there is a reduction also in the quantum efficiency for
a single scattering of a photon, which—when allowance
is made for a,—is

8

Ty E&—Q

By = 2
Trad &

When @, is close to unity, the quantum efficiency de-
creases rapidly on reduction in &,. Consequently, for
@ @) =1 the line width of the scattered radiation may
be considerably less than I'. It then follows from Figs.
4 and 5 that the degree of polarization of the radiation
increases away from the line center, so that the aver-
age degree of polarization of a line may exceed greatly
the degree of polarization at the center. In the case of
strong inhomogeneous broadening I'' > I" with a Lo-
rentzian distribution of the frequency w,, Eqs. (55) and
(56) should be modified by replacing I' with I,

We shall conclude by noting that the above theory ap-
plies also to the Rayleigh scattering of polarized light
by defects in isotropic solid and liquid media, and—
under certain conditions—it also describes the reso-
nance scattering of acoustic phonons.*®’

The authors are grateful to N. A. Silant’ev for his
valuable advice in discussions.

'E. L. Ivchenko, G. E. Pikus, B. S. Razbirin, and A. N.
Starukhin, Zh. Eksp. Teor. Fiz. 72, 2230 (1977) [Sov.
Phys. JETP 45, 1172 (1977)1.

2E. M. Gamarts, E. L. Ivchenko, M. I. Karaman, V. P.
Mushinskif, G. E. Pikus, B. S. Razbirin, and A. N. Staruk-
hin, Zh. Eksp. Teor. Fiz. 73, 1113 (1977) [Sov. Phys. JETP
46, 590 (1977)1.

33, Chandrasekhar, Radiative Transfer, Clarendon Press,

Oxford, 1950 (Russ. Transl., OL, M., 1953).

v, v. Sobolev, Perenos luchistol énergii v atmosferakh
zvezd i planet (Transfer of Radiant Energy in the Atmo-
spheres of Stars and Planets), Gostekhizdat, M., 1956.

5v. M. Agranovich and Yu. V. Konobeev, Opt. Spektrosk. 6,
648 (1959); 11, 369 (1961) [Opt. Spectrosc. (USSR) 6, 421
(1959); 11, 199 (1961)].

V. I. Doronina, Yu. V. Konobeev, and Sh. D. Khan-Magome-
tova, Opt. Spektrosk. 28, 811 (1970) [Opt. Spectrosc. (USSR)
28, 436 (1970)].

V. M. Agranovich and M. D. Galanin, Perenos élektronnogo
vozbuzhdeniya v kondensirovannykh sredakh (Transfer of
Electron Excitation in Condensed Media), Nauka, M., 1978.

BS. D. Gutshabash, Opt. Spektrosk. 42, 365 (1977) [Opt. Spect~
rosc. (USSR) 42, 204 (1977)].

E. P. Zege and I. L. Katsev, Zh. Prikl. Spektrosk. 31, 327
(1979).

10E. L. Ivchenko and N. Kh. Yuldashev, Fiz. Tverd. Tela
(Leningrad) 21, 2182 (1979) [Sov. Phys. Solid State 21, 1255
(1979)1.

"M. Bornand E. Wolf, Principles of Optics, 4th ed., Perga-
mon Press, Oxford, 1970 (Russ. Transl., Nauka, M., 1973).

12y. A. Ambartsumyan, Astron. Zh. 19, 1 (1942); Dokl. Akad.
Nauk SSSR 38, 257 (1943); J. Phys. USSR 8, 65 (1944).

133, Lenoble, J. Quant. Spectrosc. Radiat. Transfer 10, 533
(1970).

14Yu. N. Barabanenkov, Usp. Fiz. Nauk 117, 49 (1975) [Sov.
Phys. Usp. 18, 673 (1975)].

15A, F. Verlan’ and V. S. Sizikov, Metody resheniya integral’-
nykh uravnenif s programmami dlya EvMm (spravochnoe poso-
bie) [Methods for Solution of Integral Equations with Computer
Programs (Handhook)], Naukova Dumka, Kiev, 1978.

161, B. Levinson, Zh. Eksp. Teor. Fiz. 75, 234 (1978) [Sov.
Phys. JETP 48, 117 (1978)].

17y, A. Malyshev and V. L. Shekhtman, Fiz. Tverd. Tela
(Leningrad) 20, 2915 (1978) [Sov. Phys. Solid State 20, 1684
(1978)1.

Translated by A. Tybulewicz

Phase relaxation investigation under conditions of

appreciable spin polarization
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Measurements were made of the phase-memory time T, of Yb’* ions in CaWO, single crystals activated
simultaneously with Yb** and Tb** ions, which have substantially different g-factors. Under conditions when
T, is determined by the dipole-dipole interactions between the Yb’* and Tb** ions, a strong decrease of the
relaxation rate T, ~' is observed with decreasing temperature. This is due to the considerable polarization of

the Tb’* ions, for which the condition kT <gBH is satisfied.

PACS numbers: 61.80.Jh

1. INTRODUCTION

The overwhelming majority of EPR research has
been performed under conditions when the high-tem-
perature approximation is valid, i.e., g8H < kT (the
notation here is standard). Yet the courses of the
spin-spin and spin-lattice relaxation should change sub-
stantially if appreciable spin polarization” takes place,
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i.e., gBH> kT. Experiments when the low-temperature
approximation is valid are of particular interest if

the investigations are performed by the electron spin
echo (ESE) method, which is highly effective in the
study of relaxation processes. No such investigations
were performed previously, apparently because of the
need for obtaining very low temperatures: thus, at
wavelengths ~3 cm we have gpH ~0.5 K so that the hard-
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to-get temperatures <0.3 K are needed.

We report here the results of an experimental inves-
tigation of relaxation processes by the ESE method
under low-temperature conditions. We have used here
certain features of the ESE method, which made it pos-
sible to satisfy the condition g8H > kT at the usual
helium temperatures in easily attainable magnetic
fields. The phase-memory time T, measured by the
ESE method is determined in the general case by both
spin-lattice and spin-spin interactions. The mechan-
isms that determine the observable rate of the phase
relaxation (PR) have by now been investigated in suf-
ficient detail.'? It has been shown, in particular, that
under conditions when the spin-lattice interactions
are weak and exert no noticeable direct influence on the
rate of the PR, so that T, is determined by the dipole-
dipole interactions, the major role is assumed by the
mechanisms of instantaneous diffusion (ID) and spectral
diffusion (SD).

The condition kT < gBH is quite differently satisfied
for ID and SD; to demonstrate this, we recall the gist
of the ID and SD mechanisms. We shall refer to the
spins that are excited by a microwave field of ampli-
tude H, and produce the spin-echo signal as the spins
A, while the remaining spins, which do not participate
in the formation of the echo signals but can exert a sub-
stantial influence on the rate of the PR of spins A, will
be designated spins B. If the ID process is effective,
then the PR rate is determined by the fraction of spins
A excited by the field H, and by the magnitude of their
dipole-dipole interaction. In this case the aforemen-
tioned difficulty of satisfying the condition 2T < gBH is
unavoidable. If the SD is the effective mechanism, then
the PR rate of the spins A4 is determined by the dipole-
dipole interactions of the spins A with the spins and by
the rate W of reorientation of the spins B on account of
the spin-lattice or spin-spin interactions. It turns out
that in this case the condition 2T < gBH can be satisfied
at easily obtainable magnetic fields and temperatures.

The idea of the experiment is the following. We
choose for the investigation a sample containing two
sorts of paramagnetic centers with substantially differ-
ent g-factors and concentrations. This choice of the
sample is governed by the following factors. First, if
the concentration of the investigated spins (spins A) in
the sample is negligible and the number of the other
spins (spins B) is large, then the phase relaxation of
spins A is determined mainly by the dipole-dipole inter-
actions with spins B. Second, if the spins A are chosen

TABLE I. Experimental data on the phase relaxation of Yb’* ions

in CaWO, + Yb** + Th** single crystals with orientation ¢ = 0°.

Dependence of X 3
N, Sample T.K Ty, on the am- % E
plitude of H, , &
1 CaWO; + 0,00% Yb3+ +0.4% Tb*+ 4,23 | None 3/s 8.5
1.64 Weak =3/, 35—-40
II CaWO, + 0.01% Yb*+ + 1% Tb+ ?.‘233 None :; 2 zg
3 2
III CaWO; + 0.1% Yb3+ + 0,1% Th*+ 424 Strong =3/, 6-17.5
1.53 Strong 1-3/; |13-30
v CaWO; + 0.002% Yb3+ + 0,4% Ths+ ?,% None 522 ég
* None
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to be paramagnetic centers with small g factor, so as
to operate in a sufficiently strong (but easily attainable)
magnetic field, while the spins B are centers with
large g factors, then the condition ggH > kT for the
spins B will be satisfied at easily attainable magnetic
fields and temperatures. It is precisely under these
conditions that we have investigated the PR in the pre-
sent study.

2. EXPERIMENTAL RESULTS

As the investigation object we have chosen a CaWOQ,
single crystal simultaneously activated by Yb** and Tb%*
ions. The g-factors of the impurity ions in the tetra-
gonal field of the CaWQ, crystal are strongly anisotropic
and their values are Yb®* —g=1.054,,=3.014,° and
Tb** -g,=17.7117,£,<0.15.* We have investigated four
CaWOQ, samples with different concentrations of the
Yb%* and Tb®* ions, namely: CaWQ,+0.01% Yb®*+.01%
Tb%* (sample I); CaWO, +0.01% Yb** +1% Tb** (sample
II); CaWOQ, +0.1% Yb**+0.01% Tb** (sample III); CaWO,
+0.002% Yb%* +0.1% Tb** (sample IV). The role of the
spins A was assumed in this case by the Yb®* ions, and
that of spins B by the Tb®* ions. The phase-memory
times were measured at a frequency ~9.4 GHz with a
spin-echo spectrometer similar to that described
earlier.®

The experimentally observed decrease of the spin-
echo signal amplitude with increasing time 7 between
the microwave pulses that form the echo signal can
always be well described by a relation in the form

A (2t) =exp{—(2v/Tn)"}, (1)
where « takes on values from 1 to 2.

It follows from the data on the g-factor that if T, is
measured with Yb%* ions in the orientation 6 =0° (4 is the
angle between the magnetic field and the ¢ axis of the
crystal), i.e., working in a 6.23 kG magnetic field, we
get for the Tb®* ions gBH =17.6 K. At the lowest tem-
perature obtained in our experiments, namely ~1.5 K,
the polarization of the Tb** ions in this orientation is

£,GHz
'
80

0+

FIG. 1. Energy level scheme of Tb** ion in CaWO, crystals at
certain values of the angle 9 in a magnetic field corresponding
to the resonant frequency of the Yb** ion. 1) §=0° Hye =6.23

kG; 2) §=30° Hps =3.1 kG; 3) 9 =60°, Hye =1.95 kG; 4) §=90°,
Hyes =1.71 kG, Dashed lines— Zeeman splitting of the Yb** ion.
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very substantial, p =0.987. On deviating from the orien-
tation 6 =0°, i.e., when the EPR signal from Yb** is ob-
served in a weaker magnetic field and the g-factor of
Tb* decreases, the values of ggH and of the Tb®* polar-
ization decrease. Thus, at 6 =30° we have ggH =3.2 K
and p=0.789 (at T~ 1.5 K). At 6=60° and more so at

6 =90° the value of ggH for the Tb®* ions in the resonant
magnetic field of the Yb®* ions becomes even smaller,
and the polarization is insignificant (even at T ~1.5 K).

Since we are primarily interested in data on the
phase-memory times of the Yb®* ions under conditions
of appreciable spin polarization of the Tb%* ions, we
present in the table some experimental results obtained
at low temperature at the orientation H|[c (§ =0°). It is
seen from the table that the most suitable object for our
problem is sample IV, in which no contribution what-
ever is made to the phase relaxation by the instantan-
eous spectral diffusion, as follows from the indepen-
dence of T,, of the amplitude H, (see Fig. 2), and the
times T, are long enough to permit expansion of the
range of investigated relaxation times.

The measured phase-memory times T, of the Yb®**
ions in sample IV are shown in Fig. 3 for various or-
ientations of the magnetic field relative to the ¢ axis
of the crystal. The figure shows also data from Refs.
6 and 7 on the spin-lattice relaxation times T, of the
ions Yb** and Tb®* in CaWOQ,. It is seen from Fig. 3
that at 7> 6 K the times 7, become much shorter, a
fact that can be attributed to the substantial role of the
time of the spin-lattice relaxation of the Yb%* and Tb**
ions.

We consider now the measured T,, of the Yb** jons
in the range 1.5-6 K. As a rule, at these temperatures
the times T, are independent of temperature (see, e.g.,
the preceding study® of T, for Yb** in CaWQ, in the
absence of the Tb** impurity), but is must be noted that
the published data were obtained under conditions of
negligible spin polarization. The results of the mea-
surements of T, of the Yb** ions in CaWO, +Yb +Tb in
the 1.5-6 K range can be described as follows: With
decreasing temperature, at 6 =0°, when the polarization
increases considerably the time T, also increases
strongly; at 6 =30°, when the polarization is weaker,
the temperature dependence of T, is weaker; at 6 =60°
and 6 =90°, when the polarization is negligible, there is
practically no temperature dependence of T,,.

1A
w
Jo
20

7

o & w0 0 ! Z

25,10 " soc (27)? 108 goc 2
FIG. 2. Dependence of the amplitude of the spin echo of the
Yb** ion on the interval T between the pulses in the sample
CaWO,+0.002% Yb%* +0.1% Tb3* at various microwave power
levels §=0°, T~1.6 K): 1) P=0dB, 2) P=11dB.
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FIG. 3. Temperature dependence of the times T, of the Yb3+
ions for sample IV and of the spin-lattice relaxation time T
of the ions Yb** and Tb*. o—T,, §=0% a—T,, §=30° a—
T,,0=60% o—T,, 9=90% —T(Yb**), v~ 9.4 GHz; w—
T(Tb**), v~ 36.0 GHz. Dashed line—times T, of Tb** ions,
calculated from formula (13). Lines A—A and B—R are the
functions f,(T') respectively for gBH=17.6 K and 3.2 K. Line
C—C is the function f,(T') for gBH=17.6 K.

We note also that in the same temperature range we
have »=2 for 6 =0° and 6 =30° and »~ 1 for 6 =60° and
6=90°. Measurements in CaWQ, crystals containing only
Yb3* ions or only Tb3* ions have shown that at T<6 K
the times T, are independent of temperature and are
equal (at 6 =0°) to ~6x107* sec for 0.022% Yb** and
~2x1077 sec for 0.1% Th*.

3. DISCUSSION OF RESULTS

In our case, i.e., when spins of a second sort (Tb%*
ions) are present in the sample in large amounts, the
times T, of the Yb®* ions are determined mainly (and
in the case of sample IV, completely) by the spectral
diffusion due to the dipole-dipole interaction with the
Tb®* spins. Models of the spectral diffusion were
thoroughly discussed in the literature (see, e.g., Refs.
1, 2, and 9). The kinetics of the decay of the spin-echo
amplitude and of the rate of phase relaxation for two
model processes, in the approximations of slow (Wr <« 1)
and fast (Wt > 1) spectral diffusion, are determined by
formula (1) and are characterized by the following
values of the parameters » and T,

For the “fast jumps” model®
x=2, T'n='=0.7TA0," " W" at Wi<i, (2)
w="s, Tn~'=06A0y* W= at: Wr>1. (3)

For the Gauss-Markov model®
w="l, Tm'=005A0,”W" at Wi<1, (4)
x="/s, Tm'=09A0,* W= at Wr>1. (5)

By Aw,,, we denote the shift of the frequency of spin A
following a change of the local magnetic field at the lo-
cation of the spin A on account of reorientation of the
spins B. In the high-temperature approximation, Aw,,,
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is the dipole-dipole width of the EPR line and is given
by?

4n® gagsp?
Awy= ?"T— ng

6
=2.0710"" g.gsns, ()

where np is the number of spins B per cm?®.

The experimental results for sample IV show that at
appreciable spin polarization, i.e., at 6§ =0° and 6 =30°,
the kinetics of the decay of the echo signal is described
by expression (2), which corresponds to the model of
fast jumps.

Since the amplitude of the frequency shift Aw,,, does
not depend on the population difference of the spin levels,
the temperature dependence of the phase relaxation of
the spins A should be determined only by the rate W of
the flips of the spins B.

Hoping that the experimental results can identify the
factor governing the value of W, either spin-lattice re-
laxation of the spins B (designated W,) or flip-flop (FF)
processes (designated W,), we shall attempt to deter-
mine the temperature dependences of these quantities.

We denote by W, the probability of finding the spin
on the lower level, by W, the probability of finding the
spin on the upper levels, by W,_ and W_, the probabil-
ities of spin transitions from the lower to the upper
levels and vice versa, and put T =W,_+W_,. Itis
obvious that

W=W,w, +W_w_,. (7
Recognizing that

W, Wy 1+p

W- wy- 1-—p
we easily obtain

="(1—p*) T, ' (1—p") W . 8

Using (8), we write down the expressions for the am-
plitude of the spin echo (1) and for the rate of phase
relaxation (3) with allowance for the spin polarization
for the fast-jumps model, under the condition that W is
determined by the spin-lattice relaxation:

A(21) =exp[—(1—p*) T,"'AwyT?], 9)
(10)

In the case of FF processes, the rate of flipping of the
spins B can be easily shown to be again proportional to
1 - %, so that we can write

Tm—|=0.5 A(l)l/,ll’ (1_pz) g (Tl—‘) II'.

W,=(1—p") W".

(11)

Thus, an appreciable spin polarization produces in the
expressions for W, and W, the same factor 1—f?. This
does not mean, however, that the character of the tem-
perature dependence is the same for W, and W,, since
the change of temperature does not affect W2, and

W,o="/,T,~ ~cth (¢BH/2kT) =1/p. .

Consequently in the fast-jumps model the tempera-
ture dependence of the rate of the phase relaxation (2)
is determined by the factor £,(T) =[(1 - p?)/p]*? if the
prineipal role is played by spin-phonon interactions,
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and by the factor £,(T)=(1 — p*)"/* when the influence

of the FF processes predominates. In practice, how-
ever, when the polarization is appreciable and ap-
proaches its maximum value p =1, the difference be-
tween the functions f, and f, vanishes.®) Under these
conditions it is possible to make an unequivocal choice
between the two discussed causes of the flipping of the
spins B on the basis of the available experimental
results only by a compar ison with the data on the ab-
solute values of W} and W3.

We turn now to the experimental results for sample
IV (see Fig. 3), for which the PR rate is completely
determined by the SD mechanism. We confine ourselves
first to T< 6 K and to orientations 6 =0° and 6 =30°, in-
asmuch as in this case the condition of high spin polar-
ization is satisfied. It is seen from Fig. 3 that the
change of the rate of the PR with changing tempera-
ture is well described by the function f,(T) and some-
what worse by the function f£,(T). The values of W} and
W? can be estimated in the following manner. The times
of the SLR of the Th®* ions in CaWOQ, were measured
earlier” at 36 GHz and it turned out that T;'=10.4
x coth(1.73/2T) sec™. The SLR theory for non-Kramers
ions!! yields the following dependence of the SLR rate
on the intensity of the applied static magnetic field:

T,~'~H* cth (gBH/2kT), (12)
we can therefore write for our crystal (at § =0° and
A =1.6 K)
76 1
1,-=876 cth () = 876—-. (13)

The relaxation times calculated from (13) are also
shown in Fig. 3.

To make use of Eq. (2) we must know Aw,,,. From (6),
assuming 75 =1.26x10" ions/cm?® for § =0°, we have
Aw,,, =4.9x10” sec™ . For the temperature T =3.8 K and
the orientation 6 =0° we get T, =1.3 x107° sec, very
close to the experimental 1.6 X107 sec.

An analgous calculation for 8 =30° yields T;*!
=65.35/p,Aw,,, =8.67x10" sec™* (g, =2.16 and g,
=15.395). At T =3.2 K we obtain T ,(calc.)=2.06x 1075
sec, which is again close to the experimental (see Fig.
3) T,(exp.)~1.8x107% sec.

Thus, the experimental results on the time T, of the
Yb** ions in the orientations § =0° and 6 =30° are very
well described by the theory both qualitatively and quan-
tities, if it is assumed that the PR is determined by
the SD, and W is determined by the rate of the reorien-
tation of the Tb®* on account of their spin-lattice
relaxation. The function f,(T) (line B-B on Fig. 3) des-
cribes the experimental results less accurately than
fi(T), thus indicating a negligible contribution of FF
processes on the PR. Unfortunately, we are not ina
state to calculate WJ accurately, since there is no
theoretical analysis of FF processes in a system of
non-Kramers rare-earth ions. We shall therefore esti-
mate of this quantity. According to Ref. 2

A 2
w,ozzni—:;;:)—, (14)
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where Awy, is the homogeneous part of the resonance-
line width and is due to the dipole interactions, while
Aw,, is the inhomogeneous EPR line width due mainly
to all possible distortions of the crystal field. If the
g-factor were isotropic, we would have

Awup~g*p*h'ns. (15)
However, the behavior of a non-Kramers ion is des-
cribed by the spin Hamiltonian*

H=AS,+A,S,+gpHS. cos 6, (16)

in which g, =0, and consequently the probability of the
FF processes differs from zero only on account of the
first two terms of the Hamiltonian, which determines
the initial splitting A, =(aZ +A2%)2. Therefore, when
gBH cos6> A,, formula (15) can be used to estimate
Awgyp if we put
A, &b Ao
gb_V—ZHcos()-ﬁ.(A )
We have thus

on"' (17)

ﬂg.‘ﬂ‘ Ao \* nst
()

To estimate Awy, measurements were made of the
EPR of the Tb®* ions. These measurements have shown
that on going from the 3-cm to the 8-mm band the
resonance-line width increases from ~3 G to ~30 G at
the orientation 6 =0°, Extrapolation to a magnetic field
H~6.2 kG yields AH« =100 G and Aw, ~27x10'° sec™?.
We have multiplied here the width of the individual line
by 2I +1=4, to take into account the effect of the hyper-
fine structure. Using the values presented above for the
quantities in (17), we obtain W) ~30 sec™. Since W?
~10® and 10? sec™* for the cases 6 =0° and 6 =30°,
respectively, our conclusion that the influence of the

FF processes can be neglected compared with the role
of the spin-lattice relaxation in the case of appreciable
polarization becomes fully convincing.

Ao, '

We have considered so far the results obtained at
T<6 K for 6§ =0° and 9§ =30°. At 6=60° and 6 =90° the
times T,, of the Yb** ions become much shorter (see
Fig. 3) and do not depend on the temperature. Since
W increases with increasing 6 and W}, on the con-
trary, decreases with increasing 6, it can be assumed
that at 9 =60° and 6 =90° the decisive role in the SD
mechanism is assumed by the FF processes of the
Tb®* ions. Favoring this assumption are both the in-
dependence of T,, of the temperature and the estimates
of the values of W (at 6 =60° we have W{~ 10" sec™
and W2~ 10* sec™?).

Finally, measurements of the PR times directly on
the Tb®* ions (spins B) has made it possible to deter-
mine experimentally that for A~0.5 K the rate of the
PR decreases with increasing 8 and W3~ 10° sec™.
These results are in good agreement with estimates

based on formulas (1) and (17).

As for the results obtained for T, at T>6 K, their
strong temperature dependence leads to the conclusion
that a substantial contribution to the observed rate of the
PR of the Yb®* ions is made by the spin-lattice relaxa-
tion processes of the Yb" ions themselves as well as
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by that of the Tb®* ions. A noteworthy still unexplained
fact is that at 7> 6 K an abrupt shortening of the times
T n is observed when the orientation is changed from

6 =0° to 6 =90° (see Fig. 3).

We shall discuss also some experimental results ob-
tained with other samples (see the Table). In sample
III, which has a larger concentration of Yb3* ions than
samples I, II, and IV, the observed dependence of T,
on H, is quite strong. This points to a substantial role
played in this sample by the instantaneous-diffusion
mechanism, and hence to a weakening of the temperature
dependence of T,, which is connected with the polar-
ization of the Tb®* ions. In sample I the times T, are
close to those of sample IV, and the difference is
apparently due to the fact that the actual concentration
of the Tb** ions is somewhat higher in sample I than in
sample IV. In sample I, just as in sample IV, the rate
of the PR is determined entirely by the SD mechanism.
It must be noted that the tenfold increase of the Tb®*
ion concentration in sample II relative to IV produced
a more than tenfold shortening of T,. This cannot be
explained if it is assumed that W is determined by the
value of W,, for in this case T, should be changed by a
factor V10 ~3 on account of the change of Aw,,,. It can
be assumed that in sample II, at all 8, the time T,, is
completely determined by the FF processes of the Tb®*
ions. This assumption is also corroborated by the fact
that at 6 =0° the function f,(T) agrees well with the ex-
perimental results.

4. CONCLUSION

The success of the experimental investigation of the
phase relaxation under conditions of considerable spin
polarization was due to the application of the electron
spin echo procedure to a system containing spins of
two kinds with substantially different g-factors (one
must actually have gz/g,> 10) and different concentra-
tions (actually n, <0.01% and ny ~0.1%). In addition it
is necessary to have a sufficiently large range (varia-
tion by a factor 5 or 6) of temperatures, in which the
time T, is determined only by the dipole-dipole inter-
actions of the investigated electron spins. It is there-
fore necessary to choose a crystal containing a small
number of nuclear spins, or else the nuclear magnetic
moments must be small. Of course, some of these
conditions will be determined in each concrete case
by the technical means at the experimenter’s disposal
(working frequency, ranges of magnetic fields and
temperatures).

Compared with the usual pulse procedures used to
measure the times of the spin-lattice relaxation, an
attractive feature of the method described here is the
possibility of studying, in a wide range, the depen-
dence of the relaxation on the intensity of the static
magnetic field and on its orientation.

In the case investigated by us, the spin-lattice relax-
ation turned out to be more effective than the FF pro-
cesses under conditions of high spin polarization, this
being due to the use of a system B consisting of rare-
earth ions with an even number of electrons. It is un-
doubtedly of interest to carry out similar experiments
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on a sample that does not contain B particles in the
form of Kramers ions.

Although we have considered here mainly experi-
mental results obtained under conditions of high spin
polarization, it is nevertheless of definite interest to
interpret the remaining experimental results (the values
of T, and the kinetics of the echo decay in all the sam-
ples in a wide range of temperatures and at all orienta-
tions). This calls for additional experimental and theo-
retical research.
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(n, +n) =tanh(gBH/2kT), wheren, and n_are the numbers
of the paramagnetic centers whose spins are oriented along
and against the magnetic field, respectively.

2 The ion Tb* is a non-Kramers ion (S=3},/ =) having an in-
itial splitting A y=8.131 GHz and a hyperfine-structure con-
stant A=252.5 G = 6.284 GHz.? Figure 1 shows the positions
of the energy levels of the Th** ion in CaWO, for certain
values of the angles . The interval between the levels with
m=0 is determined by the expression A ={(g“ﬁH cos +Am)?
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+A3)1/2, By the quantity gBH for the Th** ion is meant here
throughout the value of A under the assumption A=0.

% The authors thank V. A. Atsarkin for calling their attention
for the error in the interpretation of our experimental re-
sults!® through neglect of this circumstance.
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