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_IT is well known that at sufficiently low tempera-
tures, the specific heat associated with the lattice
of a paramagnetic crystal becomes negligible com-
pared with the specific heat of spin systems. In
this case, the spin system of paramagnetic atoms
will be the thermostat determining the equilibrium
population distribution among nuclear spin levels,
and the longitudinal nuclear relaxation time T,
will be the time required to establish thermody-
namic equilibrium between the electronic and nu-
clear spin systems. It is the purpose of this note
to describe some calculations of this time.

At low temperatures, the energy levels of most
paramagnetic atoms in an external magnetic field
can be described by an effective spin S =% with
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an anisotropic g factor, i.e., with the magnetic
moment of an atom being given by u = gS, where
g is a tensor of the second rank and B is the
Bohr magneton. We assume that the electric field
inside the crystal has axial symmetry and that the
Zeeman energy is much greater than either kT or
the mean interaction energy of magnetic dipoles.
In this case Bogolyubov’s approximate method for
second quantization can be used to find the energy
spectrum of the interacting electron spins. This
spectrum turns out to be equivalent to the spectrum
of a system of non-interacting Bose particles with
Hamiltonian

H=E, +ZEka, Ny = by by,
X

E,= g BHN, Ex~ "2 g p2 (k2 — 383, )
where bf;, by are creation and destruction opera-
tors for Bose particles with wave vector k, N is
the number of paramagnetic atoms, a is the short-
est distance between them and g), g; are the prin-
cipal values of the tensor g. In our calculations

we used the fact that to find the spectrum of a spin
system in a strong magnetic field it is only neces-
sary to consider the diagonal and semi-diagonal
parts of the operator for the dipole-dipole interac-
tion.? It was also assumed that the paramagnetic
atoms were arranged in a simple cubic lattice, that
the magnetic field H is directed along the symme-
try axis of the crystal field, and the lattice sums
can be approximated by integrals.

Suppose the nuclear spins are coupled to the
paramagnetic atoms only through the dipole-dipole
interaction. We shall find the probability of a tran-
sition in which one boson is created, another de-
stroyed, the energy difference between them being
equal to the energy required to re-orient a nuclear
spin in the external field, Ek, — Ek, = 2gNBNH
(where gy is the nuclear magnetic moment in nu-
clear magnetons BN). Assuming that 2gNSNH
« B¢} /a® and using the standard formulas of
perturbation theory, we find that the probability
of a transition is

9 /81\? 3 .
P(m+1,m)= m(?‘i) 383, % sin® 29

2g , BH.
S Ut m 1)U —m),

Xexp( (2)

where r is the radius vector from a paramagnetic
atom to a nuclear spin I; 6 is the angle between the
direction of the magnetic field and r, and m is
the magnetic quantum number of the nucleus.
Experimentally, the method of a saturated nu-
clear magnetic resonance has been used to meas-
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ure a nuclear spin relaxation time in a paramag-
netic crystal. The measurement was made on the
protons in the water of crystallization of
Ce,Mg,(NOy)p * 24H,0 at 0.086°K.} It was impos-
sible to achieve saturation, and only an upper
bound on the relaxation time was obtained: T; < 32
sec. A rough estimate using formula (2) yields
Ty = 107! sec. The estimate is rough because g
=0.25 for the Ce* ion* and the condition 2g;BH
>» kT is poorly fulfilled. This result does not con-
tradict the experimental one.

The author would like to thank S. A. Al’tshuler
for discussion of his results.
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:[(RﬁMER1 proposed the use of the negative effec-.
tive mass of carriers in a semiconductor for the
amplification and generation of electromagnetic
waves, for when such carriers move in a field they
give up their energy to the field interacting with
them, i.e., they possess negative losses. To obtain
such states, the use of a constant electric field is
proposed.

In the present communication we shall show that
it is impossible to obtain a state with negative
losses by using a constant electric field in a semi-
conductor. - e

: .

In fact, negative losses mean that, at least for
some €; and €, (€, > €;), the following condition
is fulfilled:

LETTERS TO THE EDITOR

wf (e2) [1 — f (e1)] 1 (Bo0) — wf (e1) [ — [ (=2)] 1 (i)
= wn (hw) {f (€2) — f (e1)} >0, (1)

where f(e¢) is the distribution function for elec-
trons, n(Hiw) is the number of photons of energy
hw =€,—¢€;, and w is the probability of spontane-
ous emission. We do not consider spontaneous
transitions, since they are not relevant to the proc-
ess of amplification. From (1) it follows that at
least at some points in the interval e, —¢€;, 0f (€ Y/
9€e > 0 should hold. At thermodynamic equilibrium,
9f/8e < 0 always holds for any €, independently
of the type of distribution of the particles, and con-
sequently amplification is impossible.

The creation of a semiconductor amplifier or
generator using the effect of negative losses should
be considered from the viewpoint of the possible de-
struction of thermodynamic equilibrium and the at-
tainment of states with 9f/8¢ > 0 in some interval
of energy. However, in the steady state in a con-
stant electric field E, as assumed by Kromer,!
it is impossible to obtain such states for a semi-
conductor, as direct calculation shows.2™® The
distribution functions found up to the highest val-
ues of fields, have 9f (e, E)/8¢ < 0 for all values
of ¢ [9f(€,E)/9¢ — 0 as E — «=]. In very strong
fields when the processes of electron scattering at
lattice phonons are unimportant, it is also impos-
sible to obtain an amplifying state, even if impact
ionization and the Zener effect are ignored. In
this case the electron will oscillate periodically
between the upper and lower edges of the permitted
band, so that electron states with positive and nega-
tive masses are equally probable.

Everything that has been said above can be gen-
eralized directly to the case of an anisotropic band
in which, for some values of the quasi-momentum
P, some components of the tensor-effective mass
are negative; here, too, it is impossible to have
8f/9e > 0 in a constant electric field, since in
semiconductors the constants of interaction with
acoustical and optical phonons are of the same
order of magnitude.

Thus, to create semiconducting systems with
negative losses, it is necessary to obtain a state
with negative temperature, where 9f/9¢ > 0. Such
states can in principle be attained by excitation of
the electrons with sufficiently powerful monochro-
matic radiation, causing transitions between the
levels of one band or different bands using a pulsed
system or a steady state system, as in molecular
generators and amplifiers, or using pulsed excita-
tion by an electric field.®

We note that to obtain a negative temperature
using a pulsed electric field, it is expedient to use



