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Anomalously long times T, (on the order of a week or more) of stimulated echo (SE) signals of an
electrical nature are observed in a number of piezoelectric crystals. The results of experiments with
Rochelle salt samples are reported. The dependences of the SE on the temperature, biasing electric field,
humidity of the medium and duration and intensity of the exciting pulses are investigated. An SE
amplification effect is observed. The experimental results are discussed on the basis of a model of the
polarization induced in the sample by alternating-field pulses. The induced polarization is due to the
displacement of the charges (ions, defects, vacancies, etc.) in the piezoelectric field of the oscillations of the
sample (powder particles), and “remembers” the spatial and time phase of these oscillations. The time T; is

the induced-polarization lifetime.

PACS numbers: 77.30.+d

1. INTRODUCTION

A number of papers have been published in recent
years on the observation and investigation of echo phe-
nomena of an electrical nature in piezoelectric crystals
(a rather complete bibliography can be found in ref. 1).
One of the most important results of these researches
is the observation of anomalously long relaxation times
T, of the stimulated echo (SE), of the order of days or
even months.['] However, an echo with such properties
has been observed only by illuminating photosensitive
samples before or during the time of action of exciting
pulses of an alternating electric field, and only at low
temperatures.

We have obtained intense echo signals with T, on the
order of a weak and more at room temperature, without
any preliminary illumination of the sample. Responses
of both the usual two-pulse echo and the stimulated
echo were obtained only when the sample was ground
into a powder, and the amplitude of the signal was
maximal when the particle dimensions | satisfy the
piezoresonance condition. Anomalously large values of
the times T, were observed by us in the ferroelectric
crystals KDP, ADP, Rochelle salt, LiNbQj3, and also in
KBrO;, NH,Cl, Bi,»GeO;, Bi,»Si0Oz, sugar, tourmaline,
quartz, and so on, which do not have ferroelectric
properties, but which are piezoelectric. Results are
given below of experimental studies of SE in Rochelle
salt, which has interesting electric and electromechani-
cal properties. The results are qualitatively explained
on the basis of a model of piezoelectrically induced
polarization.

2, METHOD OF EXPERIMENT

For the observation of the echo signals from piezo-
electric samples and the measurement of their charac-
teristics we used a coherent NMR relaxometer; the
samples were placed not in an inductance coil but in a
special pickup—the capacitor of a tank circuit. Applica-
tion of a dc voltage to this capacitor allowed us to
study the dependence of the echo signals on the electric
field. For a study of the relaxation times, the sample
was excited by a series of two or three pulses or a
series of pairs of pulses and an additional probing
pulse—in the case of the study of the effect of accumu-
lation of the SE (see below).
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The basic characteristics of the measurement setup
are as follows: the amplitude of the alternating electric
field was U = 200—2000 V/cm; tuning frequency w/27
=12.5 and 25 MHz; pulse length At = 1—10 usec; dc
electric field range E, = 100 to 15,000 V/cm; tempera-
ture range T = -196 to +200°C. The samples were pre-
pared by grinding in a porcelain mortar and sifting
through calibrated sieves. To observe the behavior of
the echo signal as a function of the humidity the samples
were placed in a special pickup with an open sample
chamber.

3. RESULTS OF THE EXPERIMENT

It was noted above that the echo signals occur with-
out any illumination of the sample. In particular,
storage of the samples for several months in darkness
or, conversely, irradiation of the sample by light of low
intensity, did not affect the response appreciably. At the
same time, the results of the experiments were very
sensitive to such parameters as the temperature, the
humidity, the dimensions of the particles, and even
their mutual orientation in the pickup unit, and so on.

We studied the dependences of the SE amplitude and
of the time T, in Rochelle salt on the temperature con-
stant electric field, duration and power of the RF pulses,
and also on the humidity of the medium. The experi-
mental results can be formulated in the following fash-
ion:

1) The amplitudes of the two-pulse echo and the SE
grow monotonically with increase in the duration At;
and the power #j of the exciting pulses. Unlike in spin
echo, there is no periodic dependence here on Atj and
#;. Saturation and a change in the shape of the response
signals are observed upon further increase in the indi-
cated parameters. Under optimal conditions, the SE
intensity reached 0.1% of the power of the exciting
pulses.

2. The following SE amplification takes place over
the entire temperature range: if, instead of a single
pair of excitation pulses, a series of N pairs is applied,
followed by a single (probing) pulse (3-pulse), the am-
plitude of the SE turns out to be several times greater
than for a single pair (Fig. 1). The amount of amplifica-
tion depends on the repetition frequency f) of the pairs
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FIG. 1. Multiple exposure of SE signal for a change in the number of
exciting pulse pairs from N=3 to N=2 X 10% T = 20°C, L,y = 95 ..
w27 =12.5 MHz, At, , 3= 3 usec, 7 = 20 psec, fN = 250 Hz.
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FIG. 2. Dependence of the SE amplitude (in relative units) on the
number N of exciting pulse pairs.

and on the number of pairs N (Fig. 2). For a suffic-
iently large number of pairs, the signal reaches satura-
tion. A similar effect was observed in the photosensi-
tive CdS in ref. 1. We also note that application of a
probing pulse after a single pair or a series of pairs
does not erase of the phase memory. Furthermore, the
SE signal is increased somewhat by multiple, even ir-
regular, repetition of the 3-pulse.

Let the interval between the pulses of the pair be 7
" and let the interval between the pairs be greater than 7.
The signals which arise within a time 7 after the second
pulse of each pair (the 2-pulse) are (except for the first
signal) the sum of the double echo and the SE. The
latter is excited by all the previous pairs and by the 2-
pulse of the latter pair acting as a probing pulse.

Since the SE signal obtained after a series of pairs
is more intense, and the results of measurements are
less subject to random errors, we investigated in the
main the responses excited by a series of pairs.

3) The amplitude of the two-pulse echo falls off in
time like exp (—21/T3); the relaxation time T, changes
from 25 usec at the temperature T = 32°C to 120 usec
at T = -138°C. The temperature dependence of the time
T- has maxima at the phase transition points. At the
same time, it is known!®! that the relaxation times of
acoustical oscillations have minima (the ultrasonic
damping increases) near these points.

4) The experiments show that the exponential depend-
ence of the SE amplitude on 7 and 7, (7, is the interval
between the 1- and 3-pulses) of the form

Aw=Ajexp (—2v/T.—t/T.) (1)
is not satisfied relative to 7,. In analogy with the result
of Shiren et al.l®], the nonexponential decay indicates the
presence of a distribution of the values of T,. At the
temperature T = 0°C, the values of T, range from

T1 short of the order of fraction of a second to T1 Jong
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FIG. 3. Falloff of the SE amplitude with time. a) Reading down-
ward: 7, =0.001, 1, 10, 100 sec; b) 7, = 1 hr; ¢) 7, = 5 days. The gain
of the receiver for all the oscillograms is the same. f\y = 500 Hz,

N = 1.5 X 10% The remaining parameters are shown in the caption
of Fig. 1.

of the order of a week and more; the characteristic de-
pendence of the SE amplitude on the time is shown in
Fig. 3. With decrease in temperature, Ty Jopg increases
and the amplitude of the usual echo and the SE fall off.

5) The application of a constant field E, in the ferro-
electric region significantly shortens both T3 ghort and
T1 long (Fig. 4), and in the paraelectric region, the de-
pendence of T; on E, is very weak. (In nonferroelec-
tric materials, in particular, in Bi,»GeOx,, the depend-
ence of T, on E,also turns out to be weak.) At the
same time, the application of E, during the action of
the exciting pulses amplifies the signal: for E,~ 10
kV/cm the SE amplitude increases by a factor of about
30 in the ordered phase and by 2- in the paraphase.

6) In addition to the dependence of the SE amplitude
on the power of the pulses, already mentioned in Sec. 1,
the times T, also depend on it. As is seen from Fig. 5,
T, increases in proportion to the pulse-field amplitude.
It is natural that the SE amplitude increases in propor-
tion to the amount of sample investigated; it is interest-
ing to note that T, increases at the same time.

7) In the lower paraelectric region, in addition to the
sharp decrease in the SE amplitude at small 7, (of the
order of fractions of seconds) and the slow decrease at
large 7, (days, weeks), an exponential growth of the
signal is observed in the intermediate region (r, ~ 1—10
min, Fig. 6).

8) The SE amplitude depends strongly on the temper-
ature stability during the time of measurement. Let the
echo be excited at some temperature and within a time
t »> T1 short and let the signal amplitude be equal to
Agt. If we change the temperature by +3—5 deg, the
signal falls to one half its value. This process is re-
versible; upon a return to the temperature of excitation,
the initial amplitude of the echo is almost completely
regained without the application of new pairs of exciting
pulses. The effect is not due to temperature gradients
and depends only on the value of its shift.

9) Signals of both the ordinary echo and the SE are
very sensitive to the humidity of the medium (air).
When the humidity is increased in a small range, the
signals fall off rapidly to the vanishing point. This
process is also reversible to some extent relative to
the SE; if, after passage of the exciting pulses, the
humidity of the medium is increased, the amplitude of
the response decreases; if the inverse process of drying
out the medium follows, the response increases. How-
ever, this recovery is only partial, and takes place only
for small changes in the humidity.
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FIG. 4. Dependence of the relaxation time T, on the constant electric
field: A—T), short, ©—T1long. The value of T, short Was estimated for 7,
of the order of fractions of a second. In the estimate of T, Jong, the time
7, did not exceed 45 min; therefore, the shown values are undervalued
relative to maximally long T,. The temperature T = 0°C, lay = 95 u, w/27
=12.5 MHz, At, , 3= 3 usec, 7 = 20 usec, fN = 500 Hz, N = 1.5 X 10%

FIG. 5. Dependence of the time T, on the pulse field amplitude; A—
Ty short, ©—Tilong. All three pulses have the same amplitude. The other
parameters are those of Fig. 4.
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FIG. 6. Amplitude of the SE as a function of 7, for different tempera-
ture regions. The experimental conditions are those given in Fig. 4.
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4. DISCUSSION OF THE EXPERIMENTS

It is quite evident that it is impossible to explain
these results if we attribute the effect only to the acous-
tical properties of the system (i.e., to the piezoreso-
nance oscillations of the powder particles. Evidently,
the excitation of both the ordinary and the stimulated
echoes is connected with the redistribution of charges
(electrons in traps, ions or defects) in each of the par-
ticles of the powder. We now consider the interaction of
the alternating-field pulses with the sample in some-
what more detail.

The 1-pulse field excites in the particle piezoreso-
nant oscillations that constitute standing waves. Depend-
ing on the boundary conditions, one-half or one-quarter
of a wavelength is spanned by the particle if the funda-
meéntal frequency of the oscillations is excited (Fig. 7).
It is not necessary to speak more specifically about the
type of oscillations, since the directions of the crystal-
lographic axes of the particles are entirely random
relative to the external field.
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FIG. 7. Distribution of the deformations and the piezoelectric field
in the case of oscillations of a beam: a) both ends free, b) one end
clamped, c) both ends clamped. The arrows indicate the polarization
amplitude.

i

The deformation wave induces in the material a
piezoelectric field that oscillates in phase or out of
phase with the deformation, depending on the sign of the
piezoelectric constant. This field causes displacement
or tunneling of the charges, which can be various
vacancies, defects, or hydrogen ions. Excitation of
electrons captured at shallow donor levels is also pos-
sible. An electric polarization Pj results. It is clear
that this polarization is maximal at the antinode of the
piezoelectric field, and falls off toward the node of the
field. As a result of the action of the pulse, a spatially
periodic coherent dipole moment of the polarization is
induced both in the particle and throughout the entire
macroscopic sample. We have in mind here the polari-
zation produced both in the ordered and in the dis-
ordered phases. In the ferroelectric phase, moreover,
the induced polarization acquires an additional contri-
bution (see below).

After the passage of the pulse field, the phase of the
polarization, which is coherent throughout the volume,
rapidly disappears because of the reversible and ir-
reversible relaxations; the reason for the reversible
relaxation can be a) the difference between the frequen-
cies of the natural oscillations of the sample particles,
and b) the nonuniformity of the local electric field in
the particle. Naturally satisfaction of the condition
T% < T, is necessary for observation of the echo, i.e.,
the reversible dephasing should occur more rapidly
than the irreversible one. Thus, the phases of the
microdipoles making up the periodic polarization in the
particle (and in the entire sample) become completely
incoherent within a time 7, with T% < 7 < T,. It should
be emphasized that the polarization that is periodic in
the particle (and in the sample) does not vanish here.
Its lifetime is determined by the lifetime of the redis-
tributed charges.

The formation of an echo at the time t = 27 calls for
nonlinearity of the interaction of the 2-pulse with the
system, capable of reversing the evolution of the polari-
zation phase in time. In the case of dielectrics, this
nonlinearity can be due to the electrostriction term

Hy='/meE*S

@)

in the equation for the free energy. Here 7 is the elec-
trostriction constant, € the dielectric constant, E the
external electric field, and S the deformation. For this
mechanism, the nonlinear process of echo formation
takes place only during the time of action of the pulse.
Furthermore, continuation of the nonlinear process of
echo formation after passage of the 2-pulse is possible,
due to the piezoelectric and dielectric nonlinearities of
the system.

The SE signal arises if a 3-pulse acts on the system
at a time 7, > 7. In spite of the difference between the
properties of the two-pulse echo and the SE, the latter
is due to the nonlinearities of the interaction of the
same type as the former.
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As is seen from Eq. (1), in the interval 7, — 7, irre-
versible relaxation of the polarization phase has no ef-
fect on the amplitude of the response. The signal damp-
ing for fixed 7 is determined by the ‘‘energy’’ relax-
tion, i.e., in our case, by the disruption of the periodic
polarization. The anomalously large values of T, show
that the redistribution of charges by the alternating
field can be quite stable. We note that disruption of the
polarization in each particle is not necessary for the
complete destruction of the signal; it is sufficient to
change the mutual location of the particles (to shake up
the sample).

On the basis of the model outlined above, we now
consider the experimental results.

1) The echo amplitude is determined by the value of
the polarization at the moment of echo formation. It
follows from the considered model that the polarization
(and the signal amplitude) should depend linearly on
at; and U, and nonlinearly on Atzs and Ugzs (Uj is the
the amplitude of the pulse field). Further increase in
the signal with increasing duration Atj is prevented by
the internal fields that cancel the action of the external
fields, and also by the irreversible relaxation.

2) If the phase relations between the pairs of pulses
are identical, then the polarization induced by each
succeeding pair is added to the previous polarization,
thus leading to amplification of the SE.

3) The dependence of T near the Curie points can
be explained if we assume that T is the polarization
relaxation time. It is known!®] that the relaxation time
of the order parameter increases near the phase transi-
tion points (in our case the parameter is the polariza-
tion). Our experimental results agree also with the
assumption!®! made to explain the character of the
damping of the ultrasonic oscillations, that slow polari-
zation processes take place in Rochelle salt, with T,
~ (10*—10"°)(T¢ - T). A hypothesis that a slowly re-
laxing polarization exists (in another ferroelectric)
was also expressed in ref. 5.

4) The quantity T, is determined by the activation
energy of the charges that form the polarization. The
presence of a distribution of T, for a given temperature
indicates the existence of a corresponding activation-
energy spectrum. Furthermore, the regions T] ghort
and Tj Jong can be due to polarizations of a different
nature (for example, electronic and ionic).

5) In the ordered phase, the polarization can be

represented in the form
P=pP,+P;, P,=P,+P,(t),

where Pg is the spontaneous polarization and Pg(t)
describes the oscillations of the domain walls. It is
clear that both the linear interaction

H,=dPS§’

and, in particular, the nonlinear term (2) increase in
this case. The latter term can be written in the form

H,=GP*S.

Here d is the piezoelectric coefficient and G the elec-
trostriction coefficient.

The amplification of the signal upon application of
the field Eo, can be due to several factors: first, Pg
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and Pj increase (in particular, because of the tunneling
of charges in the constant field); second, the particles
in the capacitor become grouped into columns between
the electrodes in the case of dc fields on the order of
several kV/cm and more. In this case the polarization
axis (the ferroelectric axis) of the particles can become
ordered relative to the direction of the field E, is pos-
sible. As to the shortening of the time T, with the field
in the ferroelectric, the following reasons can be given:
disruption of the induced polarization because of tunnel-
ing of the charges and their uniform redistribution,
electrostatic dipole-dipole interaction inside the parti-
cles, and redistribution of the particles in a constant
field.

6) When the pulse field amplitude is increased, the
probability that the charges which produce the polariza-
tion will surmount higher barriers increases. It is evi-
dent that the lifetime of the polarization is proportional
here to this probability (and to the echo amplitude).

7) The dependence of the SE amplitude on the tem-
perature shows that the induced polarization is reversi-
ble in temperature. However, the nature of this re-
versibility is not clear.

8) Upon increase in the humidity of the medium, the
moisture covers the surface of the particles, and the
ions of the humid medium (air) screen the charges that
form the polarization. The incomplete recovery of the
SE signal when the sample is dried can be explained by
assuming that the polarization of the particle decreases
because of the recombination of the charges of the
medium and of the particle or because of the surface
conductivity.

Unfortunately, we have not succeeded in explaining
the behavior of the SE shown in Fig. 6 (see Sec. 7 of the
previous Section).

5. CONCLUDING REMARKS

We observed and studied the properties of the polari-
zation echo which is easily observed in many piezoelec-
tric dielectrics. It is shown that the relaxation times of
the echo, T, and T, are the relaxation times of the
phase and of the magnitude of the induced polarization.
These times characterize the energy spectrum of the
polarization charges (impurities, defects, and so on)
and the interaction between them. Therefore the polari-
zation echo can serve as a method of studying these in-
homogeneities. Moreover, the large times T, and T,
allow us to use these materials as memory cells.
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