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The dependences of the parameters of two- and three-pulse phonon electroacoustic echoes are investigated 
experimentally and theoretically for various values of the parameters of the applied variable electric field 
pulses under acoustic resonance conditions. The dependence of the echo amplitude on the time interval 
between pulses was investigated. A sharp drop of both the two-pulse and three-pulse echoes was observed 
for radiofrequency pulses of long duration and high intensity. A theory has been developed which is an 
extension of the elementary perturbation method employed in an earlier work. The theory can explain the 
main properties of the experimentally observed echo signals. 

PACS numbers: 77.60. +v, 72.50. + b 

The present work i s  devoted to a detailed study of grains. The dependence of the signals of the two-pulse 
the properties of the electroacoustic echo in powders A,, and three-pulse A,, echoes on the amplitude and 
and accretions of crystals under conditions of acoustic duration of the radiofrequency pulses i s  determined in 
resonance a s  a function of the regime of application of lowest order perturbation theory by the  expression^^^'^^ 
the radiofrequency pulses and of their parameters. The 
purpose of this research i s  the explanation of the fea- 1 

AZe-  E,oE20zf2 ( t  - 2 ~ )  - err-(I - e r r - ) ,  r (1 
tures of the mechanisms responsible for the origin of A3C-CLUE20E30f3 ( t -T-T)  re-", 
the echo signals. 

(2) 

Electroacoustic echo of two types is observed ex- 
perimentally, Fi rs t ,  there is the two-pulse echo, dis- 
covered in Refs. 1 and 2. Its origin i s  connected with 
the nonlinear interaction of the acoustic oscillations in 
the grains of the powder or in individual crystals, ex- 
cited by the first  and second radiofrequency pulses. C3'4' 

Large memory times of the stimulated echo a t  room 
temperature were discovered in Refs. 5 and 6, and in- 
dependently in Refs. 7 and 8. According to Refs. 5 
and 6, the relaxation time T1 for the three-pulse phonon 
echo in crystalline powder of bismuth germanate ex- 
ceeds several weeks at room temperature. According 
to Ref. 8, the relaxation time Tl at 0 "C in Rochelle 
salt exceeds one week. 

Such long relaxation times can be explained by the fix- 
ing in the powder grains of an electric-field component 
that i s  constant in time and nonuniform in space, and 
of strains that arise a s  a result of the nonlinear inter- 
action of the acoustic oscillations excited by the first  
and second radiofrequency pulses. A record of this 
constant component contains information not only on 
the amplitudes, but also on the phases of the oscilla- 
tions, and therefore, it is appropriate to call it an 
acoustic hologram. The third pulse of the field is the 
reading pulse, and the oscillations excited by it create 
the stimulated-echo signal. 

In the theoretical description of the echo phenomenon, 
the powder was simulated by a system of nonlinear 
oscillators, the interaction between which could be ne- 
glected. For  the description of the memory, we intro- 
duced some phenomenological parameters characterizing 
the departure of the crystal from the state of thermo- 
dynamic equilibrium. It was assumed that the lifetime 
of the nonequilibrium state significantly exceeds the 
damping time of the acoustic oscillations of the powder 

where El,, E,, and E,, a r e  the amplitudes of the field 
in the first ,  second and third pulses; Atl, At,, ~ t ,  
a re  the durations of the first, second and third pulses; 
7 and T a re  the intervals between the f i rs t  and second 
and between the first  and third pulses; I' i s  the coef - 
ficient of sound attenuation. As i s  seen from (1) and 
(2), the dependence of A,, and 4, on T has a nonmono- 
tonic character. The functions f,(t ) and f ,(t ) have the 
following characteristics: 

a) f ,(t) differs from zero in the range I t I < (At1 
+ At, + At ,)/2; 

b) if At, = At,, then the maximum value of f,(t)amounts 
to *=At l ( ~ t ,  -+Atl) a t  Atl< 2At, and t a ~ t ,  at Atl> 2At,. 
In view of the symmetry of f,(t) relative to permuta- 
tions of atl ,  At,, and At,, similar formulas a re  ob- 
tained in the case of the same pulse duration of any of 
the pairs of pulses. 

since f ,(t ) degenerates into f ,(t ) at  At, =At,, the prop- 
er t ies  off ,(t ) follow from the properties off ,(t ). 

The study was carried out with the NQR spectrom- 
eter IS-2. In view of the incoherence of the radiofre- 
quency pulses used in the experiment, the amplitude 
A,, of the two-pulse echo was measured by means of a 
storage oscilloscope with a single application of a pair 
of pulses, which simultaneously fulfilled the role of the 
pair recording an acoustic hologram in the sample. The 
amplitude A,, of the three-pulse echo was measured by 
reading this hologram by the third pulse. Suppression 
of the two-pulse echo "27," formed by the recording 
pair was then observed, a s  revealed by a decrease in 
the amplitude and by a distortion of the shape of the 
echo in comparison with the two-pulse echo 27, ob- 
served following multiple input of pulse pairs. If the 
previous hologram in the sample is not erased, then 
the effect of suppression of the two-pulse echo is not 
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FIG. 1 .  Dependence of the amplitude of the two-pulse echo 
4) on the time interval T between pulses for BiizGeOzo crys- 
talline powder at room temperature: 1-T,= 260 p sec, Elo 
=Ezo= 2 .2  kV/cm, v = 9  MHz; 2-Tz=150 fisec, Elo=Ezo  
= 1 . 1  kv/crn, v = 9 MHz; 3-T, = 80 psec, El,= EZO= 2.2 kv/crn, 
v = 16 MHz; 4-T, = 65 psec, El ,  = E,,= 1 .1  kv/crn, v = 16 MHz. 

observed. The stimulated echo obtained by reading the 
new resultant hologram has then a very small ampli- 
tude. The recording of the acoustic hologram by a 
succession of several (on the order of ten) pairs of non- 
coherent pulses is apparently ineffective because of the 
random nature of the phases of the radiofrequency 
pulses, which leads to an averaging of fields and strains 
produced by the separate pairs in the process of holo- 
gram recording. In the case  of the application of co- 
herent pairs of pulses, summation of the holograms is 
observed. C1ol 

The experimental results a re  shown in Figs. 1-4. 
The dependences of the amplitudes of the two-pulse and 
three-pulse echoes on the duration of the applied pulses 
for  Bi,,Ge&, powder were obtained in the single-pulse 
mode, while all three remaining were in the regime of 
multiple input of pairs. 

Comparison of the experimental datac6'"' and of Figs. 
1-4 with formulas (1)-(2) leads to the following results: 

1. At not too long pulse lengths, in the range of 
fields studied, the theory describes well the depen- 
dence of the amplitude of the signal on the amplitude 
of the field of the pulses both for the two-pulse echo 
and the stimulated echo: 

FIG. 2. Dependence of the amplitude of the two-pulse echo 
A g )  on the duration of the first pulse, Ati, for an accretion 
of SbSI crystals a t  T = 100 "C, v = 28 MHz, El ,=  E,, = 3 kV/cm; 
1-At,  = 4 psec; 2 - 4  = 2.2 psec. 

At,, p e c  

FIG. 3. Dependence of the amplitude of the two-pulse echo 
A g) (curves 1 , 2 )  and the three-pulse echo A 2)  (curve 3) on 
the duration of the first pulse At1  for BilzGeOzo crystalline 
powder at  room temperature, v = 28 MHz; 1-Atz = 3.5  fi sec, 
El,  = En = 0 . 9  k ~ / c m ,  2-Atz = 5 . 2  fi sec, El,  = E,, = 2 kV/cm, 
3 -A t2=  A t 3 = 5 .  2 psec, El,= Ez0=E3,,= 3 kV/cm. 

2. The theory correctly describes the duration of the 
echo signal At, = At1 + 2At , for the two-pulse echo, and 
At, = Atl + At, + At for the stimulated echo. 

3. The theory correctly describes the dependence 
of the echo amplitude on the length of the interval be- 
tween the f i rs t  and second pulses in crystalline piezo- 
electric powder. 

Figure 1 shows the dependence of A,, of r a t  differ- 
ent values of T,. Different relaxation t imes T, were 
obtained for the same sample of Bi,,GeQ, because of 
the dependence of T, on the frequencyc1"'" and on the 
field intensityc"' of the applied  pulse^.^) The small 
flat areas  of these curves confirm the prediction of 
the theory of Ref. 3, according to which A,, should 
pass, with increase in 7, through a maximum whose 
location shifts in the direction of larger T upon in- 
crease in T,. Observation of A,, at small 7 is made 
difficult by the blocking of the detector after the radio- 
frequency pulse. Nevertheless, we shall assume that 
the existing data confirm the conclusion made in Ref. 
3 that a predominant contribution is made to the echo 
formation by a purely acoustic nonlinearity of the type 
c *)u 3 ,  where c ' ~ )  is the third-order elastic modulus. 

4. At At, =L\tg =const, the theory indicates a growth 
in the amplitude of the stimulated echo and its  subse- 
quent saturation with increase in Atl. A similar con- 

FIG. 4 .  Dependence of the amplitude 
of the two-pulse echo A $) (curve 2 
and the three-pulse echo A $) (curve 
1 )  on the duration of the second pulse 
At ,  at  room temperature, El,  = Ez0 
= E3,= 3 kv/crn, v =28  MHz, At i  
= A t 3 = 4  psec. 
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clusion i s  obtained at At, =At, =const and with increase 
in At,. In the case of a two-pulse echo, at At, =const 
and with increase in At,, saturation of A ,  should occur 
at At, = ~ t , / 2 ,  while at At, =const and with increase 
in At, the amplitude of the echo should increase initially 
quadratically and then, at At, = At1/2, according to a 
linear law. As i s  seen from Figs. 2 and 3 (curve I), 
such a behavior of the amplitude of the echo is ob- 
served only a t  small external fields and short pulse 
lengths, which do not lead to large amplitudes of the 
oscillations. The eventual saturation of the A & 
=f (Atl) curves occurs a t  At, = 2 4  in cor- 
respondence with the prediction of the theory. At 
large field amplitudes, in place of the expected satura- 
tion, a sharp decrease in the amplitude is observed of 
both the two- and the three-pulse echoes (see Figs. 3 
and 4). 

In addition, the curves in Fig. 4 also have weak sin- 
gularities in the region At, - Atl: a relative maximum of 
the amplitude of the three-pulse echo and a minimum 
of the amplitude of the two-pulse echo. These singu- 
larities appear in the case of short pulse lengths up to 
the onset of the falloff (see Fig. 4). The durations at 
which the amplitude falloff begins depend on many fac- 
tors. However, the larger the amplitude of the reso- 
nance oscillations of the particles, the earlier the fall- 
off begins. 

Thus, we may draw the conclusion that the existing 
theory i s  evidently limited by the condition that the 
amplitudes of the oscillations of the powder grains be 
small enough. In the framework of the model of a sys- 
tem of interacting nonlinear oscillators, the increase 
in amplitude leads to the result that the nonlinearity of 
each oscillation cannot be taken into account by means 
of elementary perturbation theory. It should be kept 
in mind that the nonlinear effects leads to a frequency 
shift that depends on the amplitude. A calculation of 
this type has already been carried out for the cyclotron 

Using equations formulated in Refs. 3 and 9, 
it is not difficult to carry out this calculation for the 
electroacoustic echo in powders. As a result, the two- 
pulse echo looks like a ser ies  of signals A::' that ap- 
pear at the times t = (k +1) r(k = 1,2, . . . ), the shape of 
which is described by the expression 

x e x p { k +  - [ i -  i- a -  . (3) - " 2 I 1 
Here 

a, = w - w, is the difference between the frequency of the 
external field w and the natural frequency w, of one 
oscillator; r, is the damping coefficient of the oscilla- 
tor A; Q, and p, are  coefficients which characterize the 
piezoeffect of a single powder grain; s, is the coefficient 

characterizing the nonlinear shift in the natural frequen- 
cy of the oscillator; J,(t ) i s  aBesselfunction, E,(a) is  the 
Fourier amplitude of the j-th pulse of the field: 

(for simplicity, it is assumed to be r e d ) .  In the case 
of pulses of rectangular shape and of length At,, 

Account of the nonlinearity for the stimulated echo 
can be carried out En similar fashion. After the second 
radiofrequency pulse there i s  in each powder grain a 
deformation that i s  constant in time, the amplitude of 
which is proportional to 

and the electric field i s  proportional to this deforma- 
tion. Without specifying the memory mechacsm, we 
consider only the case of sufficiently small C :. Then the 
equation for the parameter q(x, t ), which describes the 
memory, can be written in the formcg1 

where p i s  a kinetic coefficient and A,(x) is the coupling 
coefficient between the oscillator X and the parameter 
q . The equation of oscillations of the oscillator X is, 
in turn, of the form 

dZC* dC* - + rA - + 01 + -- i i h q d ~ Z 1  c*=o. 
dt" d [ : J  .l 

In order to take into account the memorization of the 
state after the second radio-frequency pulse, we must 
substitute Eq. (9) in (10). Assuming T >> r", we can 
determine the value of q that is obtained a s  a result of 
the memorization, integrating (10) from t = T  to in- 
finity. Substituting the resultant expression in (111, 
we can determine the character of the oscillations 
that arise after the third radiofrequency pulse. As a 
result, a series of signals A;' i s  obtained for the stim- 
ulated echo, a t  the times T + k~ (k = 1,2,3, . . . ), the 
shape of which i s  determined by the expression 

where 

VA i s  the volume of the grain, a, i s  a factor that takes 
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into account the relaxation of q in the time T (we as- 
sume that T << T, and that we can neglect the relaxa- 
tion of q in the time T). 

The expressions thus obtained contain, in principle, 
all the information on the amplitude and shape of the 
pulse echoes. They allow u s  to conclude that A:' has 
the same dependence on El,, At1 and on E,,, At,, since 
s1(51) and i2(51) enter into (12) in identical fashion. This 
conclusion agrees completely with the experimental 
data (curves 2 and 3 in Figs. 3 and 4). 

For  a more detailed investigation, we can carry  out 
the averaging of (3) and (12) over all configurations of 
the grains and replace the summation over A by integra- 
tion over 52 with a certain natural-frequency density 
distribtuion n(w +a) .  Since the important part of the 
contribution to the current is made by an 51 interval of 
order ( ~ t ) - ' ,  and n(w) changes over a much greater 
interval ~ / r  (W is the sound velocity and r the char- 
acteristic dimension of the grain), we can put n(w + 52) 
=n(w). The possibility of averaging a s  applied to the 
existing experiments is not obvious. As experiment 
shows, the echo amplitude can change significantly, 
for example, after shaking the test tube with the pow- 
der. For  this reason the parameters of the grains can 
be simply replaced by their average values with suf- 
ficient accuracy. 

The integrals obtained a re  still rather complicated, 
and we limit ourselves to calculation of the asymptotic 
form at At,>> At,, At,. Here we shall assume that the 
field amplitudes a re  not too great, s o  that weak-signal 
theory i s  applicable for pulses with duration of the or-  
der of At2-  At3. The asymptotic calculation of the inte- 
grals is carried out in the Appendix. As a result, we 
obtain 

n3JL'- ( A t , )  -l, A,':'- (At , )  - I .  

We now consider the physical reasons of such a be- 
havior, for example, for A,,. We recall that the radio- 
frequency pulse excites the acoustic oscillations only 
in those grains which a re  at resonance with it. 

The change i n ~ ; )  upon increase in Atl is connected 
with two circumstances. First ,  the recorded signal 
increases, which leads to a change in the amplitude of 
the oscillations creating an echo readout. So long a s  
the recording is weak, the amplitude of these oscilla- 
tions is small and increases with amplification of the 
recording. This corresponds to the weak-signal theory, 
when the quantity qk3 can be neglected and the Bessel 
function replaced by the f i rs t  term in i t s  series ex- 
pansion. In the case of a sufficiently strong recording, 
the amplitude of these oscillations increases so much 
that a role is assumed by nonlinear effects (the same 
which led to the formation of a dc component in the re-  
cording). The nonlinear effects lead to a shift in the 
frequency of the oscillations, a s  a result of which the 
resonance between the recording and the reading pulses 
disappears and the amplitude of the oscillations that 
produce the echo ceases to increase. Second, the in- 
fluence of the increase of Atl o n ~ g '  is connected with 

the fact that the quantity Atl determines the spectral 
width of the f i rs t  pulse of the field. At At, >> At,, At,, 
the spectrum of this pulse becomes so narrow that i t -  
determines the number of oscillators taking part in the 
recording process. With increase in At, the number 
of oscillators falls  off, and the amplitude of the signal 
falls off correspondingly. In the calculation of the in- 
tegral, the phase relations between the oscillations of 
the different oscillators is taken into account, a s  a r e -  
sult of which A,, falls off more rapidly than (htl)-'. 
The behavior of A,, can be explained in similar fashion. 

Thus the qualitative character of the plots in Fig. 3 i s  
described by the expressions (3) and (12). A better 
agreement (a maximum of A,(& tl) at A tl - At,) is ob- 
tained in the case of shorter durations and smaller am- 
plitudes of the exciting pulses, in full agreement with 
the conditions that limit the applicability of the con- 
sidered approximation. 

In order to try to explain the suppression of the f i rs t  
ser ies  of signals of the two-pulse echo in samples where 
memory is well apparent, we need to take into account 
the effect of the memory on the two-pulse echo. This 
effect is manifest in the fact that the oscillations which 
appear after the second radiofrequency pulse not only 
take part in the recording, but also reproduce this re-  
r or din^.^'' For  the calculation of the corresponding 
contribution we also need to make use of Eq. (13) in the 
description of the oscillations arising after the second 
pulse. As a result we must add the corresponding ad- 
ditional contributions to expressions (4) and (5) for a ,  
and b,: 

It is not difficult to note that the expressions (4), (5) and 
(15), (16) depend differently on the number of the signal 
k. It can be assumed that at small values of k, the co- 
efficients a ,  +a;  and b, + b 6  a re  small a s  a result of 
the partial mutual cancellation of the terms which leads 
to the suppression of the echo signals. At large values 
of k, the quantities a; and b; turn out to be larger than 
a ,  and b ,  respectively, and cancellation does not take 
place. However, i t  is necessary to take account of the 
fact that this explanation of the suppression of the f i rs t  
echo signal presupposes such values of the parameters 
determining the nonlinear effects and such a connection 
between the deformation and the parameter 7, that the 
quantities a, and aL, and also b,, and b6, turn out to be 
of the same order and their mutual cancellation i s  pos- 
sible in principle. The present status of the experiments 
does not allow us  to draw any final conclusions. 

We note that in the calculation of the expressions (3) 
and (l2), for simplicity, we have not taken into account 
the dependence of the damping coefficient r on the 
amplitude of the oscillations of the oscillator (on ac- 
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count of the higher harmonics). Moreover, the damp- 
ing coefficient was assumed to be so  small that At , r  
<< 1. Under the experimental conditions, the latter ap- 
proximation i s  entirely valid. 

Supplementing the calculation thai has been carried 
out, we must make one remark. Equation (10) was 
written down under the assumption that the quantity 7 
in a certain volume element of the crystal depends only 
on the state of this element. However, in practice, we 
can encounter another case, for example, when 77 has 
the meaning Of the concentration of electrons or  de- 
fects. In this case, 7 obeys the conservation law 

where F i s  the free energy per unit volume. 

The expression for the flux density j :  is written with 
the help of the general principles of irreversible thermo- 
dynamics. At small departures from thermal equilib- 
rium, the kinetic coefficient o;, can be assumed to be 
constant. It i s  not difficult to establish the fact that 
Eq. (17) deals in practice to the same results a s  Eq. 
(10). The difference lies only in the change in the f re-  
quency dependence, which is not studied in the present 
research, and in the fact that the coupling constant is 
different. The results also do not change if we take 
into account both the relaxation (10) and the transfer of 
7 (17). 

Thus the existing theory explains the basic experi- 
mental data. Within the framework of this theory, it 
is not difficult to explain other similar phenomena, such 
a s  the ringing observed after each radiofrequency pulse. 
In the simplest case it suffices for this purpose to set  
n(w) = O  at w < w,, - W/Y and n(w) =const at w > w,,. 3' 

We note that the action of the pulse on itself, i. e., 
"self-echo" of the pulsec16] can contribute to the ringing. 
When asserting that the existing theory agrees with ex- 
periment, we must note one more problem which does 
not have a unique answer a t  the present time. This i s  
the problem of the mechanism of the memory. At the 
present time, there a re  two mechanisms discussed in 
the literature which can apparently occur in powders. 
The first  of these i s  the redistribution of the electrons 
among the traps. Such a redistribution can take place 
either through ionization of the charged traps by a 
strong field, which can occur in CdS single crystals 
at helium temperatures, [17' or by thermal activa- 
tion. c18*191 The second possible mechanism i s  the re- 
distribution of point defects or  dislocations. 's' 

The difficulties that arise a re  connected with the fact 
that knowledge of the properties of the individual grains 
of the powder i s  necessary to explain the memory 
mechanism. These properties can differ significantly 

the second radiofrequency pulse. In the experiments 
described in the present work, this mechanism evi- 
dently makes no definite contribution for the following 
reasons. Firs t ,  this mechanism explains the appear- 
ance only of a single echo signal a t  the instant of time 
T + r and not of a ser ies  of signals at the times T + kr. 
Second, it is difficult to  explain by this mechanism t k  
experimentally observed simultaneous existence of 
two recordings produced in sequence, one after the 
other, and at the same frequency, but with different 
intervals r1 and r2 between the f i rs t  and second radio- 
frequency pulses, and i t  is also difficult t o  explain the 
onset of combined echo signals "T + (s, + 72)" and "T 
+ (rl  - T~). " 

Figure 5 represents three oscillograms of the echo 
signal, read out by one radiofrequency pulse from two 
individual recordings (a, b) and one combined recording 
(c). Finally, we must note that the formula (12) does 

- - 
from the Properties of the single crystal from which the FIG. 5. signals of the three-pulse phonon electro-acoustic 
powder is obtained. Actually, grinding the single crys- echo uT+?" in powdered B i i 2 ~ e ~ 2 ,  at room temperature; 
tal can produce both neutral dislocations and point de- a, b-readout of separate recordings made at v = 24.7 C( sec 

fects capable of capturing electrons. and v = 32.5 p sec, respectively; c-readout of recording 
which appears as a result of the superposition of the second 

Recently, chabanC2" and Melcher and shirenc2" Pro- recording (T= r2) on the first (r = 1,). The sweep of the oscil- 
posed another mechanism of memory in powders, con- loscope was started by the third, i. e . ,  reading, pulse at the 

nected with the rotation of the grains during the time of instant of time t = T. 
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not apply to the orientation mechanism. In particular, 
with increase in At this mechanism can evidently 
lead only to saturation of the s i g n a l ~ g ' ,  but not to i ts  
decrease with increase in At2-only to an increase in 
the signal. Comparison of the mechanisms of memory 
is made difficult also by the fact that the quantitative 
theory of the orientation mechanism exists a t  the pres- 
ent time only for freely falling powder grains. 

In conclusion, we thank A.  A. Chaban for discussion 
of problems connected with the memory mechanism. 

APPENDIX 

1. An investigation of the integral obtained from (12) 
reduces to an investigation of the asymptotic form of 
the function 

as A -  .o, k >  0. It is convenient to rewrite the function 
Fa ( A )  in the form 

where x,  is the non-negative root of the equation t a w  = x .  
At not too large n ,  when A >>nn, the immediate vicini- 
ties of the points x  =nn a r e  significant in the integral. 
On the other hand, when n  >> 1, we can set x, = n s  + n / 2  
and the change over the integration interval can be as- 
sumed to be small in comparison with nn. Recognizing 
that the parity off ,(z) is identical with the parity of k ,  
we obtain the following approximate formula 

Since we a re  interested only in the general character 
of the X dependence, we limit ourselves to a rough 
estimate. It is obvious that in each of the series,  the 
number of significant terms is n - h  /n .  On the other 
hand, at n  << X/r,  we have 

XL' 
h sin y on '" J ~ ( ~ ) Y d u = ( ; - )  J . L ( Y ~ Y ~ Y .  

0 

Therefore 

2. In the study of (3) we encounter another integral: 

a s  X -  03. Proceeding as in the study of F k ( h ) ,  we have 

I " I 2  sin y  
@.(h)=[l+(-l)k+l] x- nn j f . ( h - ) s h y  d y  

"-1 0 
nx 

In the derivation of this formula, i t  has been assumed 
that the fundamental contribution to the second sum is 
made by terms with n >> 1. In both sums, only terms 
with n  X / T  are  important. On the other hand, a t  n  
<< X/n, we have 

As a result, 

 he attenuation of the sound was not taken into account in 
Ref. 3, and the expression for A% which appears there is 
obtained from (1) in the case r - 0. 

2 ) ~ t  should be noted that T2 increased upon increase in the field 
intensity. Within the framework of existing theory, the de- 
pendence of T, on the field can be attributed to the dependence 
bf the damping of the nonlinear oscillator on the amplitude of 
its oscillations. The fact that T2 increases is determined by 
the choice of the anharmonicity constants. 

" ~ n  calculation of the shape of the pulse echo, allowance for 
the actual form of n ( w )  leads to only a small distortion. 
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A. S. Borukhovich, V. G. Bamburov, M. S. Marunya, N. I. Ignat'eva, N. N. lutin, 
L. D. ~inkel'shtein, V. D. Galaktionov, and P. V. Gel'd 

Chemistry Institute, Urals Scientific Center, USSR Academy of Sciences 
(Submitted July 2, 1976; resubmitted November 11, 1976) 
Zh. Eksp. Teor. Fiz. 72, 1439-1449 (April 1977) 

The possibilities are considered of greatly increasing the Curie temperature of ferromagnetic solid 
solutions based on europium monoxide while preserving the semiconducting character of their conductivity. 
The experimental results of this study attest to the existence of magnetic heterogeneity in homogeneous 
EuO-SmO solid solutions. The discussion is carried out within the framework of the magnetic impurity 
state and direct excited exchange models. It is suggested that the exchange interactions are switched in 
the investigated solid solutions in "relay" fashion. 

PACS numbers: 75.30.K~. 75.30.Hx, 75.30.Et. 75.50.Dcl 

From among the ferromagnetic semiconductors, par- 
ticular interest attaches to divalent europium chalco- 
genides EuX (X=O, S, Se, ~ e ) ,  which a re  characterized 
by a number of unusual properties. 'I1 The simplicity of 
the crystal (and magnetic) structure (of the NaCl type) 
makes them convenient model objects in the theory of 
ferromagnetism. The practical utilization of such 
materials is limited to the low magnetic-order tempera- 
tures-the Curie points of EuS and EuO a r e  respective- 
ly 16 and - 70 K. The problem of increasing T, in these 
ferromagnetic semiconductors while preserving their 
semiconductor conductivity is therefore quite pressing. 

It i s  known that T, of EuO can be increased by hydro- 
static compression of the crystals o r  by the presence of 
excess europium atoms in them. C31 Another way of 
solving this problem, by doping EuO (or EUS) with ions 
of trivalent rare-earth metals (REM), r41 also ensures 
a substantial increase of the Curie temperature (almost 
double in the oxides). In these cases, however, the in- 
crease of Tc i s  accompanied by an appreciable de- 
crease of the activation energy of the conductivity (of 
the f-d transition energy), by an increase of the density 
of the carr iers  in the d band, and by an abrupt increase 
of the conductivity, to values u- l o2  - lo3 (a-cm)-'. C51 

REM, such a s  La o r  Gd, can be explained within the 
framework of the model of magnetic impurity ~ t a t e s : ~ * ~ ]  
according to which, the excess valence electron of the 
impurity is localized near the impurity atom a s  a result 
of the Coulomb interaction. Stabilization of the system 
and the minimum of i t s  f r ee  energy a r e  attained a s  a 
result of the strong i-f exchange interaction between 
the impurity electron and the 4f-spins of the twelve 
nearest magnetic ions of europium. As a result, a mag- 
netic quasimolecule i s  formed, characterized by a gi- 
gantic magnetic moment which is ascribed to i ts  central 
ion. The onset of such a quasimolecule i s  accompanied 
by the appearance of an unusual magnetic contribution 
to the specific heat in the region of the Curie tempera- 
ture, a s  was observed, for example, when EuS was 
doped also with gadolinium. At the same time, an 
anomalously large increase of the ferromagnetic sus- 
ceptibility takes place a t  T 2 T,, leading to a positive 
deviation from the Curie-Weiss law. It follows from 
the foregoing that the solution of the problem of in- 
creasing Tc of ferromagnetic semiconductors, besides 
being of practical importance, calls for the develop- 
ment of premises concerning the properties of the mag- 
netic quasimolecules they contain. The experimental 
study of the latter has not yet found its  due reflection in 
the literature. 

The magnetic, electric, optical, and some other prop- 
erties of europium chalcogenides doped with trivalent Samokhvalov et al. C'O1 were the f i rs t  to observe an 

755 Sov. Phys. JETP 45(4), Apr. 1977 0038-5646/78/45040758$02.40 O 1978 American Institute of Physics 755 


