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The establishment and relaxation of spin-spin temperature in magnetically diluted Ti0,:Cr3+ 
crystals are investigated by the enhanced-susceptibility effect. The experiments are performed in 
a zero magnetic field with microwave pumping near the initial splitting of Cr3+ at liquid-helium 
temperature. The effect is observed in a detuning range that exceeded the EPR line width by 2-3 
orders of magnitude, thus indicating that the line has rather extended wings. It is established that 
the return of the spin-spin subsystem to equilibrium after turning off the microwave pump is not 
described by a single exponential and depends on the frequency of the microwave-field and on the 
duration of its action on the sample. These anomalies are interpreted as a manifestation of the 
spectral diffusion in an EPR line broadened by spin-spin interactions between the paramagnetic 
centers that are randomly distributed over the volume. It is suggested that in a magnetically 
diluted system such a broadening is essentially inhomogeneous and that the spectral diffusion 
that lasts for a time up to lop3 sec constitutes formation of a quasi-equilibrium spin-spin reser- 
voir. 

PACS numbers: 76.30.F~ 

1. INTRODUCTION one commuting with X S ) ,  make up a separate subsystem- 

~h~ physical picture of dynamic and relaxation pro- the electronic spin-spin reservoir (ESSR). It is usually as- 

cesses in magnetically dilute solids is far from completely sumed that it is in an internal-equilibrium state with a tem- 

clear. Too little is known concerning such fundamental pro- perature T s ~  = 1/&.s.8'9 

cesses as the distribution and correlation of the local fields, A weak probing field h cos Qt is applied to the sample 

the rate of the spin-spin flips, the establishment and relaxa- is to measure the l~w-~~equency  magnetic susce~ti- 

tion of spin temperatures, and others. Of great use in the b i l i t~  X (a 1. The latter is due to the magnetization by the 

experimental study of these problems can be the method of Zeeman splitting of each of the Kramers doublets in the field 

enhanced susceptibility,i which has given very good account h cos Qt. Since this field is much weaker than the local one, 

of itself in experiments with ruby the Zeeman energy of the doublets is mixed with the ESSR 

One of the most convenient variants of the enhanced- acquires its temperature T ~ ~ .  Therefore X (0 ) a DSS 9 so 

susceptibility method is one with zero magnetic field Ho = that measurement of the low-frequency susceptibility per- 

and microwave pumping near the frequency yo ofthe "initial mits& to be directly determined and its evolution tracked. 

splitting" of the energy levels of a parametric center with The proportionality of x (Q ) and B,, can be explained 

spin S > 112.4 This is precisely the technique used in the in other terms. The part x ) of the suscep- 

present study, the objects of the investigation being crystals tibility is the coefficient of absorption of the low-frequenc~ 

of rutile Ti02 doped with Cr3+ ions. Before we proceed to an field by the spin system. This absorption is due to transitions 

exposition of the experimental results, let us recall, with ru- induced in the ESSR spectrum by the field h cos Qt. They are 

tile as the example, the physical gist and the main features of because at HO = O the Parts of the 'pin-~pin 

the method.' interactions include terms of the type S,S,  . Naturally, 

In a zero magnetic field the single-frequency spin Ha- therefore, X "(O 

miltonian of a Cr3+ ion in rutile is Turning on the microwave pump, which saturates the 
EPR near the frequency yo, causes strong cooling of the 

%,=D (S:-5/t,) +E (S2-St), (1) ESSR,'S~ and hence an increase of I X  (Q ) I  (the enhanced-sus- 
ceptibility effect). From the magnitude of the effect we can, 

where S = 3/2; D = - 0.68 cm-', E = - 0.14 cm-', and in particular, determine the mean squared local field 0,. 
the coordinate system (x,y,z) is determined by the principal After turning off the microwave pump, the signal x (0 ) re- 
magnetic axes of the Cr3+ iom7  The corresponding energy turns to its equilibrium value. Observation of this process 
spectrum consists of two Kramers doublets separated by an was used to obtain information on the ESSR spin-lattice re- 
interval v0z43 GHz. The energy subsystem corresponding laxation, as well as on the coupling of the ESSR and the spin 
to the Hamiltonian (1) will be referred to as the "Stark" sub- system of the matrix nuclei in ruby ~ r ~ s t a l s . ~ , ~  
system (to distinguish it from the "Zeeman" subsystem pro- We note that, unlike ruby, the TiO, lattice contains only 
duced by an external magnetic field). a small number of nuclei with spin. These are the low-abun- 

The spin-spin interactions XSS between paramagnetic dance isotopes 47Ti and 49Ti, which furthermore have very 
centers (more accurately, their secular part ZkS, i.e., the small magnetic moments. Therefore the coupling of the 
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TABLE I. Parameters of investigated samples and summary of experimental results. 

ESSR with the nuclear spin system is here very weak and can 
hardly influence substantially the behavior of the electronic 
spin-spin reservoir. For the same reason, broadening of the 
rutile EPR lines by hyperfine interactions with the matrix 
nuclei is practically nonexistent. 

These circumstances make the Ti02:Cr3+ crystals very 
convenient objects for our investigations. 

2. EXPERIMENT 

The experiments were performed at temperatures 
TL = (1.65-4.2) K on TiO, crystals with Cr3+ densities 
c = (0.05-0.2)%, corresponding to n = (1.5-6.O)X 1019 
cmP3 paramagnetic centers. The basic measurements were 
made on samples with minimum and maximum density. 
Their parameters are listed in the table. (In the cases when 
the measurement error is not indicated, it equals 10%; c was 
measured by the EPR method; S,,, is the half-width at half 
maximum of the intensity of the EPR line corresponding to 
the f 1/2 transition at Hollz in the 3-cm wavelength band.) 

The experimental technique hardly differed from that 
described in Ref. 4. The susceptibilityx (0 ) was measured at 
a frequency 0 /2.rr=2 MHz, so that the condition 
S,,, > 0 % ~ ~  - ' was satisfied, where S,,, is the half-width of 
the EPR line at half intensity and T,, -(loF3 - loF2) sec is 
the spin-lattice relaxation time of the Stark subsystem. 

A typical experimental oscillogram is shown schemati- 
cally in Fig. 1. The region I corresponds to a growth of the 
enhanced susceptibility as the EPR saturates. This process 
concludes at the instant to, when the susceptibility reaches a 
maximum. Region I1 is the transition to a stationary regime 
("plateau" on Fig. 1). Finally, when the microwave pump is 

X (D), rel. un. 
r 

FIG. 1. Change of low-frequency susceptibilityx (0 ) under the action of a 
microwave pump pulse. The pulse was turned on at the instant t = 0 and 
off at t = tp,, . Roman numerals mark the main stages of the transition 
process (see the text). 

turned off the signal ,y (0 ) returns to the equilibrium value 
,yL (0 ) (region 111). 

Figures 2 and 3 show the enhancement coefficient 
E = ,y (0 )/xL (0 )of the susceptibility as a function of the mi- 
crowave pump frequency v, = vo + A at TL = l .65 K. The 
measurements were performed both at the instant to and in 
the stationary regime. 

Most experimental points were obtained under condi- 
tions of strong saturation of the EPR, but in measurements 
of the susceptibility at the instant to at c = 0.2% the micro- 
wave source power was insufficient for saturation and we 
used a suitable extrapolation. The error in this case was no- 
ticeably higher. 

The equilibriumx, (0 ) signal was very weak, so that the 
scale of the absolute values of E was initially set at a low 
accuracy ( f 50%). 

It can be seen from Figs. 2 and 3 that the experimental 
results are satisfactorily described by the known formula of 
the spin-temperature 

FIG. 2. Dependence of the susceptibility-enhancement coefficient E on 
the pump frequency v,. Light circles-results of measurements at the 
instant to, dark-in the stationary regime, curves--calculation by Eq. (2). 
The arrow marks the singular point (see the text). T, = 1.65 K; 
c = 0.05%. 
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A-5u - 
FIG. 3. The same as in Fig. 2, but for c = 0.2%. 

wherefl, = l/TL andA,,, is that detuning lA I at which the 
enhancement reaches its external values + Em,,. The pa- 
rameters A :,, and A ,& obtained experimentally in this 
manner for TL = 1.65 K and 4.2 K are given in the table 
(here and elsewhere all the quantities pertaining to the in- 
stant to are marked by a superscript ', while those for the 
stationary regime are labeled cu ). 

According to the prevailing notionssp9 A z,, = o, and 
A g,, = w,a1'2, where a = rSL /rSsL and rssr. is the spin- 
lattice relaxation time of the ESSR. From the experimental 
plots of E O(vP ) and Em (vp ) we can thus obtain the values 

a,,, = (A,".,/A:.,)~= ( E L , J E ~ A  *. 

They are also listed in the table. 
Substitution of the experimental A,,, in (2) was used 

next for a final calibration of the enhancement coefficient E 
(the ordinate scales of Figs. 2 and 3). 

We defer the discussion of these results to the next sec- 
tion, and note for the time being that the obtained values 
a,,, = 6 to 10 turned out to be unexpectedly large. We note 
also the strikingly large range of detunings A in which the 
susceptibility enhancement is observed: for c = 0.2%, e.g., it 
spans at least several GHz (Fig. 3). This means that the EPR 
line has quite long wings whose spans exceed its half-width 
by two or three orders of magnitude (see the table). 

A cbrious feature of Fig. 2 is a small but incontroverti- 

x(JaJ. rel. un. 

FIG. 4. Return of the signalsx (a ) to equilibrium after turning off micro- 
wave pulses of various durations (the values of t,,, in milliseconds are 
marked on the curves). The start of each curve corresponds to the instant 
when the pulse is turned off; TL = 1.65 K; c = 0.05%; A = - 125 MHz. 

FIG. 5. The same as in Fig. 4, but for c = 0.2% and A = - 330 MHz. 

ble shift of the point E = 0 on going from the instant to to a 
stationary regime. It is known that this point corresponds to 
the "center of gravity" of the EPR line, i.e., to the initial 
splitting frequency yo. We note incidentally that the quantity 
vo determined in this manner from Figs. 2 and 3 amounts to 
(42.81 & 0.02) GHz, which differs somewhat from the pub- 
lished' value (43.3 + 0.2) GHz. 

A study of the ESSR relaxation after turning off the 
microwave pump yielded even more unexpected results. In 
the entire investigated range of c and TL the return of the 
x (0 )signal to equilibrium was substantially nonexponential. 
Some relaxation curves are shown in Figs. 4 and 5. It can be 
seen that all have a rapid nonexponential initial section. At a 
fixed value of A the rate of relaxation increases noticeably 
with decreasing duration tpul of the microwave pulse. On the 
contrary, with increasing t,,, the dominant role is assumed 
by the relatively slow exponential "tail" whose characteris- 
tic time tends to a certain limiting value. We have taken it to 
be the ESSR spin-lattice relaxation time. Data on the tem- 
perature and density dependences of rSSL are given in the 
table. 

At a fixed tpul the amplitude of the rapid initial section 
increases as the center of the EPR line is approached and 
reaches a maximum at a "singular point" v, = 42.825 GHz, 
where E O < 0 and Em = 0 (see Fig. 2). The corresponding 
relaxation curve for c = 0.05% is shown in Fig. 6. Here prac- 
tically the entire decay takes place within a very short time of 
the order of 0.5 msec(rssL A similar time dependence of the 
susceptibility is observed at the singular point also in the 

X (D), rel. un. 

FIG. 6. Relaxation of thex (a ) signal at the singular point (see the text). 
TL = 1.65 K, c = 0.05%; t,,, = 0.1 msec. Solid curve-sum of two ex- 
ponential~ with time constants 5.5 X lop5 and 6.5 X sec. 
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FIG. 7. Buildup and relaxation o f x  (0 ) signals at T, = 1.65 K; c = 0.2% 
and at different values of the pump frequency: a) A = - 50 MHz; b) 
A = - 640 MHz; c) A = - 2.5 GHz. The vertical dashed line corre- 
sponds to turning off the microwave pulse. 

presence of saturation of the microwave field, i.e., in region 
I1 of Fig 1. 

With increasing 1A 1 the amplitude of the fast part of the 
relaxation decreases, and at short microwave pulses and 
very large detunings it even reverses sign (Fig. 7). This means 
that immediately after turning off the pulse the signal x (0 ) 
still continues to increase and only later does it begin to fall 
off (Fig. 7b). The relaxation "delay" time increases with in- 
creasing detuning and is about 0.2 msec at c = 0.2% and 
lA 1 =:3 GHz. 

We were unable to find a universal analytic expression 
capable of describing the relaxation kinetics at all values of 
t,,, and A. In certain cases the relaxation curves are satisfac- 
torily described by a sum of two exponentials (Fig. 6). Given 
t,,, and A, the rate of the faster of them depends little on 
temperature and is approximately proportional to the chro- 
mium concentration. 

3. DISCUSSION OF RESULTS 

a. Spectral diffusion and thermal mixing 

It is most natural to attribute the anomalies noted in the 
preceding section to spin-spin cross relaxation which leads 
to spectral diffusion of the saturation over the EPR line. This 
process can also be regarded as thermal mixing between the 
spin-spin reservoir cooled by the microwave pumping and 
the so-called "difference" subsystems 9-1 1 that are made up 
of the spin packets contained in the line. The mixing pro- 
duces a new quasi-equilibrium subsystem-the local-field 
reservoir (LFR).lZs9 Its specific heat is much larger than that 
of the ESSR. It is the distribution of the energy initially 
stored in the ESSR over the entire LFR which causes the 
relatively rapid decrease of IDss I after short microwave 
pulses (Figs. 4-6). 

If the pulse duration t,,, exceeds the characteristic 
cross-relaxation time T=, , the mixing is completed mainly 
during the time of the pulse and is therefore manifest to a 
lesser degree after the pulse end. This explains the apparent 
slowing down of the relaxation with increase of t,,, (Figs. 4 
and 5), which was observed many times in systems with cross 
relaxation and spectral diffu~ion. '~*'~ 

We discuss now the anomaously high values of 
a,,, = (A gax /A iax )2 z 8 + 2 (see the table). We recall that if 

the spin-lattice relaxation of the ESSR proceeds via the 
proper Stark subsystem of the Cr3+ ions, the theory predicts 
a ,,,, = TSL / T ~ ~ ~  =: 1 at Ho = 0 (Ref. 4). To be sure, this 
quantity can be substantially increased by rapidly relaxing 
foreign imp~ri t ies ,~ but such a mechanism is hardly compa- 
tible with the almost linear variation of T& as a function of 
TL and with the practical absence of a density dependence of 
a,,, (compare the table with the results for ruby 4). Finally, a 
comparison of our values of T~~~ with the published data15 
on the time T~~ yields T~~ / T ~ ~ ~  z 1 - 3, which is also much 
lower than a,,, . 

This discrepancy, however, can be explained by assum- 
ing that T,, s t0 ,  SO that on going from to to a stationary re- 
gime the effective specific heat of the ESSR is increased be- 
cause of difference subsystems added to it. Taking this factor 
into account, we have 

where T~~ is the time of the spin-lattice relaxation of the 
difference subsystems (usually assumed equal to TsL ), and 
M2 is the second moment of the spin distribution over the 
packets. Since the EPR line has very long wings, M2 is large 
and the second term in the right-hand side of (3) brings about 
the experimentally observed relation a,,, = (A gax/wss)2 
> TSL /TSSL . 

The shift of the point E = 0 (Fig. 2) can also be inter- 
preted within the framework of the same model. It appears 
that the "joining" of its far wings to the EPR line shifts 
slightly (-25 MHz) its center of gravity. Understandably, 
even a very weak asymmetry of wings that span hundreds 
and thousands of MHz can lead to an observable effect. 

We turn finally to the dependence of the shapes of the 
relaxation curves on the detuning A (Fig. 7). It can be qual- 
itatively attributed to the fact that with increasing lA I direct 
cooling of the difference subsystems by the microwave field 
becomes increasingly more significant. Under these condi- 
tions the thermal mixing no longer leads to a substantial 
decrease of IDss I, and at very large detunings it might even 
contribute to its growth. 

This statement may not seem obvious enough, and we 
shall consider this question in greater detail. 

The Hamiltonian of an assembly of difference subsys- 
tems is 

where the summation is over all the spin packets with fre- 
quencies vj = v,, + +j, while 26,. = 0. A short microwave 
pulse of duration t,,, zt ,(~,,  saturates thep-th packet, for 
which 6, = A. As a result the corresponding difference sub- 
system X,, is cooled whereas all the remaining ("passive") 
difference subsystems remain at the lattice temperature." 

What is also cooled, of course, is the ESSR. Its tempera- 
ture at the instant t,,, can be obtained from the formulas of 
Refs. 16 and 17, which correspond to "hole burning" in the 
EPR line without allowance for spectral diffusion. 

After the termination of the pulse, thermal mixing be- 
gins. We list below the subsystems that participate in this 
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process, and cite for each in succession the Hamiltonian, the 
reciprocal temperature at the end of the pulse, and the spe- 
cific heat ci (in relative  unit^).".'^." 

1) ESSR: 

2) "Active" (p-th) difference subsystems: 

3) "Passive" difference subsystems: 

Here a is the fraction of the spins subjected to saturation; 
g(A ) andgl(A ) are the EPR line shape and its derivative at the 
pointA . It is assumed that a< 1 and the width of the "hole" is 
of the order of w, . 

The reciprocal temperature established in the LFR as a 
result of the mixing is 

Substituting (4)-(6) in (7) it is easy to verify that if the EPR 
line wings do not fall off too steeply the quantity 

w 

q= (pssO-pss) /peso, 

which describes the amplitude of the rapid initial section of 
the relaxation curve, decreases with increasing lA I, and re- 
verses sign at very large detunings. In particular, for a trun- 
cated Lorentz curve we have 17 =: 1 - A 2/M2, SO that delay of 
the relaxation should set in at lA I >Mi". This is indeed 
observed in experiment (Fig. 7c). 

We note that the entire aggregate of the experimental 
data cannot be explained even qualitatively as being due to 
other possible causes of the nonexponential relaxation of the 
ESSR. These include departure from the framework of high- 
temperature approximation (in our case hvdkTL =: 1.2), the 
coupling of the ESSR with the nuclear spin system of the 
matrix, the phonon bottleneck, or the spectral asymmetry of 
the spin-phonon interact i~n. '~* '~ We note also that the con- 
tent of the foreign paramagnetic impurities that give rise to 
an EPR spectrum (e.g., Fe3+) amounted in our samples to 
less than 1 % of the Cr3+ content. 

b. The spin-spin inhomogeneous-broadening hypothesis 

There are therefore all grounds for assuming that we 
have actually observed manifestations of spectral diffusion, 
and that the characteristic times of this process lie in the 
range (3. lo-' - 3. sec (the lower limit is determined by 
the temporal resolution of our apparatus, and the upper by 
the time rSSL ). This means that the EPR line in the investi- 
gated samples behaves as an inhomogeneously broadened 
one. But what is the character of this inhomogeneous broad- 
ening? 

It can be seen from the table that the line width at half 
intensity increases with the concentration and is close at 
c = 0.2% to the dipole valueS, (Ref. 20). Increasing with c is 
also the quantity A ga, that characterizes the specific heat of 
the LFR. All this offers evidence that such traditional causes 

of inhomogeneous broadening as crystal imperfections, hy- 
perfine interactions with the matrix nuclei, and others do not 
play a significant role here. 

On the other hand, the statistical theory of spin-spin 
line broadening in magnetically dilute solids predicts the ex- 
istence of quite extended and relatively slowly drooping 
wings2' In ruby they were observed in experiment even up to 
detunings on the order of 30 GHZ.~'  These far line wings 
comprise the spectrum of like paramagnetic centers which, 
owing to their random distributions in the volume, are quite 
close to one another and are therefore in relatively strong 
local fields. We call these "cluster" centers. On the other 
hand, the central part of the EPR line, which is the one 
usually observed by radiospectroscopists, is made up of 
"solitary" spins, which have no neighbors at an average dis- 
tance T = n-'I3. 

In accord with a tradition stemming from NMR spec- 
troscopy, spin-spin broadening is regarded as homogeneous, 
and the time to establish internal quasi-equilibrium is as- 
sumed to be 7 2 %  l/Sd. It  is clear, however, that there are no 
grounds for this conclusion in dilute systems. For example, 
exchange pairs--clusters with spins separated by a distance 
on the order of the lattice constant-are well known. The 
interaction in them can exceed 10 GHz appreciably, and in 
the concentration range of interest to us they are perfectly 
isolated from the main mass of the impurity.22 It  is natural to 
assume that the centers that contribute to line wings at 
lA 15 1 GHz, i.e., in a position intermediate between ex- 
change pairs and solitary spins, reach quasi-equilibrium 
with the latter after a certain time r,, >T2 (Ref. 2). 

We assume thus that the spin-spin broadening of the 
EPR line in a magnetically dilute crystal is in fact inhomo- 
geneous, at least on the far wings. It  can be assumed that 
after a time 7,- l/Sd an internal equilibrium is established 
only in the "low frequency" part of the subsystem Z i s ,  
which corresponds to interaction at distances on the order of 
7. It is just the temperature Tss of this system that we deter- 
mine by measuring the susceptibility signal at the low-fre- 
quency 5 6,. 

The remaining (cluster) paramagnetic centers form spin 
packets located on far wings of the EPR line. We note that 
even in the simplest case of S = 1/2 spins coupled by dipole 
interaction the spectrum of an individual pair consists of two 
lines symmetric about Y,, (the "Pake doublet"). Thus, in con- 
trast to the usual inhomogeneous broadening, now each spin 
packet has at least two spectral components on opposite 
wings of the line. The width of these components is close to 
S,, since it is determined by the amplitude of the fluctuating 
local fields produced by single spins at the locations of the 
clusters. 

By saturating the EPR line with small detuning 
lA 1 -a,, we act directly on the reservoir of the spin-spin 
interactions of single centers. This leads right away to an 
increase of the low-frequency susceptibility x (a ). If, how- 
ever, the microwave pulse is applied to the far wing of the 
line ([A I>S,), the main change takes place in the average 
energy of the interaction in the cluster, an energy that plays 
the role of the difference subsystem (see 8 3a). 
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Next to act is spectral diffusion, wherein the energy is 
redistributed among the solitary and cluster spins. This pro- 
cess constitutes establishment of internal equilibrium with a 
single temperature Tss in the entire spin-spin system XiS as 
a whole. Judging from our data, it lasts up to times on the 
order of loW3 sec, which are comparable with rSsL. The 
stronger the spin-spin interaction and the weaker the spin- 
lattice interaction, the farther the spectral diffusion manages 
to advance on the line wings, and this is the cause of the 
increase of A ga, with increasing c and with decreasing TL 
(see the table). 

The role of the far line wings in the process described 
above depends substantially on the concrete spin-spin inter- 
action mechanism that predominates in the given substance. 
Thus for dipole interactions XSS a rW3 and the line shape is 
close to a truncated Lorentzian. It can be assumed in this 
case that g(6) a on the far wings and therefore the specif- 
ic heats c, a 6 2g(6 ) of the difference subsystems do not de- 
crease with increase of 16 I up to the "cutoff frequencyv-a 
detuning on the order of 2-3 GHz, corresponding to interac- 
tion at the shortest distance. This means that the cluster 
spins, their small number notwithstanding, influence quite 
appreciably the behavior of the ESSR. If, however, the inter- 
action potential decreases with distance more rapidly than 
rW3, the far wings of the lines will have even smaller slopes 
and the influence even larger. 

It must be stated in this connection that the nature of 
the spin-spin interaction in Ti02:Cr3+ is still not clear 
enough. At medium distances they are apparently in the 
main dipole-dipole interactions, as attested by the proximity 
of S,,, to 6,. As for the far wings of the line, the predomi- 
nance of exchange or of electric quadrupole forces cannot be 
excluded here. Arguments in favor of the latter were ad- 
vanced by Pe~kovatskii.~' They are particularly important 
for rutile, which has an anomalously high dielectric constant 
(E-  100). This raises the question whether the phenomena 
observed are peculiar only to Ti02:Cr3+ or whether they are 
typical of a large class of dilute paramagnek3' 

4. CONCLUSION 

Modern theory of magnetic resonance describes well 
two stages in the evolution of a spin system: the very earliest 
(t(r2), where the purely dynamic approach can be used, and 
a later one (t)~,), where spin thermodynamics comes into 
play. The intermediate stage remains so far practically unin- 
vestigated. 

We propose that we have succeeded in the present study 
in penetrating into this difficultly accessible and, in many 
respects, puzzling region, where the dynamic description is 
already unsuitable, but quasi-equilibrium has not yet set in. 
It was found that in magnetically dilute solids this "troubled 
time" can be extraordinarily long-sometimes occupying 
the entire interval from 7, to r l .  No real theory exists as yet, 
and the physical picture presented in 8 3b can be regarded 
only as a working hypothesis with which to explain the ex- 
perimental data. For further progress it is necessary to calcu- 
late the characteristic time of the process, describe its kinet- 
ics and the dependence on the impurity density, etc. We do 

not know the location of the boundary between the solitary 
spins and the cluster spins, meaning the boundary between 
the first stage of the establishment of the quasi-equilibrium 
(7,) and the second (rCr ). Does a distinct boundary even exist? 
Or perhaps does the language of spin temperatures become 
usable only after all the spin-spin processes, and up to then 
the parameter ass has no definite value and depends on the 
observation time? It is also possible that at low impurity 
densities the spin excitation is localized in clusters, and when 
c reaches a certain critical value percolation and a transition 
to collective behavior takes place. 

The results have thus raised a host of new questions 
concerning fundamental premises of the physics of disor- 
dered spin systems. So far, the number of these questions is 
considerably larger than the number of the answers, so that 
much work awaits the theoreticians and the experimenters. 

The authors thank V. V. Demidov, A. E. Mefed, and M. 
I. Rodak for help with the work and for valuable advice. 
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