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A method, based on periodic pulsed saturation, was developed for an experimental
investigation of the profile of spin packets and of spectral diffusion in inhomogeneous ESR
lines. This method was applied at helium temperatures to study the spin system of Ce>*
impurity ions present in concentrations of 1.4 10'® and 1.1 X 10'® cm 2 in CaWO, crystals. It
was found that the spin packet width governed by the magnetic dipole-dipole interactions of
impurity ions is about 0.2 of the statistical dipole width, and that the profile of the packets in
the wings is close to a simple exponential dependence. The results indicated that the
Lorentzian dipole profile of an ESR line of a dilute paramagnet could not be regarded as
homogeneous but consisting of spin packets coupled by relatively slow spectral diffusion.

1. INTRODUCTION

The concept of spin packets, first introduced by Portis'
to describe inhomogeneously broadened ESR lines, is widely
used in the theory and practice of magnetic resonance spec-
troscopy.?~> According to Portis," a spin packet is the homo-
geneous part of an inhomogeneous line formed by a set of
equivalent paramagnetic centers (“‘spins’) which have the
same Larmor frequency ;. The question of the width and
profile of a spin packet is closely related to the problem of the
short time (7,) during which an irreversible phase relaxa-
tion takes place and the system goes over to a state which can
be described in terms of spin temperatures.

In spite of the fundamental importance of the concept
of a spin packet, it still remains phenomenological and in
some cases has not been provided with a serious theoretical
basis. When the Bloch equations are applicable (for exam-
ple, in the case of fast motion, etc.), the problem simplifies:
the packet profile naturally becomes Lorentzian. However,
the hypothesis of a Lorentzian packet is frequently applied
also to a fundamentally different case when the broadening
of a packet is due to the dipole-dipole interactions in a rigid
lattice. This point of view has gained wide acceptance (see,
for example, Refs. 2-5) and it is usually justified by refer-
ence to a statistical theory®’ predicting a Lorentzian ESR
line profile for dilute dipole systems. In fact, the theory given
in Refs. 6 and 7 gives only the spectrum of a spin of system,
i.e., the distribution of local dipole fields, and it says nothing
about the rate of establishment of an internal equilibrium in
this spectrum. Therefore, there is no reason to assume a
priori that such a line is homogeneous, i.e., that it can be
identified with a spin packet. (We note that a Lorentzian
profile is obtained also in the case of purely static dipole
interactions of the S7S{ type.) Recent experiments on spin
dynamics in TiO,:Cr®* crystals also support the hypothesis
of aninhomogeneous nature of the dipole broadening of lines
of a dilute system.®

The experimental data on the profile of dipole spin
packets are very scarce. In the usual method for the con-
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struction of the continuous saturation curves®* the packet
profile is not determined from the experimental results, but
is postulated (it is usually assumed to be Lorentzian). More-
over, in similar steady—state methods it is fundamentally im-
possible to separate the true width of a packet from the ef-
fects of spectral diffusion. More valuable information can be
obtained by the method of “hole burning” in an ESR line by
a short saturating microwave field pulse (see, for example,
Ref. 9). However, direct observations of the profile of a hole
are usually insufficient to determine accurately its far wings,
which play a decisive role in checking the hypothesis of the
Lorentzian packet profile.

It should be noted that the results of Ref. 9 provide
indirect evidence of an approximately Gaussian spin packet
profile of Cas(PO,);F:Nd** crystals. The Gaussian profile
of packets in ruby crystals was reported by Boskaino et
al.'®'!' who used a special pulse method with recording of the
second harmonic of a microwave field. However, as demon-
strated by recent investigations by the same group, spectral
diffusion was not allowed fully in the analysis of the experi-
mental results. Moreover, the objects investigated by Bos-
kaino et al.'® where characterized by an important role
played by hyperfine interactions of paramagnetic centers
with the nuclei in the environment, which complicated inter-
pretation of the data.

In this situation it seemed particularly important to car-
ry out a direct experimental investigation of the profile of
spin packets (particulary of their wings) in magnetically di-
lute systems with the dipole interaction. This was the main
purpose of the present investigation.

2. METHOD

We shall consider a spin system characterized by an
inhomogeneously broadened ESR line G(w — w,) with the
central frequency at w, and a half-width A,. We shall assume
that this line consists of homogeneous spin packets with the
form factors g(w — w; ) and a half-width 8. This system is
assumed to be initially in equilibrium with the lattice at a
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temperature T, = B, ' and it is subjected to a pulse of a
resonance magnetic microwave field with the half-ampli-
tude H, of frequency ! = w, + A and duration z,. We shall
assume that w; = y, H, <8 (here y, is the transverse com-
ponent of the spectroscopic splitting of a vector). Then, the
evolution of the spin system under the action of a microwave
pulse can be described by the usual rate equations for the
Zeeman temperatures [B(w; )] ™" of spin packets:

dp () [dt=—W (z,) B(z.), (1)

wherex; = Q) — w,; and W(x,) = mw?g(x;) (for simplicity,
we shall assume that the spin is S = 1/2).

Equation (1) ignores the influence of the lattice. This is
justified if the spin-lattice relaxation time obeys the inequal-
ities 7,>1,, 1/W(x;). At this stage we shall ignore spectral
diffusion (cross-relaxation between packets) in the time in-
terval ¢,. Finally, Eq. (1) does not contain terms allowing
for the temperature 8 ;' of the dipole-dipole reservoir.'?
This is partly justified by the fact that we are interested only
in the area of a burnt hole, which—as shown in Ref. 4—is not
very sensitive to B, provided A,>&. We shall assume that
this condition is satisfied.

The solution of Eq. (1) is of the form

B (i) =B, exp[—nw, g(z:)t5]1;

it describes the spectral distribution of the Zeeman tempera-
tures over an inhomogeneous line as established at the end of
the applied pulse. The area of the hole which is formed in this
distribution, with allowance for the statistical weights of the
packets G(w; — ®,), determines the reduction in the total
longitudinal magnetization M, compared with its equilibri-
um value M,,:

= A_IM_M = [e(-2) 11 —exp(-noig @)t 1dz. (2)

Our aim was to use the experimentally determined “sat-
uration curves,” i.e., the dependences of m on the microwave
pulse power P« w?} and on its duration ¢,, to find the packet
profileg(x). Since g (x) occursin Eq. (2) under the integral,
the problem is generally multivalued, but—as shown be-
low—it is solvable in one of the limiting cases.

We shall begin by considering weak saturation, corre-
sponding to Wz, <1, where W=W(0) = mw2g(0). Taking
G(A) outside the integral, we obtain from Eq. (2)

m=un 2G(A)¢t,. (3)

This formula predicts a direct proportionality between m
and the total microwave pulse energy E, = Pt,. It does not
contain information on the packet profile or even on its exis-
tence, because it is obviously valid in the case of a homogen-
eous ESR line.

The situation is different in the case of strong saturation
which corresponds to W, > 1. In this case all the packets
within the frequency interval Q + &, where 6 is the half-
width of the burnt hole, are saturated practically complete-
ly. If 6> 8, the half-width of a hole can be found approxi-
mately from the condition Wi (S)tp =1, 1ie,
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Wit,=g (0)/g (8} (4)
On the other hand, the area under the hole is then
m~BG(A). 4

The formulas (4) and (4') give the required single-valued
relationship between the saturation curve m(E,) and the
packet profile. It should be stressed that we are speaking
here of the case when > 8, i.e., we are discussing only the
profile of the fairly distant parts of the wings of the function
g(x).

We shall now give examples.

1. The packet’s Lorentzian profile is described by

g(r)=08[n(86*+2*)]" (5)

If x> &, we find that g(0)/g(x) =x?/5°, and then Egs. (4)
and (4') give

m=28G(A) (Wt,)"«<E,". (5"

2. In the case of the Gaussian profile, we find that

g(x)=(1/Y2n0)exp (—z%/20%), 0=5/2(In 2)". (6)
Proceeding as in case 1, we obtain
m=20G(A) (21n Wt,)"oc(In E,)". (6"
3. The simple exponential profile is
g(x)=(26.)"'exp(—|z|/8.), 8.=6/In2, (7
m=28,G(A) In Wi,«<In E,. (7

It is clear from the above formulas that different spin
packet profiles have very different asymptotes of the m (E, )
curves. It should be noted that these asymptotes (5')-(7")
are functions which are inverse with respect to g(0) /g (x) if
x>38. We can easily show that this rule is of general validity
and follows directly from Egs. (4) and (4').

The formulas (5')—(7’) are approximate. The results of
a more rigorous numerical calculation carried out using Eq.
(2) directly in the cases described by Eqgs. (5)—(7) are plot-
ted in Fig. 1 (we assumed that the form factor of an inhomo-
geneous line varies little in the interval § and can be taken
outside the intergral). We can see that in the weak saturation
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region all three curves coincide, but if Wz, X 1, then they
diverge considerably and approach the asymptotes de-
scribed by Egs. (5')—(7’). This justifies the use of the present
method in practical situations in order to determine the pro-
file of the spin-packet wings.

We note that according to Eq. (2) the quantity m de-
pends only on the product w}t, proportional to the total
energy E, of a microwave pulse. This important feature is a
direct consequence of the adopted model of noninteracting
spin packets and can be used as an experimental criterion of
its validity. If the spectral diffusion during the action of a
pulse cannot be ignored, the right-hand side of Eq. (1)
should be supplemented by the corresponding cross-relaxa-
tion term,'® which results in an additional rise of m on in-
crease in t,. A more detailed analysis of this case will be
made in Sec. 3.

We shall now deal with the problem of determination of
the quantity m. This problem becomes serious when m €1,
i.e., when only a small proportion of the spins contributing
to an inhomogeneous line is saturated. This is precisely the
situation in the case of pulsed saturation of the far wings of
an ESR line, which are practically inaccessible to direct ob-
servations. We shall solve this problem by the method of
periodic pulsed saturation.

We shall assume that microwave pulses of frequency 2
acting on an ESR line are applied periodically and the period
obeys T'>t,, as well as

& T<Ty, (8)
where 7, is the characteristic time for the establishment of
an internal equilibrium between all the packets due to spec-
tral diffusion. The first of these inequalities means that at the
moment of arrival of the next pulse the Zeeman temperature
is the same throughout the inhomogeneous line and we shall
denote this temperture by 1/8(0). The microwave pulse dis-
turbs this internal equilibrium and creates a frequency dis-
tribution of the temperatures of spin packets
B(x) =B(0)f(x), where f(x) describes the profile of the
burnt hole. After a time 7, the hole disperses and the same
temperature 1/8’ is again established throughout the line;
the new temperature is related to S(x) by the condition of
conservation of the total magnetization of the spin system:

B'=8(0) | 1(2)G(x)de. (9)

Next, in a time interval T the spin temperature varies under
the action of spin-lattice relaxation, so that by the moment of
arrival of the next pulse it amounts to

B(T)=Bo+(p'—Bo)exp(—T/v,) =T/, +p' (1—T/v,). (10)

Substituting Eq. (9) into Eq. (10), using the cyclic steady-

state condition B(T) =pB(0), and noting that m
= fG(x) [1 —f(x) ]dx, we obtain
=B BO (11)

BO) T

Equation (11) related directly the required quantity m to
the effective saturation factor s, which is easily determined
from the reduction in the ESR line amplitude, recorded by
the usual methods in the intervals between the pulses. It can
be seen from Eq. (11) that the value of s increases effectively
by a factor 7,/T> 1 because of the “accumulation” of the
saturation by periodic pulses.

We can show that the condition (8) is far too stringent.
We can obtain the result of Eq. (11) simply if the hole
spreads basically within a time 7, and total internal equilib-
rium in the inhomogeneous line is established rapidly com-
pared with 7,. In any case the experimental criterion of the
validity of Eq. (11) is the proportionality between s and 7,/
T which can be checked experimentally.

If the pulsed saturation of an ESR line is characterized
by a detuning A#0, the establishment of a single Zeeman
temperature S’ may be prevented by cooling of the dipole-
dipole reservoir. We avoided this difficulty by simultaneous
periodic pulsed saturation of the opposite wings of a line
characterized by the detuning + A. It was known from
Refs. 15 and 16 that in this case the value of |3, | does not
increase.

3. EXPERIMENTS

Our experiments were carried out on CaWQO, crystals
containing Ce** paramagnetic impurity ions (effective spin
1/2, g tensor components: g; = 2.915and g, = 1.423— see
Ref. 17). These crystals were attractive because they were
practically free of magnetic nuclei (with the exception of the
181y isotope present in a concentration of 14.4% and char-
acterized by a very small magnetic moment), so that the
hyperfine interactions played no significant role. Table I lists
the properties of the investigated samples.

The concentration n of paramagnetic centers was deter-
mined from the area under the ESR line. The values of the
dipole half-width given in Table I were calculated using a
statistical theory of Ref. 7 allowing only for the zcomponent
of the g factor:

6,=2.33hY,’n,

where ¥, = g up#i~' and up is the Bohr magneton.
Our experiments were carried out on an ESR spectrom-

TABLE I. Properties of investigated samples and summary of experimental results.

Ne n,cm™> Acj2x, MHz 84727, MHz 7, sec  [8,/21, MHz
1 1.1-10® 78 3.1 11 0.65
2 1.4-1018 2.6 0.4 2.8 0.13
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eter operating in the 3-cm wavelength range using an exter-
nal magnetic field H, oriented along the ¢ axis of a crystal at
T, = 1.8 K. The method of periodic pulsed saturation (de-
scribed in Sec. 2) was employed and the value of m was
found from Eq. (11). A strong sinusoidal modulation of the
field H, at a frequency 50 Hz was used to scan the ESR line
from one far wing to the other. The saturation curves were
recorded in the A #0 case by selecting the modulation ampli-
tude to be A/ and applying microwave pulses at the mo-
ments when the detuning reached its extremal value. In in-
tervals T = (2k + 1) X 10 msec, where k is an integer, this
ensured alternate pulsed saturation of both line wings with
the detuning + A. The duration of the pulses 7, did not
exceed 1 msec, which guaranteed a negligible change in A
during a pulse.

The specific values of T were selected from the condi-
tions of validity of Eq. (11). Its validity was confirmed re-
peatedly by checking the proportionality between s and 1/T
when 7, = const and the proportionality between s and 7,
when T = const. The effective saturation factor s was mea-
sured by comparison of the amplitudes of the ESR absorp-
tion line under equilibrium conditions and in the intervals
between the periodic microwave pulses. The field H, was
calibrated in the absolute sense using the pulsed saturation
curve recorded when A = 0 and Wt, €1, and then applying
Eq. (3). The results of this calibration were confirmed by
direct calculation of the field in a cavity resonator when the
microwave power P, = 2.5 W was known.

The directly observed profile of the central part of the
ESR line was nearly Lorentzian. The more distant wings (up
to |A|<304,) were studied using the pulsed saturation
curves obtained for Wz, < 1and applying Eq. (3). Their pro-
files were also nearly Lorentzian with a slight upward devi-
ation on increase in |A|. The Lorentzian profile G(w — w,)
was in agreement with the inhomogeneous broadening
mechanism due to elastic deformations created by point de-
fects (which were the Ce®* ions themselves and the compen-
sating charges).'® It should be noted that the electrostatic
broadening of the ESR line by charged defects was not im-
portant, because in the Hy||c configuration there was no lin-
ear electric-field effect.'®

Figure 2 shows the pulsed saturation curves m(P) for
sample No. 1 obtained for A = + 7.2, and different pulse
duration #,. We can see that in the case of weak saturation
(W1, <1) the law m« P, corresponding to Eq. (3), was
obeyed always. An increase in the microwave power resulted
in a deviation from this law and the curves became typical of
saturation of an inhomogeneously broadened line. The best
agreement with the experimental results was obtained by
assuming a simple exponential profile of the spin packet de-
scribed by Eq. (7) (continuous curves in Fig. 2). For com-
parison, we included in Fig. 2 the curve calculated for a Lor-
entzian packet with § = §,; obviously, it differed radically
from the experimental data.

It is clear from Fig. 2 that the saturation curves record-
ed for ¢, = 10 usec and 100 usec and completely identical
profiles and were simply shifted parallel to one another by 10
dB along the abscissa (as illustrated by horizontal arrows
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FIG. 2. Pulsed saturation curves for sample No. 1 obtained for
|A| = 7.2A, using microwave pulses of different durations: ¢, = 0.01
msec (A) 0.1 msec (O), 0.3 msec (A), 1 msec (@). The continuous
curves are calculated for the exponential profile of the spin packet. The
dash-dot curve is calculated for the Lorentzian profile of a packet with
8 = 8,. The dashed curve is calculated allowing for spectral diffusion in
accordance with Eq. (13). The arrows correspond to the points where
Wi, = 1.

identifying the point Wz, = 1). Therefore, the value of m
depended here on the total pulse energy E, = Pt,. Conse-
quently, for pulse durations ¢, < 100 usec the process of spec-
tral diffusion was unimportant (see Sec. 2) and the param-
eter 5, = 0.08A, (Table I) deduced from these curves did
indeed represent the width of independent spin packets.

When the pulse duration was ¢z, > 100 usec, the satura-
tion curves began to ‘“rise,” indicating effective “‘broaden-
ing” of spin packets because of spectral diffusion. We shall
discusss this aspect later.

The dependences m (P) similar to those shown in Fig. 2
were obtained also for other values of the detuning in the
range 0< |A|<18A,. Some of these are shown in Fig. 3. In all
cases with the exception of A =0 the pulse duration-
t, = 100 usec corresponded to a negligible contribution of
spectral diffusion. In the A = O case this condition was satis-
fied only when the pulse durations were short ¢, <30 usec
(seecurves 1 and 2in Fig. 3). When the center of the line was
saturated, calculations carried out using Eq. (2) had to be
carried out rigorously without taking G(A) outside the inte-
gral.

At the maximum values of the microwave power the
experimental values of m (Fig. 3) had a tendency to deviate
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FIG. 3. Pulsed saturation curves of sample No. 1 obtained for different
values of the detuning |A| = O (curves 1 and 2), 3.6A, (curve 3), 7.24,
(curved), 12A, (curve 5), 184, (curve 6). The points are the experimen-
tal results. The continuous curves are calculated for the exponential pro-
file of a spin packet and the dash-dot curve represents the Gaussian pro-
file. In the case of curves 1 and 3-6 the pulse duration was #, = 0.1 msec
and for curve 2 it was ¢, = 0.03 msec. The dashed lines give the additional
contribution calculated from Eq. (12). The arrows correspond to the
points where Wz, = 1.

upward from the calculated curves (this was more notice-
able at low values of A). This was due to departure from the
condition w, <d, essential for the validity of Eq. (1). We
shall now estimate the additional contribution to m under
these conditions.

We shall assume that the microwave pulse is turned on
and off nonadiabatically, and that t, exceeds the transverse
relaxation time 7,. Then, the magnetization M,; of the ith
packet as a result of the action of a pulse decreased to M,;
cos?d, where = arctan[w,/(w; — Q)]. Integrating this re-
sult over an inhomogeneous line, we can readily obtain the
total relative reduction in the magnetization m’. In particu-
lar, for the Lorentzian profile of G(w — w,), we have

’_ { (0)12+(D|Ao)/A2, |A|>>Ao (12)
o/ (0 FA,), A=0
902 Sov. Phys. JETP 64 (4), October 1986

Strictly speaking, the formulas in Eq. (12) are valid only if
®,> 5. However, in qualitative estimates of the influence of
this mechanism in the case when w, ~8 we can simply add
m’ to the values of m calculated earlier. The results are
shown by dashed curves in Fig. 3. We can see that the agree-
ment with the experimental results improves considerably at
high values of P.

However, we cannot exclude the possibility that the ex-
perimental m (P) plots obtained in therange Wz, > 1 become
somewhat less steep on increase in |A| and steeper on reduc-
tion in |A|, than predicted by the calculated curves (Fig. 3).
This may imply some change in the profiles of the spin pack-
ets, depending on their position within the inhomogeneous
line profile. In particular, at the maximum value |A| = 184,
itis difficult to make the choice between the simple exponen-
tial function and the Gaussian profile (dash-dot curve in
Fig. 3).

However, on the whole, the simple exponential profile
of a packet described by Eq. (7) agrees satusfactorily with
the experimental results and in the case of sample No. 1 we
find that throughout the investigated range of the detuning
A the parameter §, is practically the same and it amounts
approximately to 0.25, (Table I).

A family of saturation curves obtained for a sample
with a lower concentration of paramagnetic centers (sample
No. 2) is shown in Fig. 4 for |A| = 3.6A,. The results in this
case are in reasonable agreement with the hypothesis of the

1072

w9

1w 70% L L
0 0
L | I | | a),/21r,IHZ
-60 =40 =20
P/F,, dB

FIG. 4. Pulsed saturation curves for sample No. 2 obtained for
|A] = 3.6A, using pulses of different durations; ¢, = 0.1 msec (O), 0.3
msec (A), 1 msec (@). The continuous curves are calculated for the expo-
nential profile of a packet and the dashed curves give the additional contri-
bution calculated from Eq. (12). The arrows correspond to the points
where Wt, = 1.
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exponential profile of spin packets, the width of which is now
five times less than the width of packets in sample No. 1
(Table I). It should be noted that the rise of the saturation
curves due to the contribution of m’ now occurs at lower
values of w,, in agreement wth the decrease of §, .

It should be pointed out that this method of determina-
tion of g(x) is not very sensitive to the profile of the central
part of a packet and it gives information only on its wings
(see Sec. 2). An analysis shows that the “peak” at the center
of the exponential function (7) can be replaced by any
smooth curve without significant disagreement with the ex-
perimental results and the law exp( — |x|/§, ) has to be used
only when |x| X 28, . However, in any case the half-width of
a packet deduced from the m (P) curves is close to that given
in Table I.

We shall now analyze the spectral diffusion processes.
As pointed out above, they should be manifested by a change
in the nature of the dependence m(z, ). Curves of this kind
recorded for sample No. 1 with |A| =3.6A, and various
fixed values of W are plotted in Fig. 5. The results are given
as a function of the product Wt,, which is proportional to
the total energy E, of a pulse. We can see that, beginning
from a certain duration 7, (which increases on increase in
the microwave power), the experimental points deviate
from the curve calculated ignoring spectral diffusion. We
shall explain his effect on the assumption that spectral diffu-
sion during a microwave pulse is described by'?

B(z,t) _p 0%B1)
at 9z

—W(I)ﬁ(l,t), (13)

where
W(z) =no*(28.)"! exp (—|z]|/6.)

m

107 —

w2

w7 ] | L A1 J
1w’ ! ] 10¢ 19° wt,

FIG. 5. Dependence of the reduction in the magnetization m of sample
No. 1 on the factor Wt, when |A| = 3.6A, and W = 3 10%sec™' (O),
3X10° sec™! (A), 3X10° sec™' (@). The dashed curves represent the
solution of the spectral diffusion e%uation (13) for the same values of W
on the assumption that D = 5 X 10'" sec ~>. The continuous curve is calcu-
lated ignoring spectral diffusion.
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and D is the spectral diffusion coefficient assumed to be con-
stant in the interval 5<|A|. A comparison of a numerical
solution of Eq. (13) with the experimental results (see Fig. 5
and the dashed curve in Fig. 2) demonstrates that the agree-
ment is reasonable and it allows us to determine D. This gives
D /8% = 3X10* sec™! for |[A|<7A, and in the more distant
wings of the line it decreases proportionally to G(A).

We also investigated spectral diffusion in sample No. 1
by a different method: we used the curve representing recov-
ery of the ESR signal 4(¢) until it reached its equilibrium
value A after saturation of the line center by a short micro-
wave pulse in the case when Wr, < 1. Two relaxation pro-
cesses could be readily distinguished: a fast one (spectral
diffusion) and a slow one (characterized by a time 7,). As
expected, the ratio of their amplitudes was equal to A,/é.
The initial part of the relaxation curve is shown in Fig. 6.
This figure gives also the dependence

A—A(t)=[A4,—A(0) Jexp(Dt/8.*) [ 1—erf((D2)"“/8.)), (14)

representing diffuse spreading of a hole with an initial profile
of exp( — |x|/8, ) and with the parameter D /52 = 4.5 10°
sec™'. This value is only slightly higher than that found
above for |A| = 3.64, (Fig. 5).

4. DISCUSSION AND CONCLUSIONS

The main result of the present investigation is the estab-
lishment that spin packets due to the dipole interaction in a
magnetically dilute solid do not have extended Lorentzian
wings. It follows that the Lorentzian dipole profile predicted
by the statistical theory of Refs. 6 and 7 cannot be regarded
as homogeneous but consisting of many spin packets.

The physical meaning of this interpretation becomes
clearer in the case when the ‘“‘standard” inhomogeneous
broadening mechanisms (due to defects, hyperfine fields,
etc.) are absent, so that A, = §,. The the position of the ith
spin packet w; in the profile of an ESR line is governed solely
by the local dipole fields, i.e., by the spatial configuration of
the immediate environment of a given paramagnetic center.
In particular, the spins which have several nearest neighbors
atadistancer; <F=n"" /3 form packets with w; ~w, locat-
ed near the center of the ESR line. The profiles of these pack-
ets should clearly be close to the profile characteristic of
spatially regular systems, i.e., it should be close to the Gaus-
sian curve.

On the other hand, a paramagnetic center with a specif-
ic nearest neighbor at a distance r; <7 should be regarded
together with this neighbor as a cluster representing a di-
pole-coupled pair with the interaction energy obeying
g; ~ppry >>#b,. The spectrum of such a pair is known as
the Pake doublet?° and represents two lines shifted symme-
trically in both directions from the frequency w, by an inter-
val of the order of ¢, /%i. A set of such doublets is responsible
for the extended Lorentzian wings of a statistical dipole pro-
file G(w; — ). The profile of such spin packets should
again be close to the Gaussian curve, because it is governed
by the interaction between the cluster and its neighbors lo-
cated at distances of the order of 7 from the cluster pair.
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FIG. 6. Relaxation of the ESR absorption signal 4 (¢) to its equi-
librium value 4, obtained for sample No. 1 after the application
of a pulse of ¢, = 15 usec duration (@) and of 20 usec duration
(O) in the case when A = 0. The continuous curve is calculated
using Eq. (14).
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Naturally, this very qualitative picture cannot account
for intermediate cases when £; 2 #i5, and it is pointless to
discuss such fine features as the difference between the
Gaussian of Eq. (6) and the simple exponential curve of Eq.
(7). Nevertheless, even such a coarse model allows for the
chief feature of magnetically dilute systems: the spins with
different local environments are physically inequivalent. In
particular, this means that each given spin cannot experi-
ence, in reasonable time, the action of all possible local fields
described by a statistical distribution G(w; — @,), as is
sometimes assumed.’

A more detailed analysis would require consistent con-
figurational averaging as well as an allowance for the stan-
dard inhomogeneous broadening mechanism. Moreover, the
mechanism of elementary processes resulting in the forma-
tion of spin packets of specific width is still not clear. How-
ever, we are justified even now in concluding that there is a
qualitative agreement between the physical picture provided
above and the experimental results. For example, the profile
of packets in sample No. 1, where the dipole broadening is
comparable with A, is practically identical at the center of
the ESR line and in its far wings. The half-width of the pack-
ets is then about 0.2, i.e., it is comparable with the dipole
interaction at a distance 7. When the concentration is re-
duced by a factor of eight (sample No. 2), the value of §,
decreases by a factor of five. This slight deviation from direct
proportionality can be explained by the hyperfine interac-
tion of the Ce3* ions with the '3 W nuclei, which increases m
somewhat because of the discrete saturation effect.?! Final-
ly, the unusual exponential profile of the wings of the func-
tion g(x) may be compared with a similar dependence of the
cross-relaxation rate, observed frequently in experiments
and clearly due to fundamental physical reasons.

It should also be pointed out that the value of §, found
by us is comparable with the rate of decay of an electron spin
echo, which for many substances is of the order of 0.15,
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(Ref. 23). However, it is difficult to compare directly our
results with the spin echo data, because the ESR saturation
experiments are carried out on a different time scale and a
different configurational averaging procedure is needed in
their interpretation. Nevertheless, the nature of a spin pack-
et is undoubtedly related to the mechanism of phase relax-
ajon and it should be explained within the framework of a
unified model.

Another important result is that energy transfer
between spin packets is a relatively slow process. Even in the
case of sample No. 1, in which the homogeneous broadening
is relatively weak, the minimum spectral diffusion time in
the interval §, amounts to according to our data-about 30
usec, which is almost two orders of magnitude longer than
the irreversible phase relaxation time.'” Such a difference
between times of formation of packets and the interaction
time is a necessary condition for the validity of the spin pack-
et model.

The results on spectral diffusion obtained in the present
study cannot yet be interpreted finally. The agreement
between the experimental results and the solution of the dif-
fusion equation (13), demonstrated in Fig. 5, cannot be re-
garded as very significant. The very weak dependence of D
on A agrees poorly with the current ideas on spectral diffu-
sion.*'>2* Moreover, when an allowance is made for our
estimate of D, it is difficult to account for the establishment
of the same temperature throughout the ESR line, including
its far wings in a time interval 7, €7,. We cannot exclude the
possibility that spectral migration of energy includes a con-
tribution also from multispin cross-relaxation processes.
For example, we can imagine simultaneous reversal of both
spins in a dipole cluster in one direction accompanied by the
transfer of an energy 24w, simultaneously to two “isolated”
centers. Such processes conserve the total Zeeman energy
and can transfer excitation directly over large frequency in-
tervals and for long time intervals they may be more effective
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than the usual spectral diffusion. This aspect also needs a
more thorough theoretical analysis.

The results obtained nevertheless show that the estab-
lishment of a final internal equilibrium in the system of di-
pole-dipole interactions is a relatively slow process in mag-
netically dilute systems and it requires a time 7, > 7,. This
conclusion is reached in Ref. 8 as a result of observations of
the dipole temperature; it is confirmed in the present study
by direct experiments on spin packets.

The authors are grateful to M. I. Rodak and F. S. Dzhe-
parov for discussing the results, and to V. S. Posvyanskii for
computer calculations.
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