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The spin-lattice relaxation of the chromium ion was studied experimentally in a number of
paramagnetic crystals (aluminum acetylacetonate, zinc tungstate, potassium cobalticyanide)

as a function of temperature and concentration of the paramagnetic impurity. The experimen-

tal results are interpreted on the basis of the two stage relaxation model; ion pairs are con-
sidered to be the mediator between the chromium ions and the crystal lattice. Theoretical
estimates of the spin-lattice relaxation probability of exchange pairs and the probability for
cross relaxation between the pairs and single ions are made. The estimates are in good
agreement with the experiments if it is assumed that the main role in the spin-lattice relax-

ation process is played by exchange pairs with a relatively small interaction (J ~ 102 em™).

1. INTRODUCTION

AT the present time the nature of spin-lattice
relaxation in paramagnetic crystals is not com-
pletely clear. The Kronig—Van Vleck theory,“’zj
which does not take the interaction between para-
magnetic ions into account, agrees with experiment
only for very dilute paramagnetic substances. In
order to explain the dependence of the spin-lattice
relaxation time T; on the concentration of the
paramagnetic impurity, Van Vleckl?? put forth a
hypothesis about the possible role in the relaxation
process of paramagnetic ions which, as a conse-
quence of random dilution, happen to be close to
each other and coupled by a strong exchange inter-
action. Such ‘‘exchange pairs’’ can have short
spin-lattice relaxation times (confirmed by exper-
iments on ruby“j ), and can affect the T, of iso-
lated ions by means of cross relaxation.t®]

In a study of the temperature dependence of T,
in ruby Zverev(®] found a region in which T; was
independent of temperature (we shall hereafter
call such regions ‘‘plateaus’’). Just such a
plateau was observed by Prokhorov and Fedorov
in potassium ferricyanide,[u and by the author
and Popov in magnesium and zinc tungstates con-
taining chromium as an irnpurity.ts] In order to
explain their results, all of these authors assumed
that over a certain interval of temperature it was
not really the spin-lattice relaxation time of the
paramagnetic ions that was being experimentally
measured, but the cross-relaxation time between
these ions and certain other centers that were

well-coupled to the crystal lattice. The whole
relaxation process therefore occurs in two stages:
initially the energy of the spin system is trans-
ferred by cross relaxation to these other centers,
and then it is transferred from them to the crystal
lattice.

The solution of the rate equations describing
this process gives the following expression for the
exponential coefficient for the restoration of the
paramagnetic absorption signal after the end of a
saturating pulse[”]:

W= wi + weN[1 4+ wen/ (w, — wi) ] (1)

Here n is the number of the principal paramag-
netic ions; w; is their rate of spin-lattice relaxa-
tion; N and w, is the number of auxiliary centers
and the rate of their spin-lattice relaxation; wy,
is the probability of cross relaxation between the
two types of particles. In the derivation of Eq. (1)
it was assumed that N < n and wy > wy.

If the rate of the whole relaxation process is
limited by cross relaxation, i.e.,

wigh << Wy — Wy, (2)
then from (1) we have
W = Wy —+— wizN. (3)

In this case the extra spin-lattice relaxation rate
wioN does not depend on the temperature of the
lattice, which corresponds to the aforementioned
temperature plateau. Under the condition

Wian > wy — Wy (4)
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the rate of the relaxation process is limited by the
transfer of energy from the auxiliary centers to
the crystal lattice. Then it follows from (1) that

W = wy + Nn_i(LUz— wi). (5)

The transition from (2), (3) to (4), (5) should
take place when the temperature is lowered (be-
cause of the decrease in wy) and when the concen-
tration is increased (increase in n). This has
been observed experimentally by a number of
authors,6*] and they assumed that the auxiliary
centers that speed up the spin-lattice relaxation
are exchange pairs of ions. In order to verify this
assumption it is necessary to investigate thoroughly
the concentration dependence of the relaxation
times both over the plateau regions and outside
of them. It is also of interest to study the spin-
lattice relaxation in crystals with a large lattice
constant, in which strong exchange interaction
between the paramagnetic ions does not exist.
Finally, it is necessary to calculate theoretically
the relaxation rate of the exchange pairs and to
consider the conditions under which cross relaxa-
tion between isolated ions and exchange pairs is
possible. In this paper these problems are inves-
tigated for some specific cases.

2. EXPERIMENTAL RESULTS AND DISCUSSION

A. Spin-lattice relaxation of trivalent chromium
in aluminum acetylacetonate.—The EPR spectrum
of the Cr* ion, substituting for aluminum in the
acetylacetonate Al(CH;COCHCOCHj;);, was investi-

FIG. 1. Temperature dependence of: a — spin-lattice
relaxation time T,, b — probability w' for
Al(CH,COCHCOCH,),, Cr**: + — C = 0.3%, A — C = 1%,
® — C =1.65%, and for ZnWO‘,Cr”: 0 - C =0.02%,
®_-C=0.18%, 0— C =0.27%, A — C = 0.46%,

m— C =0.57%.
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gated by Singer[ 10] and is described by a spin
Hamiltonian of rhombic symmetry with the param-
eters g = 1.983, | D| = 0.592 em™, and

E = 0.052 cm™!. At room temperature there are
two magnetically non-equivalent complexes, dif-
fering only in the directions of their principal
axes. At 4.2°K however, we observed six non-
equivalent complexes, which is evidently due to
the lowering of the lattice symmetry upon cooling.

Since the closest separation between the alum-
inum ions in the acetylacetonate is about 7.5 A
(see [11]), the exchange interaction between the
chromium ions cannot be large compared with
|D| (in ruby, for example, this interaction is
about 0.5 cm™! for an inter-ionic spacing of about
6 AL2)y, In view of this, the hypothesis about the
effect of exchange pairs with a large interaction on
the spin-lattice relaxation(*] is inapplicable in this
case.

All the spin-lattice measurements described in
this paper were carried out by the pulse-saturation
method at X-band frequencies (the apparatus was
described in (%] ). In order to separate the concen-
tration-dependent spin relaxation from the Kronig-
Van Vleck type, the results of the measurements
were treated in the following way.

If w=1/T, is the total spin-lattice relaxation
probability and wg = l/T(l) is the relaxation proba-
bility for a small chromium concentration, inde-
pendent of the concentration C, then the quantity

(6)

u"—_—w—wo

is that part of the relaxation probability that de-
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pends on C and is the subject of the present inves-
tigation. In the two-stage relaxation mechanism
the quantity w’ corresponds to the second term in
(1).

Figure 1 shows the results of the measurements
of T; of the transition —% < +Y% for H1ll z for
one of the magnetic complexes of chromium in the
acetylacetonate. The relaxation time measured at
chromium concentrations C = 0.3 atomic percent
( Fig. 1a) is independent of C; these data were
used to determine wy. In Fig. 1b is shown the
temperature behavior of the probability w’ for
C=1% and C =1.65%. It is seen that for
C = 1.65% the quantity w’ ~ 0.6 x 10° sec™
depends very slightly on temperature, i.e., a tem-
perature plateau is observed, similar to the one
described in (681,

For C = 1% the measurement errors did not
permit an accurate determination of w’; neverthe-
less, it is clear that in every case, w' = 0.12
x 10° sec™!, and thus there is a strong concentration
dependence of w’ (w’ «« C* — C%).

Therefore a two-stage relaxation process also
takes place in the acetylacetonate. The number of
auxiliary centers that speed up this process de-
pends strongly on concentration, as would be the
case also if these centers are exchange pairs or
groups of chromium ions; in this case, as has al-
ready been mentioned, they can only be pairs with
a relatively weak interaction.

B. The concentration dependence of the proba-
bility w’ in the plateau regions.—A thorough in-
vestigation of this dependence was carried out on
zinc tungstate containing chromium as an impurity;
the range of temperatures and concentrations was
considerably wider than that used in (8], The prin-
cipal measurements were carried out for the tran-
sition -1/2 ~— + 1/2 for HIl a, i.e., at an angle of
about 4° with the magnetic z axis. The measured
time T; did not vary with a change in this angle of
15—20°; consequently, the harmonic cross-
relaxation between the transitions — Y% ~— +%
and —%, < +%, observed by Manenkov and Prok-
horov in ruby[m] did not affect the results.
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FIG. 2. Dependence of the quantity w' in the plateau regions
on the concentration of chromium in ZnWO,.

The dependence of Ty and w’ on temperature
for various concentrations of chromium is shown
in Figs. 1a and 1b; in the latter, plateau regions
are clearly visible. Figure 2 shows the dependence
of w’ on the plateau on the chromium concentra-
tion; the solid line corresponds to the law
w' o« C3.

The table gives all the presently available data
on w’ over regions of the temperature plateau. It
is seen from the table that the presence of plateaus
in the temperature behavior of w’ is not accidental,
but is rather a rule that holds for the entire series
of substances. The table also gives an ample
amount of information about the dependence of w’
on C; inall cases we have w’ « C3. Since w’ cor-
responds to the term w;N of Eq. (3), we can
speak about the corresponding concentration de-
pendence of the number of auxiliary centers re-
sponsible for speeding up the relaxation.

There are many fewer data on the Fe®* ion in
the table; however an extremely strong concentra-
tion dependence of w’ is obvious (not less than a
fifth power law). The possible reasons for such a

Data on the plateaus in the temperature dependence of w’

Wave- | o pendence
Substance C.% 1eggth, ofpw‘ on C Reference
AlyO3, Cr3t 0,28 3 No data [%}
! + 1.7 3,5; 17 w = (6 o] *

K3Co (CN)s, Fe? {0‘21’ 0.46 750 w = C5 7]

MgWOy,, Cr3* 0.12; 0.23 3 w o« O3 [#]
ZnWQ,, Cr3+ 0.1—0.56 3 w’ < 03 1[8], present paper
1; 1.65 3 w o« C3 — C* present paper

Al (CH3COCHCOCHj3)s, Cr3*

*We found the plateau by analyzing the table of results given in the paper by

Rannstad and Wagner.[g]
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strong concentration dependence will be discussed
in Sec. 4.

C. Spin-lattice relaxation of Cr® in crystals of
K;Co(CN)¢z.—The EPR spectrum of Ccr* in crystals
of K3Co(CN), was studied by Baker, Bleaney, and
Bowers[ 4] and is described by a spin Hamiltonian
of rhombic symmetry with the parameters S = 3/2,
D =0.0831 cm™!, E = 0.0108 cm™?, gz = 1.993,
gx = 8y = 1.991, and there are two non-equivalent
magnetic complexes, differing by the directions of
the x and z axes. Up until the present, investiga-
tions of the spin-lattice relaxation in this sub-
stancel%%8] have been carried out with such
orientations of the external magnetic field H that
the spectra from both magnetic complexes were
superposed. We measured the relaxation time T,
as a function of the superposition or non-super-
position of the EPR lines belonging to the dif-
ferent magnetic complexes.

We investigated samples of K3Co(CN), having
chromium concentrations of 0.05, 0.3, and 0.9%.
The time T; was measured for the transition
% < Y (quantum numbers in the high-field ap-
proximation), with the field H located in the crys-
tallographic ab plane. In this plane are found the
magnetic axes of the two complexes x;, x; and z,,
Zs, and the superposition of both spectra occurs
when H Il 2 and H I} b.

Figure 3 shows the dependence of T; on the
orientation of the magnetic field H at temperatures
4.2 and 1.75° K for different chromium concentra-
tions. It is seen that at the concentrations 0.3 and
0.9% the relaxation time in the immediate vicinity
of the direction a depends on the separation be-
tween the lines belonging to the two unequivalent
complexes; this may be due to the cross relaxation
between them. However, for a greater separation
of the lines T; becomes constant, but remains
shorter than in the case when the complexes are
superposed (H |l a). At the same time, for
C =0.05% (when T, is independent of concentra-
tion) this reduction in the relaxation time does
not take place.

This result, unexpected at first sight, can also
be explained on the basis of the two-stage relaxa-
tion model proposed above. Actually, when there
is good coupling between the chromium ions and
the auxiliary paramagnetic centers (the exchange
pairs) that accelerate the relaxation, the relations
(4) and (5) are in effect. If it is assumed that the
number of auxiliary centers N that interact with
the chromium ions does not vary much when the
angle 6 between the field H and the a axis is
changed, then when the two spectra are superposed
the second term of the sum in (5) should be de-
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FIG. 3. Dependence of the spin-lattice relaxation time of
chromium in K,Co(CN), on the direction of the magnetic field
relative to the a axis: O,m— C = 0.05%, A,A — C =0.3%,

0,0 — C = 0.9%. The open signs correspond to T = 1.75°K,
the solid ones to 4.2°K.

FIG. 4. The temperature dependence of the spin-lattice re-
laxation time of chromium in K,Co(CN), under conditions of
superposition and non-superposition of the spectra belonging
to the unequivalent magnetic complexes: m— C = 0.05%,

A - C =0.3%, 0 — C = 0.9%. The open triangles and circles
correspond to coincidence of the spectra (6 = 0), the solid
ones to non-coincidence (6 = 179).

creased, since the number of chromium ions par-
ticipating in the process n is doubled. In Fig. 4,
which gives the temperature behavior of T; for
different concentrations and for angles 6 = 0 and
6 = 17°, it is seen that effect of increasing T,
when the spectra are superposed is enhanced as
the temperature is lowered. The curve in Fig. 4
corresponding to C = 0.9% and 6 = 17° has a
region of weak dependence on temperature (a
plateau), whereas at 6 = 0 the plateau is not ob-
served. This feature can also be explained on the
basis of condition (2), if it is considered that at

6 = 0 the number n is doubled, and the inequality
(2), which is necessary for the existence of the
plateau, can cease to be fulfilled.

It should be realized that, in contrast to the
substances considered above with a large zero-
field splitting of the energy levels (tungstate,
acetylacetonate), where the spin-lattice relaxation
is accomplished via widely-spaced energy levels,
L8173 jp the cyanide the exponent of the relaxation
exponential is a complicated combination of six
relaxation transition probabilities wjj among the
four chromium energy levels. In view of this it is
impossible in this case to treat the results accord-
ing to the method specified by Eq. (6). In addition,
the different dependence of the quantities wjj on
concentration can lead to complication of the curve
of restoration of the EPR signal after saturation,
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and this is in fact observed at C = 0.9%. Already
in this case the relaxation curve is not described
by a single exponential (which was noted by Castle,
Chester, and Wagner[w] ). The results shown in
Figs. 3 and 4 for C = 0.9% correspond to an asymp-
totic time constant measured on the ‘“tail’’ of the
restoration curve.

We remark that the shortening of T; when the
chromium concentration is increased (for a given
angle 0) indicates that there is no superheating of
the phonons.[m’“’]

3. THEORETICAL EVALUATION OF THE SPIN-
LATTICE RELAXATION OF EXCHANGE PAIRS

We shall consider a pair of Cr® ions, coupled
by an isotropic exchange interaction of the form
JQISz, where J is the exchange integral, §1 and @2
are the spin operators of each of the ions that
make up the pair. We assume that
J=Jyexp (—¢r), where r is the spacing between
the ions in the pair, and Jy and ¢ are constants.
We shall determine the rate of spin-lattice relaxa-
tion of this pair under the influence of the lattice
vibrations, which modulate the exchange interac-
tion between the ions (the variation of the Waller
mechanism considered by Al’tshuler(207).

Using the procedure suggested by Mattuck and
Strandberg,E“] we obtain an expression for the
spin-lattice relaxation probability:

3 02 2 2
Wi = %—n;lzvliz—gﬂj—ldihlz, (7
where v is the transition frequency, v is the
speed of sound, p is the density of the crystal, and
ajk is the matrix element of the transition between
states i and k of the pair under the influence of
the operator éléz. Equation (7) is analogous to the
relation given by Al’tshuler.[?"] However, in C21]
it is assumed that all the ions in the crystal are
exchange coupled, which also leads to acceleration
of the spin-lattice relaxation; but here it is pre-
sumed that only an insignificant portion of the ions
consist of exchange pairs, and the relaxation of the
remaining particles proceeds in two stages. Such
a treatment is dictated by the experimental data
(see Sec. 2).

To calculate the aji we used the eigenvalues
and eigenfunctions given by Mash and Rodak! %%
for a pair of chromium ions coupled by an iso-
tropic exchange interaction and situated in an
axial crystalline field and in an external field H
parallel to the magnetic z axis. The result of the
calculation gives unwieldy expressions for the four
non-zero matrix elements, which we do not give
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here for lack of space. For the case J > D (D is
the spin Hamiltonian parameter)

as,10 = yipe = 2Y6D [ 5], aisu= 6D /5], ape=2D/],

and for the case J <D

Qg10 = a2 =716, A= ai515=23

(the levels are numbered to correspond to the
work of Mash and Rodak'??J). The frequencies of
the corresponding transitions are determined from
the expressions

Vo, 10 = V1,12 = 2R~1[{(D — 1/2])2 + 6J2] ",
vizu = 2h [/ % + (2D — 27)2]",

Vis6 = 201 (2D)2 4 */uJ2] ™ (8)

We shall now find the minimum value of J for
which the quantity wjk calculated from Eq. (7)
would correspond to the experimental data for the
Cr® ion in ZnWO, (Fig. 1). For T =4.2°K,

p =5.7, v~ 10° cm/sec, 2D/h = 50 Ges, 1%
£=1.6Xx 10 em™!, J/h = 2.5 x 108 cps, r =8 X
10~® cm, we find from Eq. (7) that wik ~ 10* sec™.
The magnitudes of r and ¢ were here chosen on
the basis of the paper by Statz et al.['?) where, in
particular, the dependence of the exchange integral
in ruby on distance is shown.

In that region of temperatures and concentra-
tions where the relaxation ‘‘bottleneck’ is the
transfer of energy from the exchange pairs to the
lattice, the experimental magnitude of w’ corre-
sponds to the expression Nwjk/n (Eq. (5)). The
concentration C, of the exchange pairs, for which
J/h =~ 2.5 x 10° cps, equals

Co = 1/,2(?, (9)
where Z is the number of lattice sites in the coor-
dination sphere of radius r in the center of which
the chromium ion is located. For the tungstate
latticel?? the number Z = 20 in a spherical layer
of thickness 1 A with a mean radius of 8 A, and for
C = 3 x 1073 we obtain Nwji/n = 3 x 10% sec’},
which agrees well with experiment.

If the spacing r between the ions is increased,
the integral J will decrease exponentially, and
wik rapidly diminishes, in spite of the increase in
Z (Z « r?), to values that do not correspond to
experiment. Hence the ratio J/h = 2.5 x 10® cps
is, under the assumptions made, the minimum
value of the isotropic exchange interaction that is
sufficient to provide a mechanism for the relaxa-
tion of the chromium ion in ZnWO, via exchange
pairs. Pairs of ions for which r < 8 A and
J/h > 2.5 x 108 cps can in principle be even more
effective. It will be shown below, however, that



ON THE MECHANISM OF PARAMAGNETIC SPIN-LATTICE RELAXATION

pairs with a large value of J cannot always play a
role in the relaxation process because of weak
coupling to the isolated ions.

The calculation presented is valid for a crystal-
line field of axial symmetry. The inclusion of
terms in the spin Hamiltonian corresponding to a
small admixture of rhombic symmetry (the param-
eter E) in the tungstates, acetylacetonate, and
cyanide, lead to the appearance of several new non-
zero matrix elements ajix. However, if the ratio
E/D is small, these matrix elements turn out to
be much smaller than unity, and the corresponding
spin-lattice relaxation probabilities can be
neglected.

4, CROSS-RELAXATION BETWEEN SINGLE IONS
AND EXCHANGE PAIRS

The transfer of energy from single ions to the
exchange pairs can take place by cross relaxation.t?]
In order that this process be effective, it is neces-
sary that any of the transitions in the spectrum of
the single ion should be close in frequency to one
of the exchange-pair transitions indicated in (8).
The fulfillment of this condition depends on the re-
lation between the splitting of the energy levels of
the single ion in zero magnetic field, equal to
~ 2D, and the quantity hv,, where v, is the fre-
quency at which measurements are made.

We shall consider first the case 2D > hy,,
corresponding to the spectra of Cr® in the tung-
states and the acetylacetonate. For H Il z and
E « D the frequencies of the transitions of a
single chromium ion are given by the expressions

V(= +) = hgBH, v (—%2<>+3)s) = 3h~'gBH,

V(3> 1) = h1(2D + gBH),

v(£3/o <> F1fp) = h1(2D &= 2gBH). (10)

From a comparison of (8) and (10) it is seen that
for 2D > gBH we can expect approximate coinci-
dence only for frequencies vg,19 = V11,12 on the one
hand and v(+3%, < + %) on the other. However
such a coincidence is possible only for a com-
pletely specified value of the exchange integral J.
Thus, for example, for 2D/h = 50 Ges and

vo = 10 Ges, the condition v (+%, ~= +Y,) ~ vy 4y
is fulfilled for J/h = 10 Ges, and the condition
v(+3y == —Y,) =~ vy, for J/h =12 Ges. And if
in the given crystal there are no exchange pairs
with these values of J, then the necessary close-
ness of frequencies for the accomplishment of
cross relaxation will not exist. We also note that
in the acetylacetonate, where the closest distance
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between ions is 7.5 A, the existence of exchange
pairs for which J/h = 10 Ges is rather doubtful.

Therefore, direct spin-spin coupling between
single ions and exchange pairs at frequencies cor-
responding to rapidly relaxing transitions of the
latter is not very likely in substances with a large
zero-field splitting.

Nonetheless, in such crystals rapid relaxation
of exchange pairs can influence the spin-lattice re-
laxation of the single ions. Consider the case
J < gBH « 2D. Figure 5 shows a diagram of the
energy levels of an exchange pair corresponding
to this condition; alongside of it for comparison
are shown the levels of a single chromium ion.

The wavy arrows in Fig. 5 indicate transitions
with fast relaxation to which correspond the fre-
quencies Vg, 19 = V11,12 & 2D/h and Vi3, 44 ® Vys,16

~ 4D/h. Cross relaxation at these frequencies is
possible if there is included in the process, in ad-
dition to the exchange pair and the single chromium
ion being observed (ion No. 1), still another single
ion (ion No. 2). The process can go in this way,
for example: First there is a transition + 1/2

~— -Y% inion No. 1 ( Fig. 5b) with a simultaneous
transition 12 — 14 in the pair spectrum

( Fig. 5a), where v (+% ~— —',) ~ vy, 14, and then
ion No. 2 makes a transition from level —%, to
level —Y%, with a simultaneous pair transition
from state 14 to level 11. In this v (=3 ~— =)
® Vy1,14. Both times the difference in the frequen-
cies of the transitions participating in the cross
relaxation is of the order vq — vg ~ J/h (seel?2]),
As a result of this process, ion No. 1, which is
being observed at frequency v, undergoes a re-
laxation transition to a lower energy level, and

the exchange pair makes a transition from level 12

9/

1-/:

77 74
b /2

FIG. 5. Energy levels of an exchange pair of chromium ions
for the case J < 2D (a) and of a single ion (b).
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to level 11, whereupon it rapidly gives up the
energy to the crystal lattice at the frequency
Vi1,12- One can easily discern several other
variants of processes of this kind, in which the
exchange pair and ions No. 1 and No. 2 participate.

If it is assumed that cross relaxation occurs
mainly via the dipole-dipole interaction of the
exchange pair with its nearest-neighbor single
ions, which are distributed in some spherical
layer of thickness Ar with mean radius r (the
radius of effective interaction), then the cross-
relaxation probability wey, which corresponds in
our case to the quantity Nwy, introduced in (1), is
determined by the formulal?

(2m)%
2.145

(Va — vp)?
2{Avap®>

Wer &~

2/ ¢y vagtexp | — |- an
Here (Au(zxﬁ> is the total second moment of the
shape function corresponding to the cross-
relaxation process, Z’ is the number of sites in
the effective interaction layer, and Cj is the con-
centration of exchange pairs participating in the
cross relaxation process considered above, i.e.,
only those pairs that have an additional ion (ion
No. 2) near them. The number C; is proportional
to the cube of the concentration of the paramagnetic
impurity, which explains the experimentally ob-
served dependence w’ « C® (see the table).

note that for ions with spin s = Y%, ( e.g., Fe** in
the cyanide), the spectrum of which consists only
of a single transition, a cross relaxation process
similar to the one described above occurs only
with the participation in the interaction of a still
greater number of particles. In this case one has
to expect a still stronger dependence of w’ on con-
centration, which is indeed observed experimen-
tally (table).

For further estimates, it is reasonable to take
r=10 IQX, since evidently exchange forces stronger
than the dipole-dipole interaction act between ions
that are still closer together than that. Conse-
quently, such ions have to be considered as compo-
nents of exchange pairs. For this value of r, we
find that the quantity (Av? B> Y2~ 108 cps (see
(24] ), and on the basis of the calculation carried
out in the preceding section, we take the difference
vo — Vg ~ J/h equal to 2.5 x 10® cps. For zinc
tungstate the value of Z’ is about 50 for Ar = 2 A,
and for C 3 x 107 we find from (11) that wer
~ 10% sec”!, which agrees well with the experi-
mental quantity w’ in the plateau regions.

The transfer of energy from the single ions to
the exchange pairs is facilitated if 2D ~ hvy. In
fact, in this case, for J < 2D, the transition fre-
quencies of the exchange pair (8) that are well-
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coupled to the lattice are close to the transition
frequencies of the single ion, and besides the
cross relaxation process we have discussed in-
volving the exchange pair and two single ions, a
direct cross relaxation process is also possible.
Apparently this is the situation for the chromium
ion in the hexacyanide. We remark that in this
substance (and generally in crystals with a small
zero-field splitting), pairs with the stronger ex-
change interaction J ~ 2D can also be effective
(see Egs. (8) and (10)), if such pairs exist in the
crystal.

5. CONCLUSIONS

Thus the experimental data on the spin-lattice
relaxation of an entire series of paramagnetic
crystals and the theoretical estimates thereof
furnish evidence that in a certain interval of con-
centrations and temperatures the relaxation proc-
ess goes in two stages, and the mediator between
the paramagnetic impurity and the crystal lattice
can be pairs of exchange-coupled ions. For sub-
stances with large zero-field splitting, the princi-
pal role is evidently played by weakly-coupled
pairs (J ~ 1072 cm™) whose spectrum allows a
cross relaxation interaction with single ions. We
note that the spectrum of such pairs essentially
lies in the far wings of the principal absorption
lines; from this viewpoint one may say that the
line gives up its energy to the lattice via its own
wings.

The calculation of the interaction between the
exchange pairs and the crystal lattice on the one
hand, and the single ions on the other, gives good
agreement with experiment both in the numerical
estimates and in the determination of the form of
the concentration dependence of the relaxation
rate. It should be kept in mind, of course, that
these numerical estimates are very approximate
and give only order-of-magnitude results.

In conclusion, we note that in ruby, in contrast
to the other crystals considered, the temperature
plateau was observed only for C = 0.28%,[6]
whereas T is already concentration dependent
in this substance at C = 0.05%.[25] It is extremely
probable that at C < 0.28% the spin-lattice relaxa-
tion in ruby is controlled by another mechanism,
for example phonon scattering by structural defects
(in particular, by the impurity ions), as suggested
by Kochelaev.[%#] Because of the low spin-lattice
relaxation rate, this mechanism can turn out to be
more effective in ruby with a low concentration of
chromium than in the other paramagnetic crystals.
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