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The behavior of a paramagnetic system formed by impurity centers in the APR region is studied
over a broad range of hypersonic intensities at a frequency of 9.4 GHz. The dependence of the
resonance absorption coefficient and the velocity dispersion of the hypersound on the intensity are
measured for impurity paramagnetic ions possessing electron-phonon coupling in corundum. It is

found that the saturation of APR for Fe?* and Ni'* ions with large electron-phonon coupling
results in considerable deformation of the resonance curve and in the appearance of negative
resonance absorption in the H <Hg region. The effects are considered from the viewpoint of the
nonlinear theory of propagation of a hypersonic-wave beam in a resonant medium. It is shown that

the negative absorption is the result of resonant self-channeling of the hypersonic wave, which arises
as a consequence of the nonlinear dispersion of the velocity of sound in acoustic paramagnetic

resonance.

INTRODUCTION

The electron-phonon interaction of an impurity para-
magnetic atom implanted in the lattice of a diamagnetic
crystal materially affects the resonance properties of
this crystal in electromagnetic and acoustic fields and
has been the object of numerous investigations over the
course of the years. The definite progress in the em-
ployment of hypersonic waves in problems of solid-state
physics that has been achieved in recent years allows
us to use for the study of this interaction a direct
method that is based on the measurement of acoustic
paramagnetic resonance. As a consequence of the fact
that the absorption of hypersound in acoustic paramag-
netic resonance (APR) is a measure of the coupling of
a phonon with a definite wave vector and frequency with
the electron system of the impurity center, the APR
method makes it possible to obtain direct and detailed
information on the electron-phonon interaction, and
also on the structure of the electron energy spectrum,
with which the interaction is connected.

In a number of researches that have been completed
in this direction, linear APR has been studied at a very
low level of hypersound, when it is possible to neglect
the change of state of the paramagnetic system. On the
other hand, a hypersonic wave of even comparatively low
intensity can interact significantly with the system under
resonance conditions for the case of strong electron-
phonon coupling. The change in the state of the paramag-
.netic systemn that arises here turns out to have the op-
posite effect on the conditions of propagation of the same
hypersonic wave which produced these changes (the
self-action effect).

The aim of the present work was to study the be-
havior of an electron paramagnetic system in the field of
a strong hypersonic wave in the case of APR. As was
shown in '*'| the electron-phonon interaction should
lead to a dependence of the resonance absorption and
sound dispersion on the intensity of the hypersound.
This effect was discovered and studied in work on para-
magnetic centers which possess weak and strong elec-
tron-phonon coupling. The effect of the (not previously
predicted) resonance self-action of a narrow beam of a
strong hypersonic wave in crystals containing paramag-
netic centers with large electron-phonon coupling was
also discovered.
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OBJECTS AND FEATURES OF THE METHOD OF
MEASUREMENT

As objects for the study of APR in a strong hyper-
sonic field, we used crystals of corundum into which
paramagnetic atoms possessing various electron-phonon
couplings had been introduced isomorphically. As a
weakly coupled ion, we chose Cr®, which was substituted
for Al in the corundum (pink ruby). Detailed measure-
ments of the linear APR were carried out for this ion,m
and used to determine the complete set of components
of the spin-phonon interaction tensor Gjk. According to
these data, the modulus of the difference between the
components responsible for absorption of a longitudinal
wave along the second-order symmetry axis is
|Gy~ Gi21=(6.2£0.2) cm™?, and the spin-lattice relaxa-
tion time at the temperature T =1.8 K, is equal to
T,=(0.5+0.1) sec.

To measure the interaction of hypersound with the
strongly coupled impurity centers, we selected corundum
crystals which contained the ions Fe** and Ni*. The
large value of the electron-phonon coupling for these
ions is due to the features of the structure of the energy
spectrum. The Fe®* ion, whose APR was discovered and
studied by us previously,[“ has the following structure
of energy levels. The ground level in the free state °D
in the case of implantation in the corundum splits, in a
crystalline field of symmetry Op, into a doublet and a
lower orbital triplet. Subsequent removal of the degen-
eracy of the levels is determined by the spin-orbital
interaction and by the axial component of the crystalline
field.

As measurements of the APR spectrum have shown,
the axial component is weaker than the spin-orbital in-
teraction. As a result, it turns out that the ground level,
with account of the perturbations mentioned, is a singlet,
and above it, at a separation of 4.2 cm™?, there are
doublet levels. The levels of the doublet split in a mag-
netic field, and the transitions between them lead to
resonance absorption of the hypersound. The states of
these levels depend not only on the spin quantum num-
bers mg, but also on the orbital m;. By virtue of this,
the spin-phonon interaction, which is directly connected
with the orbital motion, takes place even in first-order
perturbation theory and appreciably exceeds the inter-
action for ions in which the ground level in the cubic field
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is a singlet and the orbital motion is frozen, as, for ex-
ample, in the case of Cr* in corundum. Estimation of
the components of the tensor Gjk from the APR data
for Fe® in corundum gives | G;;— Gy, = 5% 10% em™?,

The electron structure of the Jahn-Teller ion Ni*
in corundum guarantees an even stronger electron-
phonon interaction than in the case of Fe?*. The fact
is that the ground state in the cubic field of the oxygen
octahedron of the corundum lattice for Ni¥* is the
orbital doublet ’E, which does not split in the first ap-
proximation, either under spin-orbital interaction or
in a field of axial symmetry. At the same time, the
levels of the doublet are very sensitive to the lower-
symmetry deformations of the lattice, for example, in
compression along an axis of symmetry of second or-
der. The states which refer to levels split in a mag-
netic field depend, just as in the case of Fe** on the
projections of the spin and orbital angular momenta, and
are therefore strongly coupled to the deformations of the
crystal lattice, lowering its symmetry. In particular, as
APR measurements have shown, the amount of coupling
for the longitudinal wave along the axis of symmetry of
second order is =10% cm™.

Three types of samples of corundum were used for
the study of APR: samples containing Cr*, Fe*", and Ni*,
respectively. In the samples with Cr* (ruby), the con-
centration of these ions amounted to 3.5%107*%. In
corundum with the iron impurity, which amounted in all
to ~10~2%, most of the impurity atoms replaced alum-
inum isomorphically in the lattice of the crystal and was
in the state Fe* according to EPR data. The Fe®" ions
composed only a small part of the impurity atoms of
iron (1-5%). In the corundum samples with nickel, the
impurity atoms were also in two states: Ni** and Ni¥.
The concentration of Ni** from the EPR data was equal
to 2x107*%. All the samples of the crystals had the
form of rods of circular cross section, with a diameter
of 2.6 mm and length 15 mm. The crystallographic axis
of symmetry of second order was oriented along the
geometric axis of the rod. The ends were made optically
flat and parallel (the roughness was ~0.1 yu, departure
from parallelism, 2"). For the purpose of introducing a
high-intensity hypersonic wave into the corundum crys-
tal, we used a previously developed effective method of
excitation of hypersound in the form of a thin, hyper-
sonic needle beam [4’5], the intensity of which could be
varied over wide limits. For this purpose, textured
films of ZnO were vacuum-evaporated on the ends of
the crystals, with a sublayer of aluminum. The uhf
electric field necessary for the excitation of the hyper-
sound was concentrated with the help of a coaxial ele-
ment onto a very small region of the film in the shape
of a disk of diameter 2a=0.5 mm and height d=0.5 u,
which played the role of an antenna in the radiation and
detection of the hypersound. Since ax™'=2x10?, the
hypersonic wave excited by this transducer propagated
in the crystal in the form of a slender, weakly diverging
beam, which underwent multiple reflections from the
ends of the crystal. The excitation of the hypersound
was maintained in a pulsed regime (pulse length 1u,
repetition frequency 10 kHz) at a frequency of 9.4 GHz.
The pulsed intensity I of the hypersound was deter-
mined by the pulsed uhf power fed to the transducer and
by the losses on a single transduction. Since the losses
in such a transducer are comparatively small (~20 dB)

I can be varied over wide limits, from 50 uW/cm?® to
10 W/cm®. The lower limit was determined by the

1210 Sov. Phys.-JETP, Vol. 38, No. 6, June 1974

sensitivity of the pulse detector, and the upper limit by
the uhf breakdown in the ZnO film.

We used a pulsed hypersonic s?ectrometer for re-
cording the resonance absorption 1, For the purpose of
preventing nonlinear distortions of the echo signal in the
detector on a change of I at its input, a constant level
of the echo was established by means of an attenuator.
The dispersion of the phase velocity of the hypersound
in APR was measured by the interference method."®’
Hypersonic waves excited by the same uhf electromag-
netic field source were propagated in two channels:
the measuring crystal with paramagnetic centers and
an identical reference crystal without paramagnetic
impurities. The dispersion of the hypersonic velocity
was determined by measuring the phase difference of
the reference and the measured echo-signals in the
resonance region. Significant difficulties arise in such
a method, because of the comparatively narrow res-
onance line (20-30 Oe); these difficulties are connected
with the necessity of establishing the constant magnetic
field H with great accuracy at many points of the res-
onance region.

In this connection, we used automatic recording on an
x-y recorder to obtain the field dependence of the inter-
ferometer signal with various initial (when the field H
is outside the resonance region) echo-signal phase dif-
ferences set up. The signals ®.(H)=a+A¢ correspond
to phase differences of +7/2 (o is the resonance ab-
sorption of the hypersonic wave, A¢ the resonance
phase change). It is easy to determine the resonance
change in the phase velocity from the curves & (H):

Av 1 1
bp === (0= 0 ) o

here k is the value of the wave vector, v the sound
velocity, L the acoustic length. The sensitivity of the
method, in addition to the effectiveness of the hyper-
sonic excitation, is determined by the fluctuations of the
phase difference of the reference and measured echo
signals during the measurement. Since both crystals
were in a helium cryostat under the same temperature
conditions, these fluctuations did not exceed 0.1°, which
permitted us to record changes of ~10~° in the phase
velocity at resonance.

EXPERIMENTAL RESULTS

The nonlinear effects of self-action for Cr®" appear
in the resonance absorption and dispersion of the phase
velocity even at comparatively small pulsed intensities
of the hypersound. Thus, while for linear APR, when
9a/01=0, at H=HR, T=1.8°K, I'=-20dB, the value of
aR=ak=1.4 dB, even for 1'=-9dB (I~107* W/cm?) we
have aR< a"R= 2aR(Ig) (Fig. 1). The value of I’ in deci-
bels is the intensity of the hypersound relative to the
intensity Ig at which aRr= “%ag.

The decrease in @ with increasing I is accompanied
by a decrease in the dispersion of the phase velocity;
however, the dependence 6v(I) is much weaker than
a(I) (Fig. 2). The change in the shape and width of the
resonance line at saturation, which is not observed in
the recording of a(H), is clearly seen from the curves
of ®,(H). While at low intensity the distance between
extremal points of the phase velocity (5v)e amounts to
30 Oe and corresponds to the width of the resonance
line in the absence of saturation, this separation is
tripled at I'=+17 dB. It is seen from Fig. 2 that in ad-
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FIG. 1. APR curves a(H) of Cr3* ions at different hypersonic in-

tensities. The maximum values of the resonance absorption here and
below in Figs. 3 and 5 are given in dB. Ig= 1 mW/cm?, ao = 2.3 dB/cm,
HR =0.45 kOe, L =6 cm, T = 1.8°K. The figures with arrows indicate
the value of the resoriance absorption at the maximum of the curve,
measured from the level of nonresonance absorption (the dashed line).
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FIG. 2. ®.(H) resonance curves for Cr3* at different hypersonic in-
tensities. The arrows indicate the extremal values of the relative change
of the phase velocity of the hypersound at resonance: §v X 107; L =6 cm.

dition to the change in the width, the resonance curve
is deformed at saturation; this is manifested in the dif-
ferent dependences of (6v)e on I for H<HR and H >HR.

The effect of self-action takes on a different charac-
ter in the case of APR of Fe?*, which possesses strong
electron-phonon coupling. Upon an increase in I, just
as in the case of Cr*™, a decreases monotonically,
reaching one-half its value at I=Ig= 2mW/cm? (Fig. 3).
The shape and the width of the resonance line a(H) re-
main unchanged here, which indicates an inhomogeneous
broadening of the resonance line. However, for a hy-
personic wave of high intensity, I >Ig, the character of
the resonance absorption changes materially. With in-
creasing I, there is at first a deformation of the reso-
nance curve a(H). The curve is deformed to the highest
degree in the region H <HR and the absorption maxi-
mum is shifted toward higher magnetic fields H >HR.
When I reaches Iy, @ vanishes at H<HR and further
increase in I leads to negative resonance absorption.
The total absorption ag turns out to be less here than
the absorption outside the resonance region—the non-
resonance absorption «, (the absorption @, corre-
sponds to the echo signal level indicated in Figs. 1-5
by the dashed lines). The effects of saturation and nega-
tive absorption were observed for hypersonic echo sig-
nals with different numbers, corresponding to one, two
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and three traversals of the crystal by the hypersound.
Here the quantity Ig did not depend on the number of
the echo signal, and the negative absorption at fixed
input intensity of the hypersound was found to be pro-
portional to it. Thus, for first, second and third echo
signals, the negative absorptions amounted to 0.2 dB,
0.42 dB and 0.65 dB, respectively. It should be noted
that the resonance absorption at H=HR tends mono-
tonically to zero with increase in I.

In contrast to the resonance absorption, the change in
the phase velocity in the resonance region has a mono-
tonic character over the entire measured range of hy-
personic intensities. The resonance change in the phase

I=10dB ¢

I'=+4dB
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FIG. 3. APR curves a(H) of Fe?* ions at various hypersonic intensi-
ties. T = 4.2°K, Iy~ 2 mW/cm?, o = 2.8 dB/cm?, HR = 0.98 kOe, L =
3 cm. The heavy arrows indicate the resonant positions (H = HR).
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FIG. 4. Resonance curves of ®+(H) for Fe?* at various hypersonic
intensities. The arrows indicate the extremal values of the relative phase

velocity change §v X 10;L =3 cm.
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FIG. 6. Oscillogram of the echo in the propagation of hypersound
in corundum with Ni 3* atI = Ig, a — H=HR, b — H outside of reso-
nance. Time scale: 1 cm 1usec.

velocity decreases with increasing I (Fig. 4), but this
change, as in the case of Cr®, is much less than the
change in aR.

Saturation and negative absorption were also ob-
served for the Ni* ion. The character of the saturation
of the resonance line for this ion is the same as for
Fe?". A decrease in a is observed on an increase in I,
as well as a subsequent deformation of the resonance
curve. Only the values of Is and I at which nonlinear
effects appear are different. The negative absorption,
which appears at I >Iy, reaches 0.22 dB for the first
echo signal (Fig. 5). Just as for the Fe® ion, this ab-
sorption increases with the number of the echo. A
change in the shape of the echo at saturation has also
been observed for Ni**. When I=Ig, the change is
greatest. Here the leading edge of the echo is absorbed
much more strongly than the trailing edge (Fig. 6). The
distortion of the shape of the pulse increases with the
number of the echo.

The pulse method of APR measurement also allows
us to estimate the spin-lattice relaxation times T; for
ions with strong electron-phonon coupling from the de-
pendence of Ig on the repetition frequency of the pulses.
These times turned out to be =107° sec (4.2 °K) and
~2x107° sec (4.2 °K) for Fe® and Ni*, respectively.

DISCUSSION OF THE RESULTS OF THE
MEASUREMENTS. THE EFFECT OF SELF-
CHANNELING OF THE HYPERSONIC BEAM

The monotonic decrease in the resonance absorption
and velocity dispersion with increase in the intensity of
the hypersonic wave, which is observed for the Cr** ion
with weak spin-phonon coupling, is in qualitative agree-
ment with the nonlinear theory of APR saturation. u
According to this theory, the saturation of resonance
absorption in the case of inhomogeneous broadening of
the resonance line with increase in I should take place
much more rapidly than the saturation of the resonance
dispersion of the phase velocity, which is also observed
experimentally.

A different situation exists for ions with strong elec-
tron-phonon coupling, Fe** and Ni*. The effects of de-
formation of the resonance curve and negative absorp-
tion in the range H <HR discovered here do not follow
from this theory. It is impossible to regard the nega-
tive absorption as amplification of the hypersound,
since in this case the states of the levels of the reso-
nance transition are not inverted, because of the ab-
sence of an additional-illumination source of short
duration. Nor, as a consequence of the very short time
of the spin-lattice relaxation, can inversion arise on
slow crossing of the resonance by the magnetic field
during the measurement. This, and also the fact that
the character of the negative absorption—its value and
its position to the left of the resonance magnetic field,
H <HR—is the same for the ions Fe** and Ni*, which are
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essentially different in their energy spectra and in their
values of Gjk and T,, leads to the idea that the negative
absorption is connected with changes, during the growth
of I, not only in the state of the paramagnetic system,
but also in the structure of the hypersonic field in the
paramagnetic crystal, as a result of which the losses

in the propagation of the hypersonic wave decreases.
Inasmuch as the interaction with a paramagnetic system
of only a one-dimensional plane wave in an isotropic
medium has been considered in the nonlinear theory of
saturation of APR, these effects have naturally escaped
from the field of view.

In view of this, we consider the nonlinear resonance
self-actions, to which the spatial boundedness of the
hypersonic wave in the direction perpendicular to its
propagation leads. Let a beam of longitudinal hyper-
sound be propagated in the x direction in a resonant
medium. The beam is excited on the boundary of the
medium by a radiator whose radius a satisfies the in-
equality

A<a<Lo, My, (1)

where A is the waw}elength of the hypersound and L, and
Mo are the dimensions of the sample along and perpen-
dicular to the direction of propagation of the wave.

For simplicity, we shall not take the anisotropy of
the medium into account, and we shall take the effective
spin for the paramagnetic atom to be S'= Y,. The hyper-
sound interacts with the component (Sx)—the mean value
of the spin projection operator on the x axis. In this
case, as is well known, the relaxation processes can be
described satisfactorily by means of the two character-
istic times of longitudinal and transverse relaxation,
T; and T,. The system of joint equations for the propa-
gation of hypersound in a resonant medium contains the
equation of elasticity and the equation for (Sj) that is
connected with it. This equation describes the states of
the impurity atom in the sound field:

d’u dF (K85)

N
I =v2V2u+E—j 7z g (@) dw,, (2)
sy S BIDARIS)); (3)
dt h
Here
H/=kAoS,+H,, R({S))=(S>-S.)T",

R((Se)=(S.dT5 ", j=z,y,z.

po is the density of the medium, u the deformation in
the elastic wave, F the force connected with the elec-
tron-phonon interaction for an ion with resonance fre-
quency wo, N the concentration of paramagnetic ions,
and g(wo) the shape function of the resonance line, S’
denotes the fact that the spin projection operator is
considered in a system of coordinates which is rotating
with frequency w (w is the frequency of oscillation in
the sound field) and moving with the wave along the x
axis, He is the effective Hamiltonian in this system

of coordinates, Sy =% tanh[liw,/2kpT], Hg is the Ham-
iltonian of the electron-phonon interaction, Aw=wo—w,
kp is Boltzmann’s constant, and Sy the mean value of
the operator S, at thermodynamic equilibrium. The
integral in (2) is taken over the resonance region.

In the study of the propagation of a hypersonic beam
in a resonant medium, we shall follow the quasi-
optical method employed in 1 for analysis of self-
focusing of light in a nonlinear medium. We write down
the deformation in the sound field in the form
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(4)

u=Re R (pz, p"r, ut) exp {i[ot—kz—kS (px, n"r, ut)1}.

The amplitude of the wave R and the eikonal S change
slightly over the period of oscillation and over a dis-
tance of the order of the sound wavelength; p is a small
parameter, by means of which we take into account the
different dependences of these functions on the time and
the coordinates, along the beam x and in the transverse
direction r.

Since S’=%, F is a linear function of (S{). Substitut-
ing (4) in the system (2), (3), and neglecting terms of
the order O(p?), we obtain equations which describe
the propagation of the hypersonic beam in the resonant
medium:

IO NI Y N NER A S—
v 9t 0z @ ar or 2a* \ r’ or a
1 0§ 4§ 1 a8 \? 1 1 R 3*R
P P (2 = - +1,(R), 6
v 9t dz 2a° (Or') 2Rk’a2(r' ar’ 9 ") (R) (6)

where IR(R) and Ig(R) are nonlinear functions of R
which are expressed in terms of the characteristics of
the paramagnetic system:m

I.(R)= (7

I(R)—+——I(<S dcos kS+<S, dsin kS) g (@) dar,. (8)

Here G is the spin-phonon coupling constant.

Under stationary conditions, we find for the case of a
Lorentzian shape of the inhomogeneously broadened
resonance line from (3), (7) and (8)

g7 (@o) =nb, (e*+1),
z2=T,T.G**R*h~?,

I.(R)=RQkF,(2)8.~",
Y= (T:6.)"",

I.(R)=QF.(2)6.",
Q=S."NG* (4p,v*h) ", (9)
Fro(z)=[1+y(1+2)"] (1+2) " {e*+[1+y (1+2) "]?} -,
Fo(z)=e{e*F[1+y(1+2) “1*}!,  e=Awbd.™!, y<1,

here &1, is the inhomogeneous line width. When the
sound intensity is small (z <« 1), the nonlinear depen-
dence of IR(R) and Ig(R) on R can be neglected. Equa-
tions (5), (6) describe the linear effects of resonance
absorption and the dispersion of the phase velocity, in
which no limitation appears on the wave in the trans-
verse direction.

We consider the case of high intensity, when z > 1,
but yz'?> <1. The solution of the nonlinear equations (5)
and (6) under the conditions of stationarity will be sought
in the quasi-optical approximation in the form of a beam
with variable radius of curvature:'”

1., . R 2r' _
S=—2sr B(x)+q(z), R*= fZ(I) p{ fz(z) az} (10)
The boundary conditions at the entrance of the beam to
the crystal have the form

@(0)=0, f(0)=1, (11)

where B~(x) is the radius of curvature, ¢(x) the con-
tribution to the eikonal due to change in the velocity,
f(x) the dimensionless beam width, and R, the ampli-
tude of the wave on the beam axis at x=0.

Substitution of (10) in (5), (6), and (9) leads to the
following equations for the functions B(x), ¢(x), f(x),
and a in the paraxial region of the beam (r’ <« 1):

R=R,exp (—r'"?),

B=/F, a=2Lu(R)R-,

1 4 T 00: o x (12)
— (220 0% N
L (fz L AR = ) L,
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1 0*1.(R)

at o

2z 0:2]

) Y
0r

fir ar (13)

II

[ f? W
The first term in the square brackets of (13) describes
the diffraction spreading of the beam; the second and
third terms, which are connected with the resonance
absorption, also increase the beam width. The role of
the term a~28%Ig(R)/dr", to which the resonance disper-
sion of the phase velocity of the hypersound leads is dif-
ferent. Since Ig(R)~ Aw, the velocity term vanishes at
resonance and the beam diverges because of diffraction
and resonance absorption. However, it is significant that
the sign of this term changes on the transition through
resonance. Therefore, on one side of resonance, for
Aw >0, it increases the divergence, but on the other
side, Aw <0, the sign of this term is negative, which
leads to a decrease in the divergence of the beam.

We now estimate the value of the parameter z=2zc, at
which one can in this case completely compensate the
divergence of the beam and obtain the effect of self-
channeling of the hypersonic wave. When z »1, yz'/?<1,
| Awl=67,, it follows from (9) that the second and third
terms in (13), which are associated with resonance ab-
sorption, are proportional to z™! and z~'”2, respectively,
and the velocity term ~z'/? and appreciably exceeds
these terms. Using this fact, and neglecting small terms,
we obtain the first integral of Eq. (13) in the form

e ) e e

where z'=zlR=R,, Av/v=Is(Ro) and the boundary condi-
tions (11) are taken into account. We then find

4

(14)

(15)

If z' >z¢, then the focusing action of the velocity dis-
persion exceeds the effect of diffraction and the beam
decreases in cross-section—the effect of self-focusing.
It must be noted that, in contrast to the effects of self-
channeling and self-focusing of light in a nonresonant,
nonlinear medium, the power of the beam that corre-
sponds to z. depends on a.

If the sound is propagated in a resonant medium in the
form of a short pulse, then the appearance of self-
channeling is complicated by transient processes. In
this case, the replacement of t by the new variable
£=t—xv"! leads to a system of equations which has the
same form as (5) and (6) in the stationary regime
However, the equations for (S Y, which describe the
transient process in a spin system under the effect of
a hypersonic pulse, change in this case. As analysis
shows, in this case, the character of the process de-
pends on the relation of the times T,, T,, 7, and 7
(7 and T are respectively the pulse length and the time
of its propagation in the crystal).

When 7 and 7, > T, and T,, the transient processes
settle within the time ™ and the self-channeling is the
same as in the stationary regime. This case occurs for
the Fe®* ion and, consequently, the stationary solution
obtained above is applicable to it. An increase in the
sound intensity at resonance (Aw =0) leads to a mono-
tonic decrease of a to zero, since the velocity term in
the right side of (13) is absent. Upon deviation from
resonance due to this term, the resonance absorption de-
creases when H<HR and increases when H>HR. This
produces deformation of the resonance curve, shifting the
absorption maximum in the direction H >HR. For z’'=z¢,
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self-channeling develops, being manifested in the dis-
appearance of diffraction losses and the corresponding
decrease in the total nonresonance absorption, which is
registered in the form of negative absorption.

For Fe?’, the estimate gives: at G=5%10* cm™?,

T,=T,=10"" sec, y=0.2, Av/v=1.4X10"% a=2.5X10"2
cm, and k=5.4x10* cm™, we have z{~ 30, I¢ = Yopov’zé
X (T1T2G*) " h2~ 0.1 W/cm®. The value of I agrees in
order of magnitude with the measured value, and the
value of the negative absorption corresponds to the dif-
fraction losses in the propagation of the sound.'®

For Ni¥, in spite of the fact that 7~T,, the charac-
ter of the saturation process and the self-channeling are
the same as in the case of Fe**, since the intense hyper-
sonic pulse manages to change the state of the paramag-
netic system appreciably in the time 7, because of the
large value of the electron-phonon coupling. By virtue
of the fact that ") <T,, saturation of APR is accom-
panied by a transient process, in which the leading
front of the pulse, being absorbed, saturates the para-
magnetic system. As a result, the shape of the echo is
distorted.

In the case with the Cr* ion, which possesses weak
spin-phonon interaction and a long time T,, the satura-
tion of the paramagnetic system is essentially different.
The process of multiple weak actions of short pulses on
a system with a long time T, is decisive. Since Tp < Ty,
the change in the population of the levels for propagation
of the pulse in the crystal is determined by the energy
of the pulse I‘rp 3, In our case, even for I=1I; (I¢ for
Fe®*), the energy of the pulse I7p < Eg (Eg is the
saturation energy [9]). Therefore a single passage of
the pulse of hypersound through the crystal is accom-
panied by a very small change in the state of the para-
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magnetic system and cannot lead to self-channeling. The
observed decrease of @ and 6v with increasing I is
due to the high frequency of repetition of the pulses. As
a consequence of the fact that the repetition frequency

vp > T:!, the small changes in the state of the paramag-
netic system are accumulated and lead to a decrease

in the resonance absorption and dispersion of the hyper-
sound velocity.

The author thanks V. Ya. Khaimov-Mal’kov for pro-
viding him with corundum crystals with paramagnetic
ions, and N. L. Kenigsberg for preparing hypersonic
transducers out of ZnO.

IF. P. Fletcher, J. Phys. Chem. 3, 1349 (1970).

V. R. Nagibarov, V. V. Samartsev and N. K. Solovarov,
Zh. Eksp. Teor. Fiz. 61, 1636 [Sov. Phys.-JETP 34,
873 (1972)].

3E. M. Ganapol’skii and D. N. Makovetskii, Fiz. Tverd.
Tela 15, 2447 (1973).

‘E. M. Ganapol’skil, Fiz. Tverd. Tela 12, 2606 (1970)
[Sov. Phys.-Solid State 12, 2095 (1971)].

®E. M. Ganapol’skil, PTE No. 6, 214 (1969).

°E. M. Ganapol’skii, PTE No. 3, 128 (1973).

’S. A. Akhmanov, A. P. Sukhorukov and R. V. Khokhlov,
Usp. Fiz. Nauk 93, 19 (1967) [Sov. Phys.-USP. 10, 609
(1968)].

8F. Stein, N. Einspruch and R. Truell, J. Appl. Phys.
30, 820 (1959).

°P. G. Kryukov and V. S. Letokhov, Usp. Fiz. Nauk 99,
69 (1969) [Sov. Phys.-Usp. 12, 641 (1970)].

Translated by R. T. Beyer
251

E. M. Ganapol'skii 1214



