
dons, generating functions, etc.) to multiple-channel
processes with nonseparable nonadiabatic regions. The
theory worked out for atomic collisions can also be ap-
plied to related fields (the shift and broadening of spec-
tral lines, the propagation of electromagnetic waves in
dielectrics, etc.). This approach leads to the most
graphic description of the physical processes which oc-
cur in collisions, shows the effects of the basic param-
eters, and makes possible the calculations required to
analyze the properties of gases and plasmas.
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G. A. Smolenskil, The electroacoustic phonon echo.
The nonlinear effects and the interaction of "subsys-
tems" or quasiparticles are interesting aspects of the
study of solids.1 Research of this type has led to the
discovery of the electroacoustic phonon echo in piezo-
electrics and ferroelectries.2 '3

In this effect, the application of pulses of an alternat-
ing electric field to piezoelectric samples in the form
of single crystals or powders results in the appearance,
at certain times, of other pulses of an alternating elec-
tric field (the echo pulses), which accompany acoustic
vibrations. Piezoelectric samples subjected to two elec-
tromagnetic pulses at times 2τ, 3τ These signals
constitute the two-pulse echo. If, instead, three pulses
are applied to the sample, at times 0, τ, and T, then
echo signals are again emitted at Τ + τ , Γ + 2τ,.... The
signals at Τ +τ and Τ +2τ constitute the three-pulse
echo. The first and second of these pulses are the "writ-
ing" pulses, while the third is the "readout" pulse.

For the two-pulse echo to be observed, the time τ
must be smaller than the acoustic damping time T2;
otherwise the acoustic vibrations excited in the sample
by the external pulses will not interact. It would seem
that Τ should also be smaller than T2, but it has been
found that the three-pulse echo can be observed under
the condition Τ > T2 and even under the condition Τ » Γ2.
Powdered samples have revealed a long-term memory
at room temperature, lasting for a matter of months.4'5

The echo is studied in two basic modes: the traveling-
wave mode (with both volume and surface waves) and the
mode with standing acoustic waves. In the resonant
mode (standing waves) a large number (~106) of crystal
grains are used, with dimensions of the order of half the
acoustic wavelength. The echo is observed by acoustic
methods or by pulsed rf spectrometry.

The appearance of this electroacoustic echo consists
of the following basic steps (the same is true for echoes
of other types): 1) oscillations—in the present case, a-
coustic—are excited; 2) these oscillations go out of

phase; 3) the time evolution of the phases is inverted
(in the traveling-wave case this is an "inversion" of the
wave vector; 4) the oscillations are brought into phase
(the creation of the echo).

The appearance of the echo in the traveling-wave mode
in single crystals can be explained as follows. The first
rf pulse excites a packet of elastic waves via the piezo-
electric effect, and these waves propagate away from
the surface into the crystal. The displacement in this
packet is

Bl = c.^**-""), (1)

where k is the wave vector and ω is the frequency.

This packet is reflected at the ends of the crystal and
travels back and forth through the crystal until it is
damped. The original packet goes out of phase because
of the diffraction divergence of the beam, elastic scat-
tering of the acoustic waves by crystal inhomogeneities,
and the surface roughness at the reflecting ends.

If a second rf pulse with the same frequency u> is ap-
plied at time τ, this pulse produces an electric field

Ε = £,,*ω('-τ) (2)

in the crystal. The nonlinear interaction of this field
with a traveling acoustic wave, which can be described,
for example, by a term u\E2 in the expansion of the free
energy (see below), produces a new acoustic wave in the
crystal:

(as usual, the asterisk denotes the complex conjugate).
This new wave propagates in the direction opposite the
original wave, and it can be seen from (3) that a new
packet of elastic waves is produced and creates an echo
signal at t =2τ. In the electric field of the second rf
pulse, each harmonic making up the packet «t excites a
harmonic with the same phase (at the time at which the
second pulse is applied) but with the opposite propaga-
tion direction. This secondary harmonic travels the
same path as the original harmonic, and it undergoes
the same scattering processes, but in the opposite or-
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der. The net result is that the phase differences be-
tween the harmonics of the packet u2 are cancelled.

The expansion of the free energy in powers of the elec-
tric field Ε and the strain u can be written schematically

F ~* cua + c(8J ua -4- cltiu* — e£ a 4- •f'E'

+ cEu + dE*u + /Eu2

+ gE*u* + qE'u + hEu* + . . . . (4)

It is easy to see that essentially all the terms in this
expansion which describe nonlinear terms, by which we
mean terms of order higher than the second, contribute
to the echo.6'7

It follows from this description that the echo effect
can be observed not only in piezoelectrics and ferro-
electrics, i.e., in crystals which lack a symmetry cen-
ter, but also in other crystals—in general, all crystals
and solids. For observation of the echo in a crystal with
a symmetry center, external transducers must be used
to excite and transform the elastic waves. The phonon
electroacoustic echo is thus a universal effect.

It is also extremely interesting to study the echo ef-
fect in fine-grain powders. For echo observation in
powders, an important consideration is the condition for
an acoustic resonance, i.e., the condition that the pulse-
modulated frequency be approximately equal to the os-
cillation frequencies of the powder grains. In this case
it is obviously possible to maximize the oscillation amp-
litudes for given electric fields. The two-pulse echo is
an effect of the same physical nature in cingle crystals
and in powders; the differences lie in the mechanism by
which the various waves go out of phase and come back
into phase. In single crystals, these phasing processes
are due to elastic scattering of acoustic waves, while in
powders they are due to the differences in the resonant
frequencies for mechanical vibrations of the individual
grains. Furthermore, powders are distinguished from
single crystals by the fact that the most important non-
linearities are the elastic nonlinearities.

The mechanism for the formation of the three-pulse
echo is slightly different. For observations in the trav-
eling-wave mode in single crystals, the nonlinear inter-
action of the oscillations excited by the first two pulses
leads not only to new oscillations, which produce the
two-pulse echo, but also to a strain which is constant
over time but inhomogeneous over space:

These spatially inhomogeneous stationary components
contain information on the phases of the oscillations ex-
cited by the first and second pulses. It can be seen from
(5) that these components are periodic in space with a
period equal to the acoustic wavelength. The third pulse,
u3=C3e~ttla~u{t~Tn, acting on this inhomogeneous crys-
tal, excites oscillations with the same phase relations
which prevailed at the time of the second pulse. Ac-
cordingly, the phases of these oscillations, as in the
case after the second pulse, become equal at a time τ
after the application of the third pulse. In other words,
at the time Τ + τ the three-pulse echo appears:

The inhomogeneous strain or the field in the crystal
redistributes the defects and charges (the lattice is "dec-
orated" by the defects). This inhomogeneous distribu-
tion of defects and charges can be preserved for a long
time (the relaxation time T,), even after the oscillations
which produced this distribution have been damped out.
In this manner, an acoustic hologram is recorded. Un-
der certain conditions this hologram can be read out re-
peatedly (an important consideration for practical appli-
cations).

In powders, a macroscopic orientational mechanism
can play a definite role in creating the memory. This
mechanism is due to a reorientation of the particles by
the second pulse.8'9

At present, the electroacoustic echo and memory have
been studied in more than 50 materials, over a broad
frequency range, from 1 to 10 GHz, and over a temper-
ature range from liquid-helium temperature to 300-400
°C. This research has established not only the mechan-
isms for the formation of the echo and of the memory
but also the basic properties of these effects.

The electroacoustic echo has opened up a new field in
the acoustics of solids. This effect is of scientific in-
terest in its own right, and it also holds promise for
research on the physics of nonlinear effects, including
electroacoustic effects, the damping of elastic waves
(especially at microwave frequencies), and phase tran-
sitions, and for study of the properties of materials in
a finely dispersed state, lattice defects, etc.

The echo effect can be used to develop devices for in-
formation storage and processing in several technical
applications: convolution, correlation, and Fourier-
transformation devices; memory devices; controlled
delay lines; devices for coherent and incoherent storage
of rf pulses with linear and nonlinear intrafrequency
modulation; and devices for time-inverting signals.
Since echo devices are broad-band devices, their in-
formation storage capacity can be two or three orders
of magnitude better than that of other acoustoelectric
devices.
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B. P. Zakharchenya, V. A. Novikov, and V. G. Fleish-
er, States and resonances of optically pumped electron
and nuclear spins in a semiconductor. Optical pumping
makes it possible to achieve a high degree of orientation
of electron and nuclear spins by simple means. Recent
research on semiconductors has established several
basic aspects of the behavior of optically pumped spin
systems in solids. In solids, in contrast with gases,
the strong spin-spin interactions in the nuclear system
are important, and they lead to a spin temperature
which is different from the lattice temperature. Fur-
thermore, it turns out that the behavior of the electron
spins in weak external magnetic fields is affected by an
anisotropy of the hyperfine field and, in particular, nu-
clear quadrupole effects.

Study of the anisotropy of optical pumping has led to
the discovery of fixed stable states of electron-nucleus
spin systems, with both constant and continuously os-
cillating polarizations. Transitions between these states
can be caused by various external factors, in particu-
lar, alternating magnetic fields at NMR frequencies. In
the optical channel, magnetic resonances are easily de-
tected in weak fields and low frequencies, which are un-
usual for solids. These resonances make it possible to
clearly identify the contribution of nuclear quadrupole
effects.

Let us examine some results obtained in a study of op-
tical orientation in the semiconducting solid solution
Ga^Alj^As in which ~l/4 of the Ga atoms of the original
GaAs crystal are replaced by Al atoms (x = 0.24). These
/>-type crystals (doped with Zn to a concentration ~1018

cm"3) were excited by the beam from a He-Ne laser,
which was incident normally on the crystal surface along
the fourfold axis. Most of the measurements were car-
ried out in an external magnetic field Η directed per-
pendicular to the light beam. The crystallographic axes
were in various orientations with respect to this field;
the orientation was changed by rotating the crystal a-
round the laser beam. In the experiments, measure-
ments were made of the quantity p, which is the degree
of circular polarization of the luminescence. This quan-
tity is numerically equal to SSt/l Sj I, the projection of
the average electron spin S onto the propagation direc-
tion of the exciting light. (Here IS, I =p is the average
spin of tiie electrons which are oriented by the light in a
zero magnetic field.) The measurements were carried
out at 77 °K. The depolarization of the luminescence in
a transverse magnetic field, which is sometimes called
the "Hanle effect" by analogy with gases, can yield much
information on the hyperfine field in the case of semi-
conductors. The electrons oriented by the light cool the
nuclear spin system to a reciprocal temperature [ ΐ/θ
~ (SH)/(#2 +#5oC]1>2 (#ioc is the local nuclear field) by
virtue of the hyperfine interaction.1'2 In the geometric

arrangement under consideration, this cooling is possi-
ble in the field hJS of the electrons oriented by the light3'4

(/2e=const). In this case, [l/e~S2(H»ft,S)]. When
thermodynamic equilibrium is reached, the light-cooled
nuclear spin system is polarized in the direction of the
external field H. Since the light causes a substantial
cooling, even in a weak external field (of a few tens of
oersteds), a substantial nucelar polarization can result.
The polarized nuclei create an effective magnetic field
Η/,, which acts on the electron spins. In weak fields Η
this effective field can accelerate the luminescence de-
polarization, leading to the appearance of a characteris-
tic narrow line in a plot of p(H) (Refs. 3 and 4). If H ,̂
• • H, there is a region in which the external field is ap-
proximately cancelled by the internal field, and the
quantity ρ turns out to be essentially the same as in the
case H = 0. An additional rising region appears on the
p(H) curve. The solution of the Bloch equation describ-
ing the behavior of the electron spin S in a transverse
field, with cooling of the nuclear spin system, leads to
a good agreement with experiment in those cases in
which the anistropy is not important. On the basis of
this model it was predicted that there are two stable
polarization states near the region in which the external
and internal fields cancel out. Soon after this prediction
was made, these states were in fact detected experi-
mentally.5 At the boundaries of the range of Η in which
the function p(H) is multivalued the luminescence polar-
ization changes abruptly. The size of this range de-
termines the width of the "hysteresis loop."

The function p(H) can change markedly when there is a
change in the orientation of the crystal. A rotation of
the crystal around the laser beam can cause transitions
from states with a constant polarization to states with a
continuously oscillating polarization. The electron-nu-
clear spin system turns out to be unstable under con-
stant external conditions. Since the electron g·-factor is
isotropic in the cubic crystals involved here, the only
anisotropy is that due to the hyperfine field. Optical de-
tection of nuclear magnetic resonances has made it pos-
sible to identify the nature of this anisotropy.6'7 Figure
1 shows the resonant frequencies / of the principal lines
in the NMR spectrum as functions of φ, the angle be-
tween the {llO} axis and the external field H. The reso-
nances were inferred from the change in the quantity ρ
upon the imposition of an alternating field H^IS,, H. A
change in the effective field ΈΗ at resonance causes a
change in p. As Fig. 1 shows, all the resonant frequen-
cies conform well to two sinusoidal branches. The ab-
solute values of the frequencies correspond.to three
times the frequency of the ordinary As75 nuclear mag-
netic resonance in magnetic fields which are equal to the
projections of the external field onto the body diagonals
of the cube. In this geometric arrangement, these pro-
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