopic inhomogeneity of the crystal
or inhomogeneity of the external field); the character-
ist ics of the magnetic resonance reduce in this case to
a sum over independent packets, in which the possibility
of variation of their Tgg is taken into account. How-
ever, in the typical case when the packets a re spatially
mixed, there a r e weighty arguments, both theoretical1^6 8·1

and e x p e r i m e n t a l [ 9 ' 6 9 : l , favoring the assumption that all
the packets have a common SS r e s e r v o i r ; this was in-
deed assumed in the investigations which we now p r o -
ceed to descr ibe.

We denote the number of packets by m; then, on the
basis of the theory of'-1'2-', the equations for the Zeeman
t e m p e r a t u r e s Tj of each of them and for Tgg, with
allowance for the probability w c . R of the c ross relaxa-
tion between packets i and j , for the spin-lattice relaxa-
tion, and for the action of the alternating field at the
frequency v, can be written in the form"7 0-'

Λ-ΤΓ ^ 7

(ϊΤ \T7~T~) ' ' • - - ! . · • · . m-

d 1 _ ^ i Ni ν — Vj I Vf ν—Vj
~dT Tss ~ ~~ Z) ~ff~ (γ#2,)2 "" ' \T[ Tss~

- 2 ~
• <i "

CR

-ίνα at

1 / 1 1 \
*i V Tss ?o /

(25)

h e r e v^ i s t h e f r e q u e n c y of t h e p a c k e t i , w^ = Wj(y— i ĵ)

i s the t r a n s i t i o n p r o b a b i l i t y fo l lowing a c t i o n of a f ie ld of

frequency ν on the packet i, σ ^ is defined in (22), Nj

= Nj · Si(Sj + l ) / 3 , where Ni and Sj a r e the number and
magnitude of the spins of the par t ic le s making up the
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packet i, Ny = Nj + SL Ν is the sum of Nj over all the

p a r t i c l e s having a common SS r e s e r v o i r (obviously,
there a r e > m s o r t s of such part ic les) , and γ2

= Z/Njyj/N. We emphasize that Eqs . (25) perta in both
to a single inhomogeneous line consisting of overlapping
homogeneous sections, and to an aggregate of individual
spectral ly resolved l ines with close frequencies; all
that is required, obviously, is that the time τ2 of forma-
tion of all the t e m p e r a t u r e s be much shorter than the
time of the p r o c e s s e s described by the system (25).

No general solution of Eqs . (25) was ever published,
and only limiting c a s e s were investigated in detail.
Thus, from an examination of the stationary saturation
of a system of non-interacting packets (when the c r o s s
relaxation between them* is not faster than the spin-
latt ice relaxation), it fo l lows [ 6 8 ] that in the case of
direct saturation of a small fraction of the spectrum,
pertaining to the common SS r e s e r v o i r , the growth of
|Tg lg| also turns out to be smal ler in proportion; a sim-
i lar resu l t is obtained also when the effective c r o s s
relaxation involves a relatively small number of
packets . Nonetheless the quantity | T 0 / T g g | can still be
appreciably la rger than unity, as is manifest, for exam-
ple, in the DPN effect'-71-', whereas the shape of the
spectra l dip in the ESR line should differ little from the
tradit ional " h o l e burning" picture1-6 6-1.

The manifestations of the SS r e s e r v o i r a r e the most
significant in a system of packets between which c r o s s
relaxation is effective (condition (23)); such a system
is s imi lar to a large degree to a system of identical
spins. Indeed, as shown in1-72-', an analysis of Eqs . (25),
abbreviated to cover " p u r e " c r o s s relaxation, i.e., with
only the t e r m s σ - in the right-hand s ides, makes it
possible to separate from the total spin energy of all
m packets two p a r t s (high-frequency E-^p and low-
frequency E L F ) , which a r e the integrals of the,motion
in the cross-re laxat ion p r o c e s s and a r e transformed,
as the resul t of the c r o s s relaxation, into energies of
two new r e s e r v o i r s , each of which has a single tempera-
t u r e . Then the HF r e s e r v o i r corresponds to one fre-
quency v0 of the center of gravity of the system of m
lines, and its specific heat is C H F = (h2/k) S K m M , where

m ^
N ( m ) = Σ/ N^ The LF r e s e r v o i r is produced by mixing

of the spin- spin energy Egg with a definite p a r t Ε Δ

("di f ference" par t , connected with the difference Δ ^
between the frequencies of the packets) of the Zeeman
energy of all the spins; i ts spectrum is quasi-continuous
in a band ~}Ί%^> Δ ^ , and the specific heat C ^ p is the
sum of the spin-spin specific heat Cgg = (h2/k) Ν ( > Ή ^ ) 2

and the "d i f fe rence" specific heat C A = (h2/k) N ( m ) M 2 ,
where M2 is the second central moment of the distribu-
tion of the spins over the packets.

The HF and LF r e s e r v o i r s a r e the analogs of the
r e s e r v o i r s Ζ and SS, respectively, in the case of iden-
tical spins, the only difference being that the latter a re
p r o d u c e d m o r e r a p i d l y , w i t h i n a t i m e τ 2 <̂ C TQJI· In

a n a l o g y wi th the d e n s i t y m a t r i x (3) for q u a s i - e q u i l i b r i u m

o v e r t h e s p i n - s p i n i n t e r a c t i o n s of i d e n t i c a l s p i n s , w e

c a n now w r i t e down t h e d e n s i t y m a t r i x PQR for the

q u a s i - e q u i l i b r i u m wi th r e s p e c t to t h e c r o s s - r e l a x a t i o n

i n t e r a c t i o n s

p C R = const-exp {[-<#?HF/kT (vo)l - . (26)

Here Ύ(ν0) and Tgg a r e the temperatures of the HF and
L F r e s e r v o i r s , respectively, with Hamiltonians ω % ρ

m , m

and the subscript i denotes the number of the packet.
We note that an LF r e s e r v o i r concept s imi lar to that

obtained above was introduced for the part icular case of
the hyperfine s t ructure in'· , and the idea of quasi-
equilibrium with a density matr ix of the type (26) was
advanced i n 1 · 2 8 3 .

It is clear from the foregoing that in sys tems with

effective c r o s s relaxation, if τ\ ' = τ ι ; the spin-lattice
relaxation should proceed in the same manner as in a
system of identical spins, the relaxation r a t e of the HF
r e s e r v o i r being τι 1 , and that of the L F r e s e r v o i r being
a new quantity τ'^'1, obtained by simple averaging over

both i ts p a r t s [ 7 2 : l : τ Γ 1 = (C&T? + CSST'1'
1)/CLF.

It is l e s s clear how the idea of the HF and LF r e s e r -
voirs is to be used under saturation conditions, when
the action of the alternating field can be ei ther slower
or faster than the c ross relaxation. However, an analy-
sis of Eqs . (25), taken first without the spin-lattice
t e r m s and then taken in complete form, has shown1-70'72-1

that strong saturation of at least one of the m lines is
equivalent, under the condition (23), to a direct strong
saturation of all m lines at the frequency v, owing to
their overlap. In both cases , the p r o c e s s reduces s im-
ply to thermal mixing of the energy of the SS r e s e r v o i r
with the Zeeman energies of all m packets in a coordin-
ate system that rota tes with a frequency v, and with
establishment of a single spin temperature Tg = Tgg"7 4·1,
just as in the case of identical spins'-17-1. It follows
therefore'-7 2·1 that the resul t of the combined action of
saturation in c r o s s relaxation should not depend on the
rat io of the r a t e s of these p r o c e s s e s and, in part icular ,
will always be the same as in the case when the effec-
tive relaxation produces the HF and L F r e s e r v o i r s even
before the s tar t of the saturation. This means that mag-
netic resonance in a system of packets connected by the
condition (23) should be described (accurate to time in-
tervals ~ TQJJ) by the same formulas (5)—(9) as in the
case of identical spins, with suitable changes of the
p a r a m e t e r s

( V # L ) 2 -»• (ff/N<m>){yHLY + Μ2, τ[ ->- ι\. ( 2 7 )

N a t u r a l l y , T z a n d T g g m u s t n o w b e t a k e n t o m e a n t h e

t e m p e r a t u r e s o f t h e H F a n d L F r e s e r v o i r s ( i t i s s h o w n

in L 7 2 : l that this conclusion is valid for an arb i t rary de-
gree of saturation). In par t icular , the shape of the sig-
nal ίΤ>(δ) for saturation at a frequency ν έ ν0 should be
s imi lar to that shown in Fig. 2: on one side of v0, be-
yond the saturation point, all the packets a re inverted,
and on the other side, start ing with a definite frequency,
the absorption exceeds the equilibrium value1-7 0·1. We
can speak also of an analog of ADRF (see Chap. 2),

*We use the term "cross relaxation within the limits or an inhomo-
geneous line" in place of the traditional "spectral diffusion," for when
account is taken of the SS reservoir the interaction between the packets
is no longer described, generally speaking, by a diffusion equation of the
type given in [ s ] .
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which gives the largest increase of |Tgg|; now such an
(isentropic) passage of the aggregate of l ines under
saturation conditions should terminate at the center of
gravity v0 and should be slow in comparison with
(and obviously fast in comparison with τχ and τ ι ) .

The idea of the equivalence (with respect to manifes-
tations of the SS r e s e r v o i r ) of a group of l ines coupled
by effective c ross relaxation to a single homogeneous
line with spin-spin broadening was fully confirmed in a
number of exper iments . We have already noted that the
experimental re su l t s considered in Chaps. 3—5, which
were successfully interpreted with the aid of Provo-
torov ' s theory, were obtained for objects with an ap-
preciable fraction of inhomogeneous broaden-
ing 1 1 2 3 - 2 5 ' 2 7 > 3 1 ] . We might add that the data ο ί [ 3 1 ] (see
Figs. 3 and 4) a r e in good quantitative agreement with

f o r m u l a s ( 5 ) a n d ( 6 ) i f t h e p a r a m e t e r ( Δ £ ° ) i n t h e m i s

replaced, in accordance with (27), by the sum (Δ^) 2

+ Μ 2 (at N ( m ) = N). Even more convincing arguments
were obtained in a study of groups of spectral ly r e -
solved ESR l ines under cross-re laxat ion condi-
t i o n s 1 - 3 3 ' 7 ^ . Thus, in experiments on DPN and ENDOR
in crys ta l s of Tutton salt of zinc doped with Cu 2 *^ 7 3 · 3 , it
was possible to describe the ent ire behavior of the four
hfs l ines of both copper isotopes in t e r m s of two tem-
p e r a t u r e s pertaining (in our notation) to the HF and LF
r e s e r v o i r s . In this case, the L F r e s e r v o i r includes
also the Zeeman system of the hydrogen nuclei, which
enter in the crystal lattice and a r e in good thermal con-
tact with the SS e r e s e r v o i r .

In^3 3-1, the model used for the spin packets forming
the inhomogeneous line consisted of spectral ly resolved
ESR l ines of the magnetically non-equivalent ER 3 + ions
in the BaF 2 , which were coupled by c ross relaxation.
The form of this spectrum when one of the l ines is
saturated (Fig. 10) is quite s imi lar to the shape of the
homogeneous line in not s tr ict ly resonant saturation
(see Fig. 2), with a character i s t ic induced radiation ap-
pearing on the saturated wing of the spectrum (beyond
the saturation point). The thin line in Fig. 10 c o r r e -
sponds to equilibrium of the latt ice, and the thick line
corresponds to par t ia l saturation of the central line
(indicated by the arrow); the tr iangle shows the center
of gravity of the spectrum; the line to the right is a
superposition of two l ines. It turned out that the absorp-
tion coefficients at the c e n t e r s of all the l ines p r a c t i c -
ally coincided with the resul t of the calculation of #"(5)
for the homogeneous line in accordance with formula (5)
(horizontal sections in Fig. 10) in which g(6) was taken
to be the form factor of the entire spectrum considered
a s a single line (the value of Tgg was determined by
measuring the polarization of the^ 1 9 · 1 F nuclei, which
assume here the role of the " t h e r m o m e t e r " ; see Chap.
4). The same experiments revealed the theoretically-
predicted increase of the radiation on the " w i n g " of the
spectrum when the saturat ion point is shifted to its cen-
ter of gravity, and confirmed the need for making the
substitution (27) in formula (7).

The foregoing resu l t s of the theoret ical analysis of
the behavior of an inhomogeneous line under the action
of c r o s s relaxation can be obtained also in another way,
without resor t ing to the model of spin packets. This
problem was solved in1-26-1 on the basis of an equation
for the density matr ix, by introducing the concept of

1000 Oe .900 Oe
FIG. 10. ESR spectrum of Er+ ion in BaF2 under the conditions of

saturation of one of the lines.

the " r e s e r v o i r of local fields L , " which in essence
coincides with the LF r e s e r v o i r produced by c r o s s r e -
laxation between the packets. It is assumed that the
spin-spin interactions establish in L quasi-equilibrium
with one temperature after a t ime τ3 > τ2, i .e., one
actually postulates the state described by the density
matr ix p^R- It turns out h e r e , naturally, that under the
conditions Ηχ <C H·^ of interes t to us, it i s possible to
obtain from'-26-' the same resu l t s as with the packet
model.

The approach used in1-26-' makes it possible to gener-
alize the Tgs concept to include cases of pract ical im-
portance, when the separat ion of the spin packets within
the l imits of the inhomogeneous line is impossible, and
part icular ly to include the case TQ^ ~ τ2, which is in-
termediate between the case of a homogeneous line and
the case of a se t of packets coupled by effective c ross
relaxation (this is precise ly the case real ized appar-
ently under the conditions of the experiments

in[23-25,z7,3i]_ T h u S ; i n a s y s t e m of spins that have

either identical or close frequencies one can expect,
r e g a r d l e s s of the concrete energy exchange mechanism,
the establishment of quasi-equilibrium over the spin-
spin interact ions, described by two tempera tures . The
behavior of such systems under magnetic-resonance
conditions is the same, provided the spin-spin interac-
tions a re effective (are stronger than the spin-lattice
interactions) and the alternating fields make no contri-
bution to the specific heat of the spin system (for which
purpose, undoubtedly, the condition Hi <C H ^ is suffi-
cient). The difference between the homogeneous and
inhomogeneous lines reduces only to a change in the
time scale of the establishment of the quasi-equilibrium
( T 2 on the one h a n d , o r T Q J J and τ3 on t h e o t h e r ) .

We n o t e i n c o n c l u s i o n that t h e E S R l i n e s a r e n e v e r

fully h o m o g e n e o u s , e v e n in the c a s e of p u r e s p i n - s p i n

b r o a d e n i n g , owing to t h e r a n d o m d i s t r i b u t i o n of p a r a -

m a g n e t i c c e n t e r s , which i s c h a r a c t e r i s t i c of d i l u t e e l e c -

t r o n i c p a r a m a g n e t s . T h i s i s r e f l e c t e d , in p a r t i c u l a r , i n

the relat ion y H L ~3> τΐ1 that customari ly holds for

E S R [ 3 6 ] ^ i n c o n t r a s t t o N M R ) where y H L ~ T21; see

Chaps. 3 and 4). An extreme manifestation of this is the
appearance of additional l ines in the ESR spectrum, due
to the so-called "exchange p a i r s ' ' - 7 5 ^ . The conclusion
that the spin-spin temperature plays an important role
in inhomogeneous line broadening acquires therefore a
great importance for ESR in general .
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