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1. /7-NMR spectroscopy (magnetic resonance and re-
laxation of polarized Д-active nuclei (/8-nuclei)) appeared
after the discovery of nonconservation of parity in weak in-
teractions.1 If it is based on the fact that the probability of a
/?-particle emission at an angle t? to polarization p0 of /?-
nuclei obeys the law w(t?) ~ 1 + a/>0cosi?, where a is a nu-
clear constant. Therefore, creating ^-nuclei in a substance
and investigating the dependence of their emission distribu-
tion on time, external constant magnetic field and variable
magnetic fields, temperature and pressure, we can study the
processes determined by hyperfine and dipole interactions.

Such experiments were first used for studying spins and
dipole moments of/?-nuclei in Refs. 2 and 3. Later the meth-
od was mainly applied in investigations of condensed media,
since /?-NMR possesses considerable advantages as com-
pared with classical methods such as NMR and EPR, and
also with other nuclear methods (perturbed angular correla-
tions and distributions of y-radiation, Mossbauer effect) in
analyzing some phenomena.

This review outlines the /9-NMR investigations carried
out using the reactor of the Institute of Theoretical and Ex-
perimental Physics. For detailed information see Refs. 4—6.
Reviews of work carried out abroad are available in Refs. 7
and 8.

/?-nuclei are obtained either in (и, y)-reactions involv-
ing thermal polarized neutrons from a nuclear reactor or in
nuclear reactions involving accelerators. In both cases po-
larization of /?-nuclei at the moment of their formation is
independent of temperature and is close to maximum. The
spin matrix of the /ff-nuclei density has the following form
immediately after the (я, 7)-reaction:

7(7TI) (D

Experiments with /?-nuclei are divided into two classes: re-
laxation and resonance.

2. Let us consider a plan of a relaxation experiment tak-
ing /7-nuclei depolarization of 8Li(r1/2 =0.84 s, /=2,
g = 0.8267) in LiF as an example.4'9 A crystal is placed in a
constant field 2f0//p0//Qz. When a neutron is captured by
a 7Li nucleus, a 8Li nucleus is formed in an excited state.
Passing to the ground state, it emits one or two T'-quanta and
acquires recoil energy of about 300 eV, which is sufficient to
form near it several pairs of radiation defects of a vacancy-
interstice type. Measuring the polarization at times t~ Tl/2
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yields that

Po(0 0, T)), (2)

where 7"is the temperature of the sample, with the preexpon-
ential term also depending on J 0̂ and T, i.e. it is a remanent
polarization for the processes occurring during the times
t < Tl. The most important processes are depolarization un-
der the effect of quadrupole electrical interaction with the
defects mentioned above and cross relaxation with the nuclei
of the stable rare isotope 6Li. Investigation of the relation p0

(0, <%*0, T) yields information on the constants of hyperfine
interactions and annealing of defects. The conclusion that
cross relaxation 8Li-6Li is nonexponential was also drawn on
the basis of this relation.9 If in an (n, у)-reaction internal
conversion electrons are emitted, then a paramagnetic elec-
tron shell arises near ^-nuclei or on them, which also con-
tributes to a fast depolarization.4

3. Resonance experiments are usually conducted in a
sufficiently strong field <^0 so that the processes of fast re-
laxation can be neglected. Here the information on hyperfine
and dipole-dipole interactions is obtained from the depend-
ence of the polarization of the/?-nuclei on the parameters of
external (constant and variable) fields and on the tempera-
ture.

Among such investigations we note the detailed mea-
surement of the shape function of the NMR line of 8Li nuclei
in LiF over the record-setting broad range of its variation by
five orders,10 and also the study in this substance of radi-
ation defects,11 multispin and multiquantum processes, 12~14

and the manifestation of dislocations in the resonance at a
double Larmor frequency.15

4. Cross relaxation of 8Li-6Li is interesting because it is a
unique example of the process of delocalization of polariza-
tion in a spatially-disordered spin system, which can be ex-
perimentally investigated in detail by a direct measurement
of the polarization of the nucleus which initiated this process
(i.e. in the initial state only the ̂ -nucleus 8Liwas polarized,
its polarization in course of time mixes between 8Li and the
nearest 8Li nuclei, and the information about this is obtained
from the kinetics of depolarization of the /7-nucleus). The
process was discovered for the first time in Ref. 9 (see also
Ref. 4) and then in Ref. 16. It is the main relaxation channel
for the 8Li ̂ -nuclei in LiF over a wide range of temperatures
(including room temperature) and magnetic fields ̂ 0-
This, in particular, is determined by a coincidence of g-fac-
tors of 8Li and 6Li nuclei with an accuracy of 0.6%, owing to
which the field ̂ 0 = 150-200 G, which practically sup-
presses cross relaxation for the remaining spins, almost does
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not weaken flip-flop transitions between 8Li and 6Li. The
basic results of investigations of polarization transfer in the
spatially-disordered spin system 8Li-6Li are given in Ref. 5
(experiment) and Refs. 6, 7 (theory). Below we present a
brief summary of three types of processes of this class.

4.1. Delocalization of polarization is described by the
kinetic equation

where рю(1) is the polarization of the /th spin from the
8Li-6Li system (/' = 0 corresponds to 8Li and i^O, to 6Li)
provided that only a 8Li spin was polarized at first, and vjt is
the transfer rate of polarization from the rth spin to they'th
spin. With a sufficient accuracy it can be assumed that

, | e -S-3, !,.„„= l; (4)

here &,j is the angle between the external field S^u and the
vector rijt which connects the spins, r0 is the distance be-
tween the nearest spins, and |", accounts for the difference
between 8Li (70 = 2) and "Li (Ik ^0 = 1) spins. The field of
applicability of Eqs. (3) and (4) and possible deviations
from them are considered in Refs. 5, 6, and 18.

From the theoretical point of view, the problem is to
obtain a solution of Eqs. (3) averaged over a random distri-
bution of impurities in a crystal. This is one of the tasks of the
problem of random walks in disordered systems, one of the
most complex and interesting problems of modern theoreti-
cal physics.6'19 This, in particular, follows from a compari-
son of the representation of the solutions of such problems
by functional integrals20 with similar representations for
other well-known problems.

A general idea of the kinetics of delocalization of excita-
tions in the case of a dipole transfer of type (3), (4) is given
by the approximate formula

/WO = <Poo(0> = 0(0 + (l - 2(0) 77; ? i +-

where

0(0 = <exp(- У v..O) = exp[-0? Owl; (6)

here Рж is the probability to observe excitation (polariza-
tion) at a point where it began its motion, angle brackets
denote averaging over impurity configurations, the Forster
constant /? is proportional to the transfer rate at an average
distance, and numerical parameters ,̂ /?r, and q> are calcu-
lated in Ref. 6. In Refs. 5 and 21 the Рж (t) dependence was
studied experimentally in the domain Рж (t) > 0.1 and it was
shown that Eq. (5) and a number of its modifications are in
good agreement with experiment. At present the long-time
asymptotic behavior of the process is of particular interest.
Preasymptotic behavior, predicted by Eq. (5), was con-
firmed during optical investigations of localized exciton
transfer.22

4.2. When a variable field with the frequency
со = a>L (

8Li) + tuL (
6Li) ~ 2coL (

8Li), which is equal to the
sum of Larmor frequencies of 8Li and 6Li nuclei, is superim-
posed on the 8Li-6Li system, double-spin flip-flip and flop-
flop transitions are initiated, whose rate is ~ r<~ 6, as well as
Vy, but they do not conserve the total polarization of the
system. A completely microscopic description of this pro-

cess for Рад ( t ) > 0.1 can be obtained by using the first three
terms of the expansion of P^ in terms of the impurity con-
centration c< 1 (in fact, in terms of (/??)1/2), which is sup-
ported by experiment.5'23 An important qualitative effect
here consists of the fact that the dependence of the effective
relaxation rate of the /?-nuclei on the relative intensity of
weak resonance double-spin transitions is nonanalytic. This
is determined by the above-mentioned breakdown of the in-
tegral of the motion and by the disordered nature of the sys-
tem.

4.3. Spatial diffusion of the 8Li-6Li nuclei becomes sig-
nificant as the temperature increases, and, moreover, the ki-
netics of depolarization of the 8Li nuclei of the form
Poo^expf-(#/(£+1)]1 / 2) , where 0~c2v0, which
practically coincides with (5) for [it S 1, is transformed into
Рж = exp( — Wt) with W~cv0. This transition is studied
in Refs. 5 and 24. It is also well explained quantitatively
within the framework of concentration expansions and can
be the basis for studying rare jumps of lithium nuclei with
characteristic frequencies of about I s 1 .

5. Investigations by the /?-NMR method of random
walks in disordered systems with dipole transfer are the veri-
fications of quite rigid predictions of the microscopic theory.
At present experiment and theory concerning the given
problems are in good agreement.
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A. V. Inyushkin, A. N. Taldenkov, and V. V. Florent'ev.
Heat conductivity of LnBa2Cu3O7_x single crystals. Mea-
surement of the temperature dependence of heat conductiv-
ity of solids yields significant information on the properties
of quasiparticles (phonons, free charge carriers, and mag-
nons) and their scattering by each other. Great interest is
aroused by investigations of heat conductivity in high-tem-
perature superconductors (HTSC) due to many reasons.
First, the mechanism of superconductivity in these com-
pounds is not clear yet and any additional information on the
electron-phonon relaxation is important. Second, in a suffi-
ciently wide temperature range below Ts it does not appear
to be possible to investigate the traditional galvanomagnetic
properties, such as electrical resistivity, thermo-emf, and
Hall effect. Such a restriction does not apply to the investiga-
tion of heat conductivity, which makes it possible to obtain
information on the transport properties of high-temperature
superconductors over a wide temperature range.

In the present paper the heat conductivity of single
crystal samples of LnBa2 Cu3 O7 _ x in the ab plane and tem-
perature range 8-250 К is investigated. Measurements were
made in a modified setup of Ref. 1 by the method of a steady-
state axial heat flux, using a four-contact technique. A sam-
ple in the form of a thin plate was pressed at one end into an
indium base on a copper platform. With the help of a heater a
temperature drop Д Т was established across the sample and
measured by a differential manganin-Constantan thermo-
couple. A random error in measuring the heat conductivity
was 20% for T< 10 К and was reduced to 3% in the domain
T> 100 K. The main sources for a systematic error, which,
according to estimates, can be 30%, were errors in measur-
ing the geometric dimensions of the thinnest samples and the
distance between thermocouple junctions. Single crystals of
LnBa2Cu3O7. (Ln = Y, Y098Gd002, Y098Yb0

grown by the solution-melt method were analyzed. The crys-
tals were thin (12-50/лп) plates. The crystallographic с axis
was directed along the normal to the plane of the plate. Note
that using samples with 2% impurity of Gd and Yb had no
special aim and was an insignificant circumstance for the
given investigation. The superconducting properties were
verified by measuring magnetic susceptibility in the fields of
~ 1 Oe with the frequency 667 Hz. The transition width of
the best samples (YBCO-1,2,4) did not exceed 1 K. The
YBCO-3 ceramic, synthesized according to cryochemical
powder technology had a high density and displayed a nar-
row superconducting transition of about 2 K.

Temperature dependences of heat conductivity (к ( Т ) )
for CuO and LnBa2 Cu3 O7 _ x are given in Fig. 1. For crystal-
line CuO x(T) is typical for dielectric singlecrystals and
agrees well with the data from Ref. 2. Heat conductivity of
LnBa2 Cu3 O7 _ x samples has a clearly expressed singularity
at Ts. Note that the values of heat conductivity differ greatly
for different samples. Temperature dependence and the val-
ue of heat conductivity of the YBCO-3 ceramic coincide
with the data on heat conductivity of dense superconducting

ceramics, which are known from the literature.
Among the LnBa2Cu3O7_^ samples, given in Fig. 1,

YBCO-1 differs greatly from the others (including those
cited in the literature) both by a great value of к (Т) in the
whole temperature range and by a considerable growth of
x(T)forT<Ts.

A weak temperature dependence of heat conductivity
for T> Ts deserves attention. Such behavior is typical for
electron heat conduction xe of normal metals in the 7Ъ TD

temperature range. However, according to the Wiedemann-
Franz law, the estimate from above of the value of xe for
HTSC singlecrystals of the YBCO compound yields the val-
ue which is ~ 30-50% of the total heat conductivity. In ad-
dition, the growth of x(T) with a decrease in temperature
below Ts indicates that phonon-electron scattering de-
creases as a result of condensation of normal electrons. This
fact points both at a significant value of phonon heat conduc-
tion xph as compared with %e for T> Te and at the dominant
part played by phonon-electron scattering in phonon heat
transport at high temperatures as compared to three-phonon
scattering processes, which yield a xph <x Т ~l dependence
(see CuO for T> 100 K, Fig. 1). It is also possible that in
YBa2 Cu3 O7 _ x, due to low-frequency optical branches, the

10~ " -

Temperature, К

FIG. 1. Temperature dependence of heat conductivity of single crystal
HTSC. Approximation results are represented by solid lines.
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