scattering in some "damage region” produced during the irradiation of the erystal. Such
"damage regions” were observed by NMR methods in alkali-halide crystals around impurity
atoms [2]. We are presently carrying out experiments on neutron scattering in crystals con-
taining impurities (impurity atom concentration varies from 0.1 to 5 mol.%).

These results should be compared with the already discussed data obtained for irradiated
crystals that contain no impurity atoms. This can establish the nature of the defects respon-
sible for the observed neutron scattering.

The authors are grateful to Professor Yu. M, Kagan for interest in the work and valuable

discussions.
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Only rare-earth ions with an odd number of electrons have been used so far to obtain
low temperatures by magnetic cooling. Ions with an even number of electrons are assumed to
be unsuitable, since their energy levels are completely split in the crystalline field, owing
to the lack of Kramers degeneracy. We wish to call attention to a possibility of advantageous-
1y using rare-earth ions with an even number of electrons.

l. The splitting in the crystalline field of the ground level of a rare-earth ion with
an even number of electrons is frequently such that the lowest level is a singlet separated
from the nearest level by an interval A =~ 10 - 100 cm™*. Consequently, at sufficiently low
temperatures, the electronic magnetic moment of the ion vanishes. It must be borne in mind,
however, that practically all isotopes of rare-earth triply charged ions with an even number
of electrons (Pr®*, m3*, Ho®t, ™*) have a nuclear spin I # O. Furthermore, the magnetic
hyperfine interaction of rare earths is relatively large; the hfs constant is A = 0.1 - 0.4
em~l, Owing to this interaction, some moment of the order of (A/A)B, where B is the Bohr mag-
neton, is added to the nuclear magnetic moment. The magnetic moment of the ion in the ground
state is thus increased 10 - 100 times. The resultant consequences for the magnetic-resonance
phenomenon were first considered theoretically [1l], and then observed experimentally on y3t
in corundum [2]. Owing to the weaker hyperfine interaction, the increase in the magnetic mo-

ment of the iron-group ions is less pronounced.



2. The substances considered by us, in which the paramagnetism carriers have a magnetic
moment of magnitude intermediate between the electronic and nuclear moments, can be used to
obtain lower temperatures than reached with the aid of ordinary parametric salts. It is esti-
mated that the sample temperature can be readily reduced thus to 10™% - 1075°K.

If compounds of elements with I >> 1/2 are used, say salts of Pr (I = 5/2) or Ho (I
= T/2), then the total splitting in magnetic fields of the order of several dozen kOe will be
so large that initial cooling with the aid of He® will be sufficient. If a cascade cooling
method is used, and an ordinary paramagnetic salt first lowers the temperature to ~0.01°K,
then the most suitable for reaching the lowest temperatures will be salts of Tm (e.g. thulium
ethyl sulfate), which has I = 1/2, so that the spin levels are not split in the absence of an
external magnetic field.

3. Unlike nuclei in diamagnetic substances, whose gyromagnetic factors can be assumed,
with high accuracy, to be scalar quantities, the gyromagnetic factors of rare-earth ions at
singlet electronic levels are tensors with greatly differing principal values. Calculations

free atoms, and y, and 7, are the gyromagnetic factors parallel and perpendicular to the crys-

show, for example, that for thulium ethyl sulfate y = y and Y TOy, where y pertains to the
tal trigonal axis. Such an appreciable dependence of the spin-level splitting on the crystal
orientation relative to the magnetic field makes it possible to effect magnetic cooling by
rotating the magnetic field so as to change the angle with the crystal axis from n/2 to O,

b, Substances with "intermediate electron-nuclear paramagnetism’" can be conveniently
used to measure infralow temperatures. First, the limiting temperature to which the Curie
law holds for these substances is approximately two orders of magnitude lower than for or-
dinary paramagnetic salts. Second, these substances have a magnetic susceptibility two or-
ders of magnitude lower than nuclear paramagnets and are thus measurable by ordinary methods.

5. An important problem is the rapid establishment of thermal equilibrium between the
spin system and the lattice vibrations. In the substances considered by us, the magnetic
moments p of the paramagnetic centers are small and therefore the spin-lattice relaxation
time T will be very high, since 17 ~ p? if I > 1/2 and T~ p* if I = 1/2. However, following
Casimir [3], we can readily esteblish that the equalization of the spin-system and lattice
temperatures will be rapid, within a time of the order of seconds. We note that the time to
establish equilibrium can be greatly shortened by introducing a negligible amount of rare-
earth ions with an even number of electrons, whose lower level is a doublet (for example pr3t
in ethyl sulfate). It is well known that the relaxation time of such ions is very shart,
T~ 103 - 10~* sec at ~1°K. Recognizing that the initial splittings of the spin levels of
these ions are of the order of 0.1 cm™* and that the spin-lattice relaxation at infralow tem-
peratures is determined primarily by the spontaneous transitions whose probabilities do not
depend on the temperature, we can readily estimate that the relaxation time will be lengthened
by two orders of magnitude.

We note in conclusion that introduction of a trace of ions with even number of electrons

to reduce the relaxation time may be advantageous also in the salts customarily used for mag-
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netic cooling.
The author is grateful to V. P. Peshkov for a useful discussion.

[1] M. M. Zaripov, Izv. AN SSSR ser. fiz. 20, 1220 (1956), transl. Bull. Acad. Sci. Phys.
Ser, p. 11103 R. M. Mineeva, FIT 3, 1403 (1963), Soviet Phys. Solid State 5, 1020

(1963).
[2] S. A. Al'tshuler and V. N. Yastrebov, JETP 47, 382 (196k4), Soviet Phys. JETP 20, 254
(1965) .

[3] H. Casimir, Physica 6, 156 (1939).

MAGNETORESISTANCE OF BISMUTH IN STRONG MAGNETIC FIELDS

Yu. A. Bogod and V. V. Eremenko

Physico-technical Institute of Low Temperatures, Ukrainian Academy of Sciences
Submitted 7 Janvary 1966

ZhETF Pis'ma 3, No. 4, 180-183, 15 February 1966

By virtue of the specific features of the energy spectrum of the carriers - small ef-
fective masses and low. degeneracy temperature [1,2] - the quantization of the energy levels
in Bi becomes appreciable in relatively weak magnetic fields. The condition ¥w ~ €p (w

= eH/m¥*c = cyclotron frequency, €_ = Fermi energy) is satisfied for certain electrons in fields

of approximately 20 kOe. At magnZtic-field directions in which several essentially different
extremal sections of the electronic part of the Fermi surface of bismuth are realized, satis-
faction of this condition will lead to "spilling" of electrons from certain ellipsoids into
others [3]. This assumption has been confirmed by cbservations of the periodic growth of the
magnetic-susceptibility oscillation frequency with increasing magnetic field [4].

We shall use the data of [2], which contain, besides the value of the limiting Fermi
energy in bismuth (e§l) = 0.031 eV) also the energy distance to the "openness" closest to the
Fermi level (Eél) = 0.048 eV, "openness" - value of the energy at which the conditions for the
closure of the Fermi surface are violated). By virtue of the foregoing, a change of A = Eél)
- e%l) due to "spilling" of the electrons in a magnetic field should give rise to an open
trajectory. We shall attempt to estimate roughly the possible change in the Fermi level,
assuming “total spilling" of the electrons from one sphere to another. 1In this case [5],

n~ %2 (n = number of electrons, € = energy). After the "spilling" the number of electrons
a/2

in one of the sphere doubles, i.e., equals 2n ~ €3/ ~. Consequently Ay = €; - € = 0.58%. As-
suming € = e§l), we obtain Ay = 0.018 eV, which agrees well with A.

The foregoing qualitative treatment shows that in principle open trajectories can be
produced in bismuth by means of a unique magnetic breakdown.

The occurrence of open trajectories greatly influences the behavior of the magnetore-
sistance [6]. In this connection, we investigated the electric resistivity of single-crystal
Bi samples of varying purity and orientation in transverse pulsed magnetic fields (ﬁ 1 f,

T = magnetic field, T = current through sample) up to 80 kOe at temperatures 4.2 and 20.4°K.
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