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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, Ty 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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A new approach to the problem of the dynamic behav-
ior of spin systems in a solid has been developed re-
cently, and is based on segregating the energies of the
relatively weak spin-spin interactions into a separate
‘‘reservoir’’ possessing its own temperature (TSS)U’Z]
It turned out that the introduction of such a ‘“spin-spin
reservoir’’ (S5-reservoir) alters appreciably the tradi-
tional notions concerning the behavior of spin systems.
In particular, it must be admitted that such well-estab-
lished premises as_the Bloembergen-Purcell-Pound
saturation theory[ﬂ , the theories of cross relaxationt*
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ization of nuclei[s’ﬂ, and others, have limited applica-
bility or are not applicable at all. On the other hand,

the development of the spin-spin reservoir idea has led
to the prediction of many new physical effects frequently
quite unexpected, connected with saturation of the mag-
netic resonance lines, the redistribution of the excita-
tion over the spectrum, electron-nuclear spin-spin
interactions, and others.

The applicability of the concept of the SS-reservoir
to nuclear magnetic resonance (NMR) was confirmed
experimentally quite long ago (see, e.g.,'* '), In the
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 d1sregarded for a long time in ESR research
(cf., e.g.t** ")y, 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 H,. If all the spins are the
same, and if an alternating magnetic field with ampli-
tude 2H; and frequency v is applied to the field Ho, then
the Hamiltonian of the system is given by

H = hyH oS, + hyH S, cos 2t +H ss)

(1)
here éz and éx are the operators of the sums of the
projections of all the spins of the system along H, and
H,, respectively, yHy = vo and yH; are the Larmor fre-
quencies of the spin precession around the fields Hy and
H,, and y is the spectroscopic splitting factor

(in Hz /Oe). For simplicity we disregard for the time
being the terms corresponding to the action of the intra-
crystalline field, and also the quadrupole and hyperfine
interactions. )

The first two terms in (1) constitute the Zeeman en-
ergy of the spins in the fields H, and H,, respectively,
and the third describes the spin-spin (magnetic dipole-
dipole and exchange) interaction, which can be charac-
terized by an rms local field Hp, (cf., e.g.,>*™).

Under the conditions of paramagnetic resonance, we
usually have Hy > H,, Hy, so that in the first approxi-
mation the eigenvalues of the Hamiltonian (1) are deter-
mined by the first term and correspond to a large num-
ber of degenerate equidistant levels separated by inter-
vals hv, The spin-spin interaction lifts the degeneracy,
splitting each level into a quasi- continuous band, the
transitions within which correspond to frequencies of the
order of yHy .

In the traditional theory of paramagnetic reson-
ancel!®™J it is assumed explicitly or implicitly that the
probability n; of finding the spin system at its energy
level E; is determined by the canonical distribution

E/kTg),

n; = const-exp (—

()

where T is called the spin temperature.

The establishment of the distribution (2), i.e., of the
internal thermodynamic quasi-equilibrium with tem-
perature TS, is the result of spin-spin interactions
during the spin-spin relaxation time 7, which is much
shorter in solids than the spin-lattice relaxation time
Ti.

The introduction of the spin temperature has made it
possible, in the solution of many problems, to regard (2)
as a Boltzmann distribution of the populations in a sim-
ple two-level system corresponding to the spectrum of
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the individual spin in the field H,. Using the population
concept, we can describe the behavior of the spin sys-
tem by means of simple rate equations that are widely
used in all of the problems related to paramagnetic
resonance (see, e.g.,t71*1%]),

In particular, when saturation of resonance by an
alternating field is considered, one speaks of an un-
bounded increase of Tg, meaning that the population dif-
ference tends to zero. To the contrary, a decrease of
the field Hy, carried out rapidly in comparison with 7,
but slowly in comparison 7, (So that quasi-equilibrium
has time to set in ‘‘at each instant’’) decreases the en-
ergy gap hv, and leaves the population difference un-
changed, meaning a decrease of Tg. It is interesting that
such a demagnetization, all the way to H, = 0, is shown
by experiment to be reversible, so that the magnetic
moment of the system is completely restored when the
field is subsequently increased. This means that this
process is thermodynamically adiabatic, i.e., isen-
tropicl*s**] and as Ho — 0 the spin ordering in the
field H, is completely replaced by ordering in the local
fields produced by the spins themselves; this effect re-
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 7; be much shorter than the times of all the
remaining interactions. This requirement is most ob-
viously violated when H; X Hp, and the action of the
alternating field is no less effective than the action of
daq. However, even when H, << Hy, (and this is pre-
cisely the case which we shall consider from now on) it
is far from always that a single temperature Tq is es-
tablished. The point is that when Ho > Hp direct en-
ergy exchange between the subsystems Z and SS, corre-
sponding to the first and third terms in (1), has a rather
low probability, owing to the strong difference between
their natural frequencies (v, > yH,). Therefore, if we
exclude the case Hy ~ HL, so that there are no obsta-
cles to the establishment of a single temperature Tg,
we can assume the subsystems Z and SS to be insulated
from each other and neglect the nonsecular terms in the
operator dfqq (precisely as 1s done in the calculation of
the absorption-line shape ) Thus, properly speak-
ing, there are no grounds whatever for a single tempera-
ture Tg to exist in the joint spin system when Ho > Hy,
provided we do not deal with the trivial case of thermal
equilibrium of the entire system with the lattice
(Tg = To).

Nonetheless, by changing over to a coordinate system
rotating with frequency v around H,, Redfield! '™ 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 H; cos 2nvt turns out to be
static; when superimposed on the decreased (owing to
the change of the coordinate system) constant magnetic
field, it forms an ‘‘effective field”’ Hggp, With compon-
ents HZ. = (vo— v)/y and HX.. = H,, which plays the role
of the ?1eld Ho in the rotating coordinate system. Conse-
gquently, in this system the Zeeman and spin-spin ener-
gies are comparable in magnitude, and a single spin
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temperature T§ should be established there''™'®J in the
case of strong saturation (when the interaction of the
spins with the field H, 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
(seet %) and elsewhere), and made it possible, in
particular, to explain the reversibility of the isentropic
passage of the resonance line under saturation condi-
tionst!®, 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-
torovt® , who used the concept of two generally different
spin temperatures Ty and Tgg, describing the quasi-
equilibrium in each of the subsystems Z and SS (the
latter corresponds to the secular part of c’r?’ss, which will
be denoted byciﬁ‘és). Such an approach, of course, pre-
supposes the satisfaction of the inequalities

My L Hy, 15K T,

which express the requirement that the spin-spin inter-
actions responsible for the establishment of the quasi-
equilibrium be effective in comparison with the remain-
ing interactions. We emphasize that in solids the first
of these inequalities does not exclude by far the possi-
bility of strong saturation, for which the condition wT,
>> 1 alone is sufficient (w is the probability of the tran-
sition induced by the field Hy), which is fully compatible
with Hy <" Hp when 71 2> 7o,

The described approach, which we shall call the
““Taq concept’’ for short, corresponds formally to the
introduction of a quasi-equilibrium density matrix in
the form

p (1) = constexp [— (FE/kT ;) — (Wﬁ’%sﬂfTss)]' (3)

In paramagnetic resonance we usually have hv < kT, so
that (3) can be linearized:
p (&) = const Il — (FE,/kT ;) — (HEs/hT 59)].

At very low temperatures (hv R kT), the ordering of
the spin system increases sharply and a correlation
appears between the states of the subsystems Z and SS,
so that the question of the use of the Ty and Tgg con-
cepts calls for a special analysist®,

The difference between the traditional concept of a
unified spin temperature Tg and the Tgg concept is
illustrated in Fig. 1, which shows the population distri-

I3

FIG. 1. Distribution of the populations n over the energy levels in
models using a single spin temperature Tg (a) and two temperatures Tz
and Tgg (b, ¢).
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butions for both cases. We note that the reciprocal tem-
peratures T'Z1 and T'S‘S characterize not only the average
energies of the subsystems Z and SS, but also the de-
grees of their ordering, and an increase of IT_le corre-
sponds to an ordering of the spins inthe field Hy (‘‘with’”’
and “‘against” the field), while an increase of IT's‘SI
corresponds to ordering in local fields (i.e., to spatial
correlation in the spin orientation). )

The expression for the density matrix was used in-*
to obtain rate equations for Ty and Tgg:

d o _ a0 AN L (v v

1= e () () @
d A A vo , A 1(A__A)‘
W = T Er e (ot ) v )

Here A = v— v, W(A) « y°Hig(a), where g(a) is the
shape function of the equilibrium absorption line homo-
geneously broadened by spin-spin interactions, 7; and 7{
are the spin-lattice relaxation times of the Z and SS
reservoirs, respectively, and T, is the lattice tempera-
ture.

The coefficient £(0) of resonant paramagnetic ab-
sorption at a frequency v, + 8 close to v, turns out now
to be proportional to the sum of the Boltzmann factors
vo/ Tz and 6/Tgg that determine the population differ-
ences in the subsystems Z and SS;

& (8) ~ g (6) Wvo/T2) + (8/Tss)l- (%)

If the function g(6) is symmetrical with respect to v,
the signal consists thus of a symmetrical and antisym-
metrical part. It is clear that at Tgg = T (in particu-
lar, if Tgg = Ty = Ty), the second term (5) is negligibly
small because 6 is small compared with v,, and we
arrive again at the traditional concepts of the line
shapet®1%, However, if the conditions such that ITSs!
> iT'Z‘I are produced, then formula (5) leads directly
to an unusually and sharply asymmetrical shape of the
absorption line.

This interesting result 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 [To/Tggl > 1.

2, METHODS OF VARYING THE SPIN-SPIN
TEMPERATURE

We consider first the saturation of a magnetic-
resonance line at a frequency v = v, + A # v, (“‘not
strictly resonant saturation’’). Since the Zeeman sub-
system has in our case a single resonant frequency vo,
each act of absorption of a quantum hv by the joint spin
system should be accompanied by transfer of the
““‘remainder’’ of the energy ha to the SS reservoir (or to
extraction of an energy |hA| from it if A < 0). Since the
ratio of the specific heats of the spin-spin and Zeeman
reservoirs is Cgg/Cy = (yHy)?/vs < 1, one can expect
a sharp change of Tgg in the not-strictly-resonant
saturation process. When A > 0, the SS reservoir is
‘““heated’’ until its upper energy levels are predomin-
antly populated (Tgg < 0) (see Fig. 1c), and when &4 <0
it is ‘‘cooled” (see Fig. 1b).

This qualitative reasoning is confirmed by the solu-
tion of Eqs. (4). Under the conditions of strong satura-
tion (w(a) > 77, 71 we obtainl?
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T/ Tss = — (v/A) (T/T2) = — (v/A) 11 + (AJAY],  (6)
where
Ao = A7 = yH, (1/5)' (M
for the stationary regime and
Ay =AY = yH,, G

directly after the completion of the saturation, but be-
fore spin-lattice relaxation sets in (in the latter case it
is assumed that T, = Tgg = To prior to saturation). It
is seen from (6)—(8) that the maximum of |To/Tgg] is
reached at A = A, and is equal to

| To/Tss lmax = vo/24q, 9)

i.e., the growth of ]Té‘si should amount to two or three
orders of magnitude and can be maintained in the sta-
tionary regime if the ratio 7, /71 is not too large (it is
frequently assumed to be equal to 2—30143y,

The value of {T,/Tgs| can be doubled in comparison
with (9) if, by starting the strong saturation at [A]
> yHp, and ensuring it at each instant of time, we de-
crease A continuously to zero (the entire procedure is
carried out with the system insulated from the lattice,
i.e., rapidly in comparison with 7, and 77). This proc-
ess, called ‘‘adiabatic demagnetization in rotating
frame’’ (ADRF), is more conveniently described in
terms of Redfield’s theory-'", which gives at H; < Hy,
the same results as Provotorov’s theory in strong
saturation. In rotating coordinates, the decrease of A
to zero means a corresponding decrease of Hygp, and
the ADRF turns out to be analogous to the adiabatic
(isentropic) demagnetization in the laboratory frame
(see Chap. 1), namely, the spin ordering in the external
field (in the field H¢y in the case of ADRF) goes over in
both cases into ordering in the local fields.

Tgg can be varied also by cross relaxation, which
consists of energy exchange between the Z and SS sub-
systems, due to the action of the nonsecular part of the
operator fjé’ss. In fields Hy > Hy, the cross relaxation
time TcR may turn out to be shorter than r, only if the
spectrum contains several resonant lines whose fre-
quencies Vg» Vs +eey Are either almost equal or almost
integral multiples. The elementary act of first-order
cross relaxation consists of simultaneous flipping of the
near-equal-frequency spin systems @ and 8 in opposite
directions; it is obvious that the energy difference
ha g g = h(yy — v4) should in this case be transferred
to the common SS reservoir, causing thereby a change
of Tgg (it is assumed here, naturally, that Tcg > 72).

The change of Tgg by cross relaxation was calcula-
ted ian], where rate equations were obtained for Tgg
and the Zeeman temperatures Tz, and Tyg. If one of
the Zeeman subsystems (e.g., Z ) is saturated by the
alternating field and if 7o < 14, T1, then the stationar
values of To/Tgg and To/Ty4 are given by formulas’®
that are similar to (6) except that A is replaced by A,
and the parameter Ag is replaced by

ASR = pH, [(N/Np) (x{®/1;)172, (10)
where Na,B = Na,BSa,B (Sa,B +1), N= Na + Nﬁ’ ch,B

and Sa are respectively the numbers and magnitudes
of the Spins of the particles of type o and 8, while y and
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Hj, are averaged over all the spins having the common
SS reservoir ®®**J, Thus, in this case, too, ]T'S‘SI
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 !T'Slsl
were proposed by Jeener et al.t® 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 Hg
to zero (see Chap. 1); this produces a single and rather
low spin temperature Tgg. If the subsequent new appli-
cation of the field Hq 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
pulses' ®!) 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.,L8101720]y | 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 (see-*"} 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 v = vq + A), 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 $(6) characterizes here directly the
state of the spin system, i.e., the population of its en-
ergy levels.

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

P (8) =y (6) (To/T7)/I1 — (8/A)), (11)
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Where Ty is determined from (6) and §(6) is the value
of #(6) at Ty = Ty. The line shape defined by (11)
is shown in Flg ﬁs(the equilibrium line is shown dashed;
the regions of negative and increased absorption are
shaded). We see that, in contrast to the traditional
theory-®' | according to which the saturation at any point
of the contour of a homogeneous line leads to ¢*(6) — 0
for all 6, now £(6) vanishes only at the saturation point
(6 = A). The most interesting features of Fig. 2 are the
regions of negative absorption (i.e., of induced emis-
sion) and of increased absorption (]m comparison with
&) on opposite wings of the linel*¥, The occurrence of
these sections follows directly from the population dis-
tributions shown in Figs. 1b and lc (the solid arrows on
Figs. b and c show the saturation points &4 < 0 (b) and

A >0 (c), and the wavy lines show the induced emission
signal on the line wing).

It should be noted that formula (11) holds true for any
instant of time T after completion of the saturation at
the frequency v, + A:1%*3 in this case Ty is obviously a
function of t, since the parameter A; in (6) changes from
Ag to A7 during the course of the spin-lattice relaxation
of the Z and SS reservoirs.

It is clear from (5) that the restoration of the equili-
brium line shape after turning on the saturating signal
should follow two exponentials: the antisymmetrical
component, which is proportional to Tgg, will vanish
with a time constant 7., and the symmetrical (Zeeman)
component will tend to #4(0) with a time constant 7,.
Since usually 7{ < 7, the first process is completed
ahead of the second one.

The first experiments in which the effects illustrated
m Fjg 2 could be observed were apparently performed

nt?J on K;Co (CN)6 crystals with 0.6, Fe®" ions (effec-
t1ve spin 1/2) as an impurity at 1.8°K in the 3-cm band.
Saturation at the frequency v, + A was produced by short
microwave pulses at H; < Hp,, 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 7,. Sec-
tions of induced radiation and of increased absorption
were observed on the line wings and were in sufficiently
good agreement with relations (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 CawO, crystals containing 10" ¢m™ Ce®" ions
(effective spin 1/2) 1, Figure 3 shows some experi-
mental results obtained at 1.8°K 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-

= PR
AU P Y
FIG. 2. The theoretical absorption-line shape 9 (8) under conditions
of saturation at the frequency v, + A (arrow).

1

'
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ary regime (2). (The points represent the experimental
data, curves 1 and 2 are theoretical (see formula (11)),
and 3 is the equilibrium line.) An investigation of the
dependence of Ty and Tgg on A and an analysis of the
establishment of the stationary saturation and of the
spin-lattice relaxation"**} have also confirmed the con-
clusions of the theory, particularly the relation (6).

As seen from Fig. 3, the effect of induced radiation

.at not too strictly resonant saturation is relatively
~small. This is due to the fact that to obtain a maximum

value of lTu/Tssl it is necessary to saturate a line with
'a frequency deviation & = Aq 2 yHy, and in dilute para-
magnets yHy greatly exceeds the half-width of the
homogeneous linel%/; ; as a result, the point vy + Ay
turns out to be on the far wing of the line, where ()

is very small. We note that in MMR, where the line
shape is close to Gaussian and yHp, ~ ov, the radiation
on the wing turns out to be much strongert*"?,

The radiation can be increased by saturating the line
first on the wing and then at the center. Such a proced-
ure, carried out within a time t < 7,, 7, causes the
Zeeman energy to vanish (To/ T, = 0) and the signal
&(d), as seen from (b), should become antisymmetrical
relative to the line center. This result 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 illustrated by motion-
picture frames (see Fig. 4, where the frames follow
each other in intervals of 1/8 sec, and the vertical line
marks the point of saturation at the instant a).

The experiment illustrated in Fig. 4 is close to the
ADRF phenomenon mentioned in Chap. 2 and observed
earlier in MMR'*®, Further motion of the saturation

FIG. 3. ESR absorption line shape
of the ion Ce?* in CaWO, in the case
of saturation at the point marked by
the arrow.

FIG. 4. Change of ESR absorption
line shape of the ion Ce3* in CaWO,
when the saturation point is shifted
(breaks in the curves) from the wing
(a) of the line to its center (d).
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point along the line (all the way to the opposite wing)
gives a symmetrical absorption curve, but inverted
relative to #(6). This phenomenon is also described
in the case of NMR'!**%) and constitutes adiabatic (in
the thermodynamic sense, i.e., isentropic) passage of
the linel'*'**J; it must not be confused with the fast
adiabatic (in the quantum-mechanical sense) passage
described by Bloch!®*). 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 < 7, and the field H, should be much stronger than
Hjy,. 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 >> 7, and H, < Hp, (and in par-
ticular also H; < Hy).

It should be noteJ" that inversion of the absorption
line, for passage within the time t > 7, was observed
in ESR also earlier. Then, however, this effect was not
connected with the isentropic character of the passage,
and was explained by an incorrect combination of Bloch’s
equations *®! with the results of Redfield’s theory'"
(cf., e.g.’fu—m,sg])-

In the cited papers ’31], the effects confirming the
Tgg concept were observed on lines whose shape was
determined not only by the spin-spin interactions, but
also, to no less a degree, by the inhomogeneous broad-
ening. In‘?8] , experiments similar to those described
above were performed on the crystals
(CexLa, _),Mg,(NQ,),, - 24H,0 (x = 0.36 — 1), where the
width of the ESR line was determined practically en-
tirely by the spin-spin interactions of Ce®'. In these ex-
periments, an agreement was also established between
the line shape &(5) at not-strictly-resonant saturation
and formula (11); in particular, induced radiation was
observed on the line wing.

An interesting feature of the latter experiment was
the occurrence of ‘‘phonon overheating’’ due to the
strong coupling of the spin system with phonons having
the same frequency as the ESR signal (‘‘direct proces-
ses’’ of spin-lattice relaxation; cf., e.g.,t*®). To take
this phenomenon into account from the point of view of
the Tgg concept, the authors of1** have proposed that
phonon production in direct spin-lattice processes de-
pends on the states of both spin subsystems Z and SS
and is determined, just as resonant absorption of micro-
wave energy, by the shape of the #(5) curve shown in
Fig. 2 (more accurately, by the deviation of ¢(6) from
#o(6)). This means that the phonon ‘‘temperature’’
Tph(é) varies within the limits of the ESR line, namely,
it remains equal to T, at the point of intersection of &(5)
with &¢(6) (see Fig. 2), but one should even expect it to
decrease in the region of increased absorption. On the
other hand, it is known that under ‘‘phonon overheating’’
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, (the
so- called ‘‘phonon avalanche’’ [4}7), Allowance for the
change of Tph has made it possible to explain inl28J
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certain deviations of the experimental data from the
predictions of the theorylJ,

An effective result was obtained in Kazan’, where '’y
for the same crystals was determined directly by the
Mandel’shtam- Brillouin scattering method using a
lasert*?J, Under the conditions of not-strictly-resonant
saturation of the ESR line of the Ce®" at 1.5°K, a
‘‘phonon avalanche’’ was observed, leading to a station-
ary increase of T, to 250°K at the ESR frequency, and
to 8000°K in the pulsed regime. 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 theory'*! and
the Tgg concept should become manifest also in experi-
ments on the registration 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 part y” of the paramagnetic susceptibility) is not so
explicitly connected with Ty and Tgg; to find it we can
use the balance between the microwave field energy ab-
sorbed by the spin system at the frequency v = vy, + A
and the energy transferred to the lattice as a result of
spin-lattice relaxation. Since the latter can be easily
shown to be determined only by the deviation of T from
Ty, we have in the case of strong saturation.[%“’“%

(D) = (HYP inem) 10 (T T5) — 11, (12)

where y, is the static paramagnetic susceptibility at the
temperature Tq, and Pj,. is the microwave power inci-
dent on the sample.

The traditional theoryt®} also leads to the formula
(12), but then Ty should be taken to mean the single spin
temperature Tg. Since Tg, and consequently also x"
does not depend on A 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 Ty, we see that in this case the absorpticgl line
should have a Lorentz shape with a half-width Aq'.

The use of the Tgg concept in the calculation of the
real part of the paramagnetic susceptibility y’, which is
proportional to the registered dispersion signal, also
gives results that differ from the traditional theory.
Thus, the assumption that in the case of strong satura-
tion the total magnetic moment M of the spin system
differs from zero and is directed along Hggs in a rotat-
ing coordinate system!'""**] leads directly to the con-
clusion that the component My, which is proportional to
%', also differs from zero. Simple calculation yields for
this case

. ¥ = —Xo (Vo/A) [1 + (Ay/A)?] 1,
and the dispersion signal thus does not tend to zero as
Pipe — = le., it is not saturated.

Experiments on the registration of the absorption
line shape with a saturating signal were carried 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°KL%] in
cerium-magnesium double nitrate (both concentrated
and diluted with diamagnetic lanthanum ions) at
1.4°K[2°], and in diamond crystals with nitrogen-atom
impurity at room temperature'®*d, The results of all
these experiments are well described (12) and thus con-
firm the ‘“Tgg concept.”
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The conclusions of the Redfield- Provotorov theory
were confirmed also in investigations of the signal of
paramagnetic dispersion of y' in ruby'*®* and in carbon-
ized dextrose-** (in the latter case, however, the ex-
periment was performed only at H, 2 Hp).

4, ELECTRON-NUCLEAR INTERACTIONS

The concept of electron spin-spin temperature Tgg
permits a new approach to the question of dynamic
polarization of nuclei (DPN) and their spin-lattice re-
laxation in crystals with paramagnetic impurities,

In the magnetic fields customarily employed in prac-
tice (10°—10* Oe), and at paramagnetic- center concen-
trations 10*~10'® cm™, the MMR frequency for most
nuclear spins falls in the same frequency band as the
rate of electron spin-spin relaxation: vy ~ 7.}
10°~107 sec™ (the subscripts n and e will henceforth
denote the nuclear and electronic systems, respec-
tively). This agreement causes the alternating local
fields produced by the electron spins to have in their
frequency spectra an appreciable component of frequency
vp, Which induces transitions in the nuclear Zeeman
system Z,. The ‘‘intermediary’’ between the electrons
and the nuclei is in this case the electron-nuclear mag-
netic dipole-dipole interaction, the operator of which
does not commute with the Hamiltonians of the systems
SS and 2,2,

From the assumed existence of quasi-equilibrium in
each of the systems SSg and Z, it follows that such an
exchange of energy between them is equivalent to a dire
direct thermal contact with a tendency towards equal-
ization of the temperatures Tgg and Ty, of these reser-
voirs, I we increase ITo/Tssl in some manner (not
strictly resonant saturat:on of the ESR line, cross re-
laxation, etc.; see Chap. 2), then the direct thermal
contact of the nuclear spins with the electronic SS reser-
voir should lead to a corresponding growth of |To/T 1,
i.e., to DPNL?149%]  This DPN mechanism is some-
times called “dynamic cooling’’ of the nuclear spins{?'3,

To describe the rate of establishment of thermal
equilibrium between SSe and Z,, one introduces the
times 7g, and 7 g, which characterize respectively the
relaxation of the SS, system to Z, and vice versa. It is
easy to show!*®) that

Ten/Tns = Css/Can=(NJN,) [((WH )YV 1S (S + 1/ (I + 1), (13)

where Ne» S and Nn, I are the numbers and the spins of
the electrons and nuclei, respectively, and Cgg and Cgzj
are the specific heats of the systems SSg and Zy,.

To calculate the time t,g we can use the well known
theory of spin-lattice relaxation of nuclei in crystals
with paramagnetic impuritiest**’*"J, Since, however,
the system Z,, exchanges energy in this case not with
the lattice but with the electronic SS reservoir, the
correlation time 7, of the quantity S5, which we need
for the calculation, should be determined not by the
spin-lattice but by the spin-spin relaxation of the elec-
trons, i.e., it is of the order of 7, and not 7.

Using the results of'*"d| we can obtain

Tps = % (Ho/BH)? aty |1 -+ (2mv,atss) 2], (14)

where 6H is the rms local magnetic field produced by
the electrons at the locations of the nuclear spins (the
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averaging method is determined by the details of the
spin-diffusion processt*’)) and a = 7, /7,5 & 305,

In addition to the described direct thermal contact of
the systems SSg and Zp, there is also another possibil-
ity of equalizing the temperatures Tgg and T, connec-
ted with the saturation of ‘‘forbidden’ electron-nuclear
transitions at the frequency vg + vy Or v — vy by means
of a microwave field. As is well known, such a satura-
tion leads in itself to DPN (the “‘solid state effect” t®™);
it is shown int*®®**J that if the same microwave field
saturates simultaneously also the main (‘‘allowed’’) ESR
line (this is possible if v, < dvg), then the nuclear-spin
temperature Tgg is determined in this case by the con-
ditions of not-strictly-resonant saturation at the fre-
quency Vg + A. In this mechanism, the role of the
‘‘intermediary’’ between SS, and Z, is played by the
microwave field that saturates the ‘‘forbidden’’ transi-
tions, and the rates of relaxation of 88, to Z, and vice

I
versa turn out to be respectively of the order of We and
Wy, Where

wi = oI (I + D/NS (S + D] wi = GH/H ),

is the probability of the ‘‘forbidden’’ transition.
Taking into account both mechanisms of coupling of
the S5, and 7, reservoirs, we can write down rate

equations for the temperatures Ty, Tgg, and Ty, t**%:

d v,

v A Y v, A—v,
4 - _—uw (,LI._) ——wff( e n_ 4 8=7Va) !
it Tz, ATz, " Tss TZe+TZn Tss
_L(_vL_ve)
Tie TZe Ty '
d 1 A v, A A—v, v v, A—
S R . (_i : _ﬁ)_‘_rg ¢(~g n V) _
dt Tss GHL? "¢ \Ty, T Tgs G TZe+TZn Tss
_ 1 ( 1 ) 1 ( 1 1
Tsn \Tss Tz, e \Tss _.TF)'
d v, ,,( Ve Vn A—v, 1 v, v,
£ e ) ok () -
dt Tzn "\NTye TZn+ Tss Tas \Tzn  Tss
_L<L_Vn)
Tl \Tza Tol’

where 7,; is the time of the nuclear spin-lattice re-
laxation due to any mechanism with the exception of
thermal contact between the systems Z, and SS,. It is
assumed here that A > 0, so that wg KL wr,

The meaning of these equations is illus%rated in Fig.
5, where the coupling of the SSg and Z, reservoirs 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 results of saturation
of ‘““forbidden’’ transitions, coupling with the lattice, and
the additional channel of nuclear spin-lattice relaxation;
the times of the corresponding processes are marked
on the arrows).

T5n

(74 L g TS %
% Lss /
/ S5Se £ 2
/ . e )
Ne,CSS /Vn Lz

s 7 7

E Tg E Tnl
7 7. 7

Lattice

FIG. 5. Scheme of contact between the systems SSg and Z,.
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From the stationary solution of (15) in the case of
strong saturation of the ‘‘allowed’’ ESR transition it
follows'**J that the condition for the equalization of the
temperatures Ty, and Tgg is satisfaction of at least
one of the inequalities

e & Tnn (16)

@)™ & Tt (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 7, is
determined by ‘‘forbidden’’ electron-nuclear transitions
accompanying the spin-lattice relaxation of the para-
magnetic impurities{*®), and is described by the same

token by an expression similar to (14) but with a7, re-
placed by 7,4, then the condition (16) becomes
atze [1 + 2aveats) ™ € 1 (18)

(we neglect here the difference between the averaged
6H in the calculations of 7,g and 7p,;t*™, which is insig-
nificant at low temperatures; in addition, we put 7 v
> 1). It follows from the same equations (15) that if

CSS/CZn >>T;B/Tnl (19)

then the nuclear spins of the lattice do not influence the
stationary value of Tgg, which is specified by the satur-
ation of the ESR (formula (6)) or by the cross relaxation,
and can therefore serve as a thermometer of sorts for
the measurement of Tgg.

When the inequalities (16) and (19) are satisfied, the
maximum enhancement of the nuclear polarization E,
attainable in the ‘‘dynamic cooling’’ method and deter-
mined by relation (9), can be reached. Comparing this
value with the maximum enhancement of the polariza-
tion in the ‘‘solid-state effect’’t®" | which is equal to
Ve/Vp, We can conclude that the polarization of nuclei
by contact with the SSg reservoir may turn out to be, in
principle, more effective than the ‘‘solid- state effect,”’
provided only 2yHy, (/T2 < un[“]. However, owing
to the random distribution of the paramagnetic centers,
the quantity yHyp is usually quite large in comparison
with T;é, 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 int®*J on ruby crystals (Al:Os) doped with Cr®*
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 Ves 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 E oft?™ A1 nuclei, obtained in the case of
strictly resonant saturation of the 2—3 transition of the
ESR spectrum (the energy levels of the Cr* ion are
numbered upward), as a function of the angle 6 between
the field H, and the ruby axis'®*. The upper part of the
figure is the diagram of the resonant frequencies of the
ESR spectrum at vz; = 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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FIG. 6. Cross relaxation polarization of [2’] Al nuclei in ruby under
conditions of saturation of the center of the 2—3 transition of the ESR
spectrum of Cr3* (C = 0.3%, T, = 1.8°K.

]

where the frequencies of the different Cr** ion transi-
tions (or their multiplesg come close together, the
nuclear polarization oft "] Al becomes enhanced, and
the sign of E corresponds everywhere to the expected
sign of Tgg (this effect can be called cross-relaxation
nuclear polarization CRNP).

Estimates have shown[®J 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 Tyy,. This prediction of the
theory was verified in a number of experimentsrzs],
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'Z1 = 0 in this case,
it is clear from (5) that the absorption signal should be
antisymmetrical with respect to Vg, a8 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 Ty, as
measured directly from the NMR signal-?"> 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 vy + v, and thus the equaliza-
tion of Tgg and Ty, was apparently due to the direct
thermal contact mechanism.

Evidence of the existence of the DPN mechanism
through equalization of the temperatures Ty, and Tgg
was obtained also for other paramagnetic crystals.
Thus, in Tutton salt of zinc doped with Cu® 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.t?%) This singularity, as it turned out,
can be explained within the framework of (15) if equal-
ization of Ty, and Tgg as a result of saturation of the
““forbidden’’ transitions is assumed.
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FIG. 7. ESR line shape of Cr3* ion in ruby under the conditions of
polarization of the nuclei 2’ AI(E = 25, T, = 1.8°K).

A distortion of the ESR line shape, due to the anti-
symmetrical term in (5), was observed-*®J in experi-
ments on lanthanum- magnesium nitrate crystals with
29, Nd** ions under conditions of increased proton polar-
ization at Hy = 2.5 kOe and T, = 1.5°K. When the micro-
wave field producing the DPN was turned off, this dis-
tortion vanished within the nuclear spin-lattice relaxa-
tion time 7,4, i.e., in synchronism with the return of
the Z, system to equilibrium with the lattice. Although
no quantitative co rparlson of the temperatures Tgq and
Ty is reported in this result undoubtedly favors
the mechanism of the dlrect thermal contact of SSy with
Z,; 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 DPNL®%J  where appreciable
deviations from the traditional “solid- state effect’”’ pic-
ture are frequently observed. We note that the possibil-
ity of nuclear polarization in electronic cross relaxa-
tion was considered already int®¥), At that time, how-
ever, the concept of the spin-spin temperature had not
yet suitably been developed, and the authors of these
papers could not take correct account of the change in
the energy of the spin-spin interactions, and therefore
confined themselves only to an analysis of the special
case iva — VB[ = vy

The direct thermal contact between the Z,, and SS,
systems creates also an additional channel for spin-
lattice relaxation of the nuclei. If Ty, # To at the initial
instant of time (e.g., if the nuclei are polarized before-
hand or are saturated by a high-frequency field), then
the electronic SS reservoir, which is much more
strongly coupled to the lattice than the Z,, system
(Tie ~ T,e < Tpy), turns out to be the intermediary
between the nuclear spins and the lattice. Two limiting
cases are possible here. If the ‘‘bottleneck’ of the re-
laxation through the Z,, — SS; — lattice channel is the
section Zy, = SSg, i.e., if 7 o < Tg, (see Fig. 5), then
the S5, reservoir hardly deviates from equilibrium with
the lattice during the relaxation process. In this case,
obviously, this mechanism results in a nuclear spin-
lattice relaxation time Ty,g7 & Tng.

To the contrary, when 7, << 7gy, the ‘‘bottleneck’
of the relaxation process lines in the section SSg
— lattice, and the temperature Tgg is close to Ty, at
all times. As can be readily seen from an elementary
analysis of the transient processes in the case of ther
thermal contact between several bodies (see Fig. 5), we
have here

st = [(Czy =

Cs)l/CsslCe = (C2nlCgs) Tie (20)
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(the second equality is the consequence of the relation
Cyn > Cgg, which usually holds for dilute paramag-
nets), The same expressions for 7, q; are obtained
rigorously from (15) by omitting from the latter the
terms that take into account the action of the microwave
fields**J,

It is obvious that the role of the SSq reservoir in the
spin-lattice relaxation of the nuclei will be decisive if

Tust & Tor (21)

If 7} is determined by the ‘‘traditional’’” mechanism of
nuclear relaxation, due to the spin-lattice relaxation of
the paramagnetic impurities of 6] then we can con-
clude, taking (14) into account, that in the case when the
‘‘bottleneck’’ occurs in the section Z,, — SS, the in-
equality (21) reduces in practice to the requirement

T2¢ € T1e, and is usually satisfied with a large margin;
on the other, if the ‘‘bottleneck’ is the section

SSg — lattice, then the influence of the SS, reservoir on
the spin-lattice relaxation of the nuclei will be signifi-
cant only at not too small a ratio Cgg/C

The possibility of spin-lattice relaxation of the nuclei
via the SSg reservoir was discussed theoretically quite
long ago(®4], but experiments that identify this relaxa-
tion mechanism unxquel% were performed only in 1968,
also on ruby crystals The time 7,, of thel?"3 Al
nuclei measured int?" at liquid-helium temperatures=
in fields 1000—4000 Oe turns out to be shorter by three
orders of magnitude than the time obtained by calcula-
tion on the basis of the ‘‘traditional’’ mechanism{*$:7]
but agrees well, on the other hand, with formula (20)
(the ratio CZn/CSS turns out to be here of the order of
10%. The existence of a ‘‘bottleneck’’ in section
S8, — lattice was confirmed in this case also by an
estimate of the values of T gand 7

The ‘‘bottleneck’ in the second section of the relaxa-
tion time through the channel Z,, — SSe — lattice Was
observed also in lanthanum-magnesium nitrate do E)
with Nd**, where the relation 7 ; o Cgg Was noted 4}
in yttrium ethyl sulfate doped w1th Dy3+ (seeC ]), and in
other substances.

Let us discuss also an interesting consequence of the
thermal contact between the SSg and Z;, systems, namely
the thermal mixing of nuclear spins having different
frequenCIes V # v , Which lie, however, in the band
~T7 e' It is obvmus that if each of the nuclear Zeeman
systems Z} and Zj is effectively coupled with the S8¢
reservoir, then the Zeeman temperatures T’Zn and

n become equalized. In particular, saturation of one
of the nuclear systems (say Z3) by a resonant field at
frequency v, will be transferred via the 8S, system to
the second nuclear system (Zp), a fact observable by
the double NMR method.

The influence of saturation of nuclear spins of one
type on the NMR s1gna1 of nuclei of another type was ob-
served in experiments:®®) performed even prior to the
development of the Tgg concept (these experiments per-
tained to the transfer of saturation from nuclear spins
of the paramagnetic centers themselves to the lattice
nuclei). Naturally, the authors of these papers could not
interpret this phenomenon satisfactorily and confined
themselves to vague references to ‘‘spin diffusion.”’

The idea of attributing these results to the thermal
mixing via an SS, reservoir was advanced in“**’ and
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was verified on AlOs crystals{?") | the “different”’
nuclear spins employed here being five transitions of
the NMR spectrum oft?" Al, separated by quadrupole
splitting. In a crystal containing 0.03% Cr® ions, trans-
fer of saturation (thermal mixing) was observed between
these transitions at 1.9° K, whereas in a control experi-
ment with pure Al,O; there was no such transfer. The
conditions of effective thermal mixing can be easily ob-
tained from a scheme of the type of Fig. 5 and from the
rate equations for Ty, T#,, and Tggt*™ .

Thermal mixing of nuclear spins was recently ob-
served also in a number of experiments!®"*% and was
used, in particular, to increase appreciably the sensi-
tivity of acoustic NMR (acoustic saturation of'®? Cr
nuclei was revealed by the change of the NMR signal
of[*73 Al nuclei)t®®?. We note also the possibility of es-
tablishing a single spin temperature Ty, by thermal
mixing of nuclear spins separated by a ‘‘diffusion bar-
rier,”’ i.e., situated in essentially different local fields
produced by the paramagnetic centers. Apparently,
thermal contact of these nuclei with the SSy reservoir
has a considerable effect on the phenomenon of ‘‘re-
mote’’ electron nuclear double resonance (ENDOR),
which consists of the transfer of saturation from the
bulk of the lattice nuclei to the nearest paramagnetic-
center nei%hbors that determine the ESR line
shape(%8:8%],

5. NEW ASPECTS OF CROSS RELAXATION

It was already indicated in Chap. 2 that if two spin
systems ¢ and g having frequencies v, = vg (or
my, & nyg) are present in a crystal, an important role-
is played %y the interaction of Z, and Z, with the com-
mon SS reservoir (cross relaxation)t*}." Since the fre-
quencies of these three subsystems are different, the
energy balance occurring during their interaction calls
for simultaneous changes in the population differences
in all three reservoirs (e.g., n spins ‘“a’’ go over to the
lower Zeeman level, n spins ‘8’ to the upper level, and
n batches of energy hAaB = hVB_ hva are transferred

to the SS reservoir), Dynamic equilibrium in the entire
system as a whole sets in therefore when the algebraic
sum of all three Boltzmann factorsl?!, the ‘stimula-
tor’’ of the cross relaxation, becomes equal to zero:

(22)

Generally speaking, the three temperatures Tzy, Ty,
and Tgg can be different'®??] and under conditions of
a strong shift of Tgg the relation (22) does not mean at
all an equalization of the Zeeman temperatures Ty,
and Tgzg as predicted by the ‘‘traditional” theoryl4],

Here and later on (Chap. 6) we shall refer to a cross
relaxation as ‘‘effective’’ if it prevails over the spin-
lattice relaxation, i.e., if

Oap = (vg/Tzg) — (va/T za) — (Bap/Tss) = 0.

(23)

The rate equations for the temperatures in the general
case of cross relaxation between many lines are written
out in Chap. 6; we present here their solution for the
case of two lines, ¢ and B, If (23) is satisfied and the
line « is strongly saturated exactly at the center, we
have in the stationary regime'®

1T 5 = (Aag/p)/Tss = VTl + (AT /A4 g)3)

,
T K Ty Ty

(24)
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where ACR is defined in (10). It is seen from (24) that

the saturation of the line ¢ does not lead to a vanishing
of T'Z1 , which is proportional to the absorption coeffi-
cient at the frequency vg Moreover, according to (24),
when IAaB[ > A?R the transfer of the saturation from
the spins « to the spins 8 can be negligible (To/TZB

> 1/2), and the only essential result of the effective
cross relaxation will in this case be an increase of
ITo/Tggl. It is important that the condition (23) which
is necessary for this purpose can be satisfied even for
very large detunings AO!B’ provided only the tempera-
ture T, is low enough.

We note that if the increase of |T'S‘Sl is due to another
factor acting simultaneously with the cross relaxation
(e.g., to saturation of the line ¢ at the frequency
vy t+4), the line 8 may turn out to be not only ‘‘incom-
pletely saturated’’ but even ‘‘cooled’’ (TO/TZB > 1)[61]
or inverted, depending on the relative signs of A and
Ayp

The theoretical prediction that the shift of Tgg limits
the transfer of saturation over the ESR spectrum was
first experimentally confirmed for rubyt**!, A study of
the restoration of the ESR signal of the Cr® ions after
pulsed saturation under cross-relaxation conditions has
revealed a non-exponential section proportional to t™ 2,
Since such a dependence is characteristic of nuclear
spin diffusiont*? | the result was attributed to relaxa-
tion of the SS, reservoir, greatly deviating from equili-
brium with the lattice, to the Z, system of thel?"d Al
nuclei. It is precisely this process which apparently
limits here the rate of temperature equalization of the
transitions involved in the cross relaxation,

More direct proof was obtained (likewise in ruby) in
the already cited studies'®®?. Thus, Fig. 6, which
demonstrates the cross-relaxation nuclear-polarization
(CRNP) effect, not only indicates a direct thermal con-
tact between the Z,, and 8§, reservoirs, but also con-
firms the occurrence of a strong shift of Tgg in cross
relaxation. The connection between this shift and the
transfer of the saturation over the ESR spectrum was
specially investigated inizs], with the transitions 1—-2
and 2—3 of the Cr®' ion in ruby at T = 1.8°K as exam-
ples.

Figure 8 shows the dependence of To/TZ (1—2) (de-
termined by measuring the absorption coefficient in the
transition 1—2) on the detuning Ayg=Vas— Vi under

conditions when the 2—3 line is saturated (curve I,
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FIG. 8. Dependence of the reciprocal temperature of the 12 transi-
tion of the ESR spectrum of ruby on A 4g = v,3~¥y; under conditions
of saturation of the 2—3 line.
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left-hand scale; the top insert shows the energy level
scheme of Cr®" in ruby at § = 66°L*J); these data were
used to calculate Tgg in accordance witht?3 , and the
results were compared with the experimentally meas-
ured temperature Ty, of the™) Al nuclei (curve 1I,
right-hand scale; dashed curve—the calculation of
To/TSS in accordance with formula (6), using curve I,
points—experimental values of the enhancement of the
polarization E of the!*] Al nuclei).

It is seen from Fig. 8 that in a wide range of detuning
(|6 o8] = 700 MHz) the calculated values of Tgg agree
well with the measured value of T ., which is equal,
owing to the direct contact between SSy and Z, (see
Chap. 3), to the true temperature of the electronic SS
reservoir. This means that the transfer of saturation
is indeed limited in this case not by the increase of
TCR» Put by the shift of Tgg. We note that this shift,
which leads to polarization of the nuclei, can serve as a
rather sensitive indicator in the investigation of elec-
tronic cross relaxation.

Relation (22) can be used for deliberately altering
the behavior and results of the cross relaxation by
forcing a change in Tgg. Thus, saturation of the NMR
signal of the lattice nuclei (T'Zln — 0) in the case of good
contact between the Z, and SS¢ systems should lead to
saturation (albeit partial) of the SS, reservoir
(T‘S‘S — 0). It is obvious from (22) that in this case one
should expect a stronger transfer of saturation over the
ESR spectrum. This phenoménon, called ‘‘stimulated
spectral diffusion’’ (SSD), was observed experimentally
in ruby’ #*#**) and in barium fluoride doped with Er
It is shown inl®¥] that in the case of saturation of NMR
of'¥3 Al in ruby, the SSD can increase the effectiveness
of certain widely used quantum paramagnetic amplifier
schemes in which the cross relaxation is used for
simultaneous saturation of several pump transitions.
We note that a similar effect was observed earlier!®’ R
but was not explained there at all.

We indicate, finally, one more consequence of rela-
tion (22), namely the shortening of the time 7 , of the

nuclear spin-lattice relaxation under conditions of cross -

relaxation in the ESR spectrum of a paramagnetic im-
purityt#72*J, It was noted in Chap. 4 that in the case of
relaxation of nuclei via the channel Z, — S8, — lattice,
the ‘‘bottleneck’ of the process may turn out to be the
second section, with Tgg~ Ty, and [To/Tggl > 1.
Electronic cross relaxation connects, according to (22),
the value of Tgg with the values of Ty, and Tyg. In the
spin-lattice relaxation process, the temperatures Ty,
and Tyg tend to Ty, ‘‘dragging’’ Tgg with them, in ac-
cordance with (22). This produces an additional
SSe — lattice channel, which ‘“widens’’ the ¢‘bottleneck’
and decreases 7 .

This effect, which appears obviously only when A
# 0, can be regarded as the inverse of CRNP. It was
observed in a number of studies (on ruby'®}, on SrF,
doped with Eu®*l*J and on lanthanum magnesium nitrate
doped with Nd®*L®®]), but the characteristic dependence
of 7,5 on &, g Was investigated only recentlyt®] (see
Fig. 9, where 1 — C = 0.03%, T, = 1.9°K, 2 - C = 0.03%,
To = 4.2°K, 3 - C = 0.029%, T, = 1.9°K), and the ap-
propriate calculation confirmed the interpretation pro-
posed int?*J,
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FIG. 9. Dependence of the spin-lattice relaxation time 7, of 27Al
nuclei in ruby on the frequency difference between the transitions 2—3
and 1-2 of the ESR spectrum of Cr3* (8 = 66°, H, = 3400 Oe).

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

As already indicated (Chap. 2), the ESR lines in crys-
tals are frequently inhomogeneously broadened (mainly
because of the hyperfine structure and imperfections of
the crystal), and it is therefore necessary to examine
the behavior and the role of the SS reservoir in mag-
netic resonance with inhomogeneous broadening. In the
theoretical investigations of this question the inhomo-
geneous line was traditionally:*®*® represented as con-
sisting of homogeneous parts 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-®>. This corresponds, in
particular, to a spatial separation of the packets (e.g.,
in the case of macroscopic inhomogeneity of the crystal
or inhomogeneity of the external field); the character-
istics 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 are spatially
mixed, there are weighty arguments, both theoretical ' %]
and experimental %) | favoring the assumption that all
the packets have a common SS reservoir; this was in-
deed assumed in the investigations which we now pro-
ceed to describe.

We denote the number of packets by m; then, on the
basis of the theory of £1:2] | the equations for the Zeeman
temperatures T; of each of them and for Tgg, with
allowance for the probability wg.R of the cross 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’™®
d v

m

LI ST (L S ol Ni Kby

dt T; - wl(Ti—i_ Tss )+§ ﬁii Wi Gu
it

i==1, ..., m,

* 7 (25)

4t ST, vew)
dt Tss = N GHLE T \T, Tss

i

o Wil; Ay cr 11 1y
+ iz(]_‘m,..ﬁ e v ou— = (7 —77)
here v; is the frequency of the packet i, w; = w;(v - )
is the transition probability following action of a field of
frequency v on the packet i, 4 is defined in (22), N;
= Nj - 8i(Sj + 1)/3, where Nj and Sj are the number and
magnitude of the spins of the particles making up the
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packet i, Nj; = N; + Ni, N is the sum of N over all the

] )

particles having a common S8 reservoir (obviously,
there are = m sorts of such particles), and »*
=2R,»;/N. We emphasize that Eqgs. (25) pertain both
to a single inhomogeneous line consisting of overlapping
homogeneous sections, and to an aggregate of individual
spectrally resolved lines with close frequencies; all
that is required, obviously, is that the time 7, of forma-
tion of all the temperatures be much shorter than the
time of the processes described by the system (25).

No general solution of Eqgs. (25) was ever published,
and only limiting cases were investigated in detail.
Thus, from an examination of the stationary saturation
of a system of non-interacting packets (when the cross
relaxation between them* is not faster than the spin-
lattice relaxation), it follows %} that in the case of
direct saturation of a small fraction of the spectrum,
pertaining to the common SS reservoir, the growth of
ITé1 | also turns out to be smaller in proportion; a sim-
ilar result is obtained also when the effective cross
relaxation involves a relatively small number of
packets. Nonetheless the quantity |T0/TSSI can still be
appreciably larger than unity, as is manifest, for exam-
ple, in the DPN effect[”], whereas the shape of the
spectral dip in the ESR line should differ little from the
traditional ‘‘hole burning’’ picture(®,

The manifestations of the SS reservoir are the most
significant in a system of packets between which cross
relaxation is effective (condition (23)); such a system
is similar to a large degree to a system of identical
spins. Indeed, as shown in[m, an analysis of Eqgs. (25),
abbreviated to cover ‘‘pure’’ cross relaxation, i.e., with
only the terms °ij in the right-hand sides, makes it
possible to separate from the total spin energy of all
m packets two parts (high-frequency Eyp and low-
frequency Ey ), which are the integrals of the ,motion
in the cross-relaxation process and are transformed,
as the result of the cross relaxation, into energies of
two new reservoirs, each of which has a single tempera-
ture. Then the HF reservoir corresponds to one fre-
quency v, of the center of gravity of the system of m
lines, and its specific heat is Cgyp = (h%/k) N("™)2, where

m
N(m) = 75 ﬁi' The LF reservoir is produced by mixing

i
of the spin-spin energy Egg with a definite part E
(‘‘difference’’ part, connected with the difference Aj;
between the frequencies of the packets) of the Zeeman
energy of all the spins; its spectrum is quasi-continuous
in a band ~yHyy, Aij’ and the specific heat Cy g is the
sum of the spin-spin specific heat Cgg = (h*/k) N (yHy)*
and the ‘“difference’” specific heat C, = (h?/k) N(™) M,
where M is the second central moment of the distribu-
tion of the spins over the packets.

The HF and LF reservoirs are the analogs of the
reservoirs Z and S8, respectively, in the case of iden-
tical spins, the only difference being that the latter are
produced more rapidly, within a time 7, < 7cR. In
analogy with the density matrix (3) for quasi-equilibrium
over the spin-spin interactions of identical spins, we
can now write down the density matrix poR for the
quasi-equilibrium with respect to the cross-relaxation
interactions
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pcr = const -exp {[—FHyp/kT (vo)l — [(SHa + H 5)/kT 51} (26)

Here T(v,) and Tgg are the temperatures of the HF and
LF reservoirs, respectively, with Hamiltonians &y
m m
= hqui7 S;7 and St g =08, +dlgg, 5, = h}i:'(ui— vo) 875
and the subscript i denotes the number of the packet.
We note that an LF reservoir concept similar to that
obtained above was introduced for the particular case of
the hyperfine structure in*™J, and the idea of quasi-
equilibrium with a density matrix of the type (26) was
advanced in(%3,
It is clear from the foregoing that in systems with

effective cross relaxation, if TSI) = 1,, the spin-lattice
relaxation should proceed in the same manner as in a
system of identical spins, the relaxation rate of the HF
reservoir being 7;', and that of the LF reservoir being

a new quantity T;'-l, obtained by simple averaging over
both its partst™): 777 = (CA71" + CggTi )/Cy,p-

It is less clear how the idea of the HF and LF reser-
voirs is to be used under saturation conditions, when
the action of the alternating field can be either slower
or faster than the cross relaxation. However, an analy-
sis of Eqgs. (25), taken first without the spin-lattice
terms and then taken in complete form, has shownt ™7
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 process reduces sim-
ply to thermal mixing of the energy of the SS reservoir
with the Zeeman energies of all m packets in a coordin-
ate system that rotates with a frequency v, and with
establishment of a single spin temperature T’é = TSS["],
just as in the case of identical spins''"3, It follows
therefore' " that the result of the combined action of
saturation in cross relaxation should not depend on the
ratio of the rates of these processes and, in particular,
will always be the same as in the case when the effec-
tive relaxation produces the HF and LF reservoirs even
before the start 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 ~ 7oR) by the same formulas (5)—(9) as in the
case of identical spins, with suitable changes of the
parameters

(vH)? - (NN H L) + My, 7 — . (27)

Naturally, Ty and Tgg must now be taken to mean the
temperatures of the HF and LF reservoirs (it is shown
int™J that this conclusion is valid for an arbitrary de-
gree of saturation). In particular, the shape of the sig-
nal &(6) for saturation at a frequency v # v, should be
similar to that shown in Fig. 2: on one side of v, be-
yond the saturation point, all the packets are inverted,
and on the other side, starting with a definite frequency,
the absorption exceeds the equilibrium valuel ™, we
can speak also of an analog of ADRF (see Chap. 2),

*We use the term “‘cross relaxation within the limits of 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 [°].
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which gives the largest increase of 1T‘S‘S|; now such an
(isentropic) passage of the aggregate of lines under
saturation conditions should terminate at the center of
gravity v, and should be slow in comparison with 1o
(and obviously fast in comparison with 7, and 7).

The idea of the equivalence (with respect to manifes-
tations of the SS reservoir) of a group of lines coupled
by effective cross relaxation to a single homogeneous
line with spin-spin broadening was fully confirmed in a
number of experiments, We have already noted that the
experimental results 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-
ingt #2273 | We might add that the data of*} (see
Figs. 3 and 4) are in good quantitative agreement with
formulas (5) and (6) if the parameter (Ag) in them is
replaced, in accordance with (27), by the sum (A:’f)2
+ M: (at N(™) = &), Even more convincing arguments
were obtained in a study of groups of spectrally re-
solved ESR lines under cross-relaxation condi-
tionst3*™), Thus, in experiments on DPN and ENDOR
in crystals of Tutton salt of zinc doped with Cu®'{™, it
was possible to describe the entire behavior of the four
his lines of both copper isotopes in terms of two tem-
peratures pertaining (in our notation) to the HF and LF
reservoirs. In this case, the LLF reservoir includes
also the Zeeman system of the hydrogen nuclei, which
enter in the crystal lattice and are in good thermal con-
tact with the SSg reservoir.

In'**7 | the model used for the spin packets forming
the inhomogeneous line consisted of spectrally resolved
ESR lines of the magnetically non-equivalent ER®" ions
in the BaF3:, which were coupled by cross relaxation.
The form of this spectrum when one of the lines is
saturated (Fig. 10) is quite similar to the shape of the
homogeneous line in not strictly resonant saturation
(see Fig. 2), with a characteristic induced radiation ap-
pearing on the saturated wing of the spectrum (beyond
the saturation point). The thin line in Fig. 10 corre-
sponds to equilibrium of the lattice, and the thick line
corresponds to partial saturation of the central line
(indicated by the arrow); the triangle shows the center
of gravity of the spectrum; the line to the right is a
superposition of two lines. It turned out that the absorp-
tion coefficients at the centers of all the lines practic-
ally coincided with the result of the calculation of &#(3)
for the homogeneous line in accordance with formula (5)
(horizontal sections in Fig. 10) in which g(b) was taken
to be the form factor of the entire spectrum considered
as a single line (the value of Tgg was determined by
measuring the polarization of the!'® F nuclei, which
assume here the role of the ‘‘thermometer’’; see Chap.
4). The same experiments revealed the theoretically-
predicted increase of the radiation on the ‘“wing’’ of the
spectrum when the saturation point is shifted to its cen-
ter of gravity, and confirmed the need for making the
substitution (27) in formula (7).

The foregoing results of the theoretical analysis of
the behavior of an inhomogeneous line under the action
of cross relaxation can be obtained also in another way,
without resorting to the model of spin packets. This
problem was solved int*® on the basis of an equation
for the density matrix, by introducing the concept of

1000 Oc .900 Oe
FIG. 10. ESR spectrum of Er* ion in BaF, under the conditions of

saturation of one of the lines.

the ‘“‘reservoir of local fields ﬁ,” which in essence
coincides with the LF reservoir produced by cross re-
laxation between the packets. It is assumed that the
spin-spin interactions establish in L quasi-equilibrium
with one temperature after a time 7, = 73, i.e., one
actually postulates the state described by the density
matrix pog. It turns out here, naturally, that under the
conditions H; << Hp, of interest to us, it is possible to
obtain from[®] the same results as with the packet
model.

The approach used int?®) makes it possible to gener-
alize the Tgg concept to include cases of practical im-
portance, when the separation of the spin packets within
the limits of the inhomogeneous line is impossible, and

particularly to include the case Tog ~ 72, Which is in-

termediate between the case of a homogeneous line and
the case of a set of packets coupled by effective cross
relaxation (this is precisely the case realized appar-
ently under the conditions of the experiments
int?%%"31]  Thys in a system of spins that have
either identical or close frequencies one can expect,
regardless of the concrete energy exchange mechanism,
the establishment of quasi-equilibrium over the spin-
spin interactions, described by two temperatures. The
behavior of such systems under magnetic-resonance
conditions is the same, provided the spin-spin interac-
tions are 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 H, < Hy 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
(72 on the one hand, or 7cR and 75 on the other).

We note in conclusion that the ESR lines are never
fully homogeneous, even in the case of pure spin-spin
broadening, owing to the random distribution of para-
magnetic centers, which is characteristic of dilute elec~
tronic paramagnets. This is reflected, in particular, in
the relation yHy, > 7;' that customarily holds for
ESR'*®) (in contrast to NMR, where yHp, ~ 75'; see
Chaps. 3 and 4). An extreme manifestation of this is the
appearance of additional lines in the ESR spectrum, due
to the so-called ““exchange pairs’’t™). 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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