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The polarization echo and pulsed polarization switching methods were used to study the electroacoustic 
interaction at temperatures near the Curie points of uniaxial ferroelectric crystals of Rochelle salt and KDP in 
the ultrasonic frequency range. The investigated electroacoustic echo and convolution signals were due to the 
contribution of the domain polarization switching to electroelasticity. The polarization echo method was used 
to obtain ultrasonic data under conditions of critical scattering and dispersion of sound, and also for technical 
realization of the extremal nonlinearity of the crystals near phase transitions. 

PACS numbers: 77.80.Dj, 72.50. + b, 43.35.4~ 

A charac te r i s t i c  instability of the c rys ta l  la t t ice  in 
t h e  region of s t ruc tura l  phase t ransi t ions m a k e s  i t  
possible  t o  modulate the e las t i c  p roper t i es  of c r y s t a l s  
by relatively weak external  f ie lds  of different physical 
or igins .  Modulation of the elast ic i ty  can somet imes  
resu l t  in  the interaction of a n  acoust ic  field in a c r y s -  
t a l  with an external  pump field. 

If the c rys ta l  symmetry  is such that t h e r e  a r e  non- 
z e r o  coefficients of the electroelast ic  coupling q in  the 
expansion of the f r e e  energy of a c rys ta l  

where  c i s  the elast ic i ty  t ensor  of the c rys ta l ,  S is the 
s t r a i n  tensor ,  and E is the e lec t r ic  field, then in the 
c a s e  of a nonlinear c rys ta l  there  is a n  interact ion be- 
tween e las t i c  and electromagnet ic  whose f re -  
quencies and wave vec tors  sat isfy the laws of conser-  
vation of energy and momentum k, + k, = k, and w, + w, 
= w,, where w,, k,, w,, k, a r e  the frequencies  and wave 
vec tors  of the elast ic  waves and w,, k, a r e  the c o r r e -  
sponding p a r a m e t e r s  of the  electromagnet ic  waves. 

We shall repor t  an experimental  investigation of an 
electroacoust ic  interaction of th i s  kind in the radiofre-  
quency (rf) range (-lo7 Hz) a t  t empera tures  near  the 
fe r roe lec t r ic  phase t ransi t ion points T ,  of uniaxial 
fe r roe lec t r ic  c r y s t a l s  of Rochelle sa l t  and KDP (Refs. 
4 and 5). An effective electroacoust ic  interact ion near  
phase t ransi t ions in  these c r y s t a l s  makes  i t  possible to  
observe:  a) a signal due to  a polarization electro-  
acoustic echo in the f o r m  of a t ravel ing acoust ic  wave 
with a wave vector  rec iproca l  in  relat ion to  the pr i-  
m a r y  acoust ic  wave when th i s  wave in te rac t s  with a 
pulse df an al ternat ing e lec t r ic  field dis t r ibuted ho- 
mogeneously throughout the c rys ta l ;  b) a convolution 
signal in  the f o r m  of a pulse of an al ternat ing e lec t r ic  
field when two opposite acoust ic  waves in te rac t  in  a 
c rys ta l .  

2. EXPERIMENTAL METHOD 

and w a s  placed inside a capaci tor  which w a s  thermo- 
s tat ted to  within 0.01 "C (Ref. 6) and connected to an 
osci l la tory circui t  with two resonance frequencies  w/ 
2n amounting to 12 and 24 MHz. The  two foil-coated 
s u r f a c e s  w e r e  used to apply a homogeneous al ternat ing 
e lec t r ic  field E- (in the f o r m  of rf o r  video pulses) and 
a s tat ic  b ias  field E, 11 E-. An echo signal a t  a moment 
2.r and a convolution s ignal  a t  a moment T +  7,/2 (Fig.  
1) appeared only when the e lec t r ic  field w a s  paral le l  to  
the  polar  ax i s  and w a s  applied in the f o r m  of rf pu lses  
of ampli tudes E l ,  E,, and E, in a sequence and with 
frequencies  shown in F ig .  1 ;  the e las t i c  waves  part ic i-  
pating in the interaction had different veloci t ies  and 
frequencies  w, = b2 = cu, w h e r e a s  the e lec t r ic  pump 
field homogeneous throughout the c r y s t a l  (k, = 0) had 
the frequency w, = 2 0 .  T h e  e las t i c  wave (w, ,  k,) w a s  
excited ei ther  with a Y-cut quartz  t ransducer  emitting 
a t r a n s v e r s e  wave along the z direct ion represent ing 
one of the  nonpolar a x e s  of the c rys ta l  with the polar- 
ization perpendicular  to  the polar ax i s  o r  due to  piezo- 
e lec t r ic  p roper t i es  of the c rys ta l  when an e lec t r ic  
pulse of c a r r i e r  frequency w w a s  applied to  the capaci- 
t o r  probe electrodes.  

FIG. 1. a )  Oscillogram of the polarization echo and convolu- 
We investigated samples  of Rochelle sa l t  (T, tion signals obtained for KDP at T = -149°C (sweep rate 20 

= 24.Z°C) and KDP (T,= -151.2 "C), which w e r e  opti- ~ s e c / c m ,  E,, = 3.37 kV/cm, El  = E 3 =  0.45 kV/cm, E z  = 0.3 
 call^ t ransparen t  and uncolored. A crys ta l  in  the f o r m  kV/cm). b) Diagram showing the scattering of acoustic pulses 
of a s lab  of 1-2 cm3 volume and -0.5 c m  thickness  had along the direction of propagation of z corresponding to the 
foil-coated sur faces  perpendicular to the polar  ax i s  oscillogram in Fig. l a .  
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The nature of the investigated signals was  identified 
by developing the following method for  determining the 
electroelastic propert ies  in the process  of polarization 
reversa l  in fe r roe lec t r ic  c rys ta l s  subjected to pulsed 
electr ic  fields. 

The investigated c rys ta l s  were  of s ize  z, between the 
plane-parallel faces  normal to the z direction and they 
were  subjected along the polar ax is  to  a field E -  in the 
form of al ternate bipolar video pulses each with a lead- 
ing edge c 2 0  nsec and duration 250  p sec ,  and to a 
stat ic  field E,. Each of the bipolar electr ic  field pulses 
generated polarization switching cur ren t  pulses accom- 
panied by the current  of f r ee  piezoelectric resonance 
vibrations at  a frequency corresponding to  the effective 
elastic modulus and the size z, of the crystal .  The cur-  
ren ts  were  recorded by connecting a R = 200 Q res i s tor  
in s e r i e s  with the capacitor electrodes. These bipolar 
pulses were  used to excite, a s  in the polarization echo 
method, acoustic vibrations interacting with the elec- 
t r i c  polarization along the polar axis ,  characterized by 
cri t ical  attenuation and scat ter ing on domains in the 
phase transition r e g i ~ n . ~  In contrast  to the echo method 
the piezoelectric resonance vibrations of the crystal  
excited by the leading edge of a video pulse appeared 
against the background of a s trong electr ic  field pulse 
and a strong coercive force,  i.e., under conditions of 
a strong reduction (by the electr ic  field) in the polariza- 
tion relaxation t ime and a corresponding reduction in 
the acoustic losses.* Consequently, such piezoelectric 
resonance vibrations showed no significant anomalies 
of the acoustic l o s se s  near  T,, which made them suit- 
able for determining the changes in the effective veloc- 
ity of sound when a domain system in a c rys ta l  was  
subjected to a polarization switching pulsed electr ic  
field E-, increasing temperature,  and bias s tat ic  field 
E,.  Measurements of the period of the piezoelectric 
resonance vibrations yielded the coefficient of modula- 
tion of the effective velocity of sound by an electr ic  
field E- in accordance with the formula 

where T+ and T- a r e  the periods of f ree  vibrations ex- 
cited by the positive and negative video pulses, respec-  
tively. 

The method of pulsed polarization switching can find 
more  general applications in investigations of electro- 
elastic (magnetoelastic) propert ies  of crystals ,  which 
need not be ferroelectr ic .  The sensitivity of the method 
can b e  increased significantly by monitoring the change 
in the large number of periods T of f r ee  resonance vi- 
brations. 

3. EXPERIMENTAL RESULTS 

1. The echo and convolution signals were observed 
for Rochelle sal t  in the temperature range from +30 to 
-27°C ( E , =  0.5 k ~ / c m )  and near  the Cur ie  points 
+ 24.2 "C and -18 "C the signal amplitudes were  maxi- 
mal; in the ca se  of KDP these signals were  observed 
in the vicinity of the Cur ie  point f rom -151 to -147.2"C 
(E,= 5 kV/cm). An increase in E, broadened the tem- 
perature range in which the echo signal was observed. 

FIG. 2. Temperature dependences of the initial amplitude 
A, of the echo signals measured for Rochelle sa l t  using fields 
E ,  - E2 - 0.2 kV/cm and different values of Eo (kV/cm): 1) 
0.3; 2) 0.4; 3) 0.6; 4) 0.8; 5) 1.0; 6) 1.5. 

The ra t io  of the amplitudes of the echo and convolution 
signals to  the piezoelectric induction accompanying the 
pulses increased on going to the ferroelectr ic  phase. 

2. When the interval T between the pulses E, and E ,  
was al tered,  the amplitude of the echo a t  a moment 27 
decreased approximately exponentially A, = A, exp ( -2~ /  
T,). Figure 2 shows the dependence of the echo ampli- 
tude A, (for T =  0) on the temperature and field E, in the 
region of phase transition in Rochelle sal t .  The values 
of A,, and T, were  found f rom the dependence A , = ~ T )  
recorded for  each experimental point. 

3. The reciprocal  echo lifetime a ,  = 1/T2Hn sec-l, 
comparable with the sound attenuation coefficient, de- 
pended on the temperature of the sample and on the 
field E,. When E, was increased,  the value of cut de- 
c reased ,  particularly on approach to the transition 
temperature T,. Figure 3 shows the dependences of the 
attenuation coefficient of sound on the field and temper- 
a ture  in the vicinity of a phase transition in Rochelle 
sa l t  (z is the direction of propagation of sound, a ,  
= 2.7at/v, cm-l, where v,= 1 . 3 2 ~  lo5 cm/sec i s  the 
velocity of sound). 

4. The width of the echo was  governed completely by 

FIG. 3. Dependences of the attenuation coefficient of the trans- 
verse sound on the bias field E o  in the crit ical  region, mea- 
sured by the echo method for El = E ,  = 0.2 kV/cm and different 
temperatures near T, of Rochelle sa l t  ("C): 1) 25.3; 2) 24.1; 
3) 23.8; 4) 23.6; 5) 23.1; 6) 22.5; 7) 20.8; 8) 18.5. 
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A,,rel. units 
4.20- 

o,15 - 

1.10 - 

LO5 - 

FIG. 4. Temperature dependences of the electroelasticity 
coefficient A, measured for Rochelle salt using bipolar pulsed 
of different amplitudes, E_= 0.7 kV/ cm, and different electric 
bias fields Eo (kV/cm); 1) 0.3; 2) 0.4; 3) 0.6; 4) 0.8; 5) 1.0; 
6) 1.5. 

the durations of the f i r s t  and second pulses at, and At,, 
and the echo width a t  the base was  at, + 2&,. The de- 
pendences of the echo and convolution amplitudes on the 
amplitudes of each of the exciting pulses was  close to 
linear. 

5. Figure 4 shows the dependences of the electro- 
elasticity coefficient A, on the temperature and on the 
field E, in the region of a phase transition in Rochelle 
salt,  a s  recorded by the method of polarization switch- 
ing due to the application of bipolar pulses. 

4. DISCUSSION 

Equation (1) can be written in the form of the depend- 
ence of the effective velocity of sound on the electr ic  
pump field (the tensor indices a r e  omitted): 

The  modulation coefficient of the velocity of sound V 
by the electr ic  field 4 = a l r / a ~ _  represents  the elec- 
troelasticity, and the dependences of A, on E, and tem- 
perature can obviously be compared with the cor re-  
sponding dependences of the echo amplitude. 

The value of A, was determined independently of the 
echo method by determining the state  of a c rys ta l  not 
from the electr ic  but from the  mechanical point of view 
(directly from the velocity of sound), which i s  an ap- 
proach implied in the well-known method of bipolar 
pulsesg but not hitherto utilized. The dependence of 
the electroelasticity coefficient A, on the temperature 
and on the field E, (Fig. 4) i s  s imi la r  to the behavior 
of the permittivity in the region of phase transitions1° 
and to the dependences on E, and on the temperature in- 
dicated by our measurements of the amplitude of the 
polarization switching current .  These observations 
demonstrate a s trong coupling between the dielectr ic  
and the electroelast ic  propert ies  of the investigated 
crystals ,  which is explained by the domain contribution. 

The c l ea r  correspondence between the temperature 
and field dependences of the echo signals (Fig.  2) with 
the behavior of A, (Fig. 4) can be regarded a s  demon- 
strat ing the dominant contribution of the domain elec- 
t roelast ic  nonlinearity to the intensities of the investi- 
gated echo and convolution effects. If a sensitive de- 
tector  is used, the range of observation of the echo sig- 
nals  i s  wider than the range of values of A,, indicating 
a high sensitivity of the echo method to  the electro- 
elast ic  nonlinearity. 

Rochelle sal t  has  a low value of T, near  T, and in 
weak fields E, the echo signal i s  difficult to  observe be- 
cause of the finite recovery t ime of the detector sensi- 
tivity. 

The scat ter ing by domains has  prevented ear l ie r  
acquisition of ultrasonic da ta  for  waves strongly cou- 
pled to the electr ic  polarization paral lel  to the polar 
ax is  of a ferroelectr ic  in the region of phase transi-  
tions occuring in large single-domain c ry  ~ t a l s . ~ * l l - l ~  
These  da ta  a r e  of interest  for  the dynamics of phase 
transi t ions and can be obtained by the polarization elec- 
troacoustic echo method. Figure l (b)  demonstrates the 
evolution of the front of an acoustic packet traveling in 
the bulk of a crystal  along the z direction. The pri- 
mary  acoustic wave (w,, k,) "diverges" at  inhomogene- 
i t i es  in a crys ta l  and the r eve r se  wave (w,, $) created 
in the c rys ta l  by the wave front of the primary wave in 
the presence of an electromagnetic pump pulse (w,, k,) 
converges at the same inhomogeneities and r e s to r e s  
the initial front existing up to the t ime 27. A near-ex- 
ponential dependence of the echo amplitude on the in- 
te rva l  T between the El  and E, pulses demonstrates an 
effective recovery of the initial front of the acoustic 
wave. This  i s  supported by the appearance of the con- 
volution signal (Fig.  1) .  The opposite acoustic s ignals  
(w,, $) and (b,, k,), each with i r regular  leading edges 
due to  the scattering and dispersion of acoustic waves 
by inhomogeneities of the medium, interact no l e s s  ef- 
fectively and crea te  a convolution signal (u,, k, = 0) at  
a moment T+  r1 /2  This  echo method can ensure the 
conditions under which a "convergent" wave (w,, k,) has 
the s ame  front configuration a s  a "divergent" wave 
( w,, k,) a t  the moment when the two wave packets meet 
in the bulk of a crystal .  

Figure 3 shows the dependences of the attenuation 
coefficient of sound (estimated a s  1 / ~ , )  on the field E, 
and on the temperature. These da ta  represent  not 
smal l  single-domain crys ta l s  but la rge  polydomain 
crys ta l s  because of the use of the echo method. The 
resu l t s  can be compared with the theoretical da ta  for  
the ranges of phase transi t ions in single-domain uni- 
axial f e r r o e l e c t r i c ~ . ~  The behavior of a, (Fig. 3) 
ag rees  with the theoretical dependence of the attenua- 
tion coefficient of sound on the stat ic  electr ic  field and 
on the temperature.  As  we move away f rom the Cur ie  
point, the influence of the field E, dec rea se s  and in 
high fields the dependence of the absorption on E, and 
on the temperature i s  very weak. The absence of da ta  
on a, near  the Cur ie  points T, a t  low values of E, i s  
explained by the fact that under these conditions the 
t ime constant T, is l e s s  than the instrumental t ime 
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representing the recovery of the detector sensitivity. 
The dependences of the amplitude and duration of the 
echo on the amplitudes and duration of the exciting 
pulses (Sec. 3.4) corresponds to the function of the echo 
profile in the form of the correlation integral.' The  de- 
pendence of the convolution amplitude on the amplitudes 
of the exciting pulses is linear, a s  deduced from the 
function of the profile in the form of the convolution in- 
tegral.' The duration of the convolution signal depends 
on the duration of the excitation pulses and on the time 
interval 27 - rl, due to the scattering of sound in the 
medium [ ~ i ~ .  l(b)]. 

5. CONCLUSIONS 

1. The amplitude of the polarization echo near phase 
transitions was found to  be proportional to the electro- 
elastic nonlinearity coefficient of the investigated 
crystals .  The temperature and field dependences of 
the echo signal were described well by the contribution 
of the domain polarization switching to the electro- 
elasticity of ferroelectr ics in the investigated range of 
frequencies. 

2.  The polarization echo method separa tes  the con- 
tributions of the interference (reversible)  and energy 
(irreversible) attenuation of sound near  phase transi-  
tions, and can have interesting applications for  the ul- 
trasonic probing of phase transitions in r ea l  polydo- 
main crystals. 

3. The polarization echo method ensures  the interac- 
tion of acoustic waves under the conditions of cri t ical  
scattering and dispersion, which should make possible 
technical applications (in convolution and correlation 

devices) of the extremal nonlinearities of the investigat- 
ed crys ta ls  near their phase transitions. 
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