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Ultrasonic dispersion in the phase transition region of ferroelectric 
materials 
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Abstract 

Measurements of longitudinal ultrasonic velocity and attenuation have been performed in several ferroelectric 
materials. Interesting behaviour of the ultrasonic velocity was observed in CazSr(CzDsCO2) 6 (DDSP) single crystals. 
The temperature dependence of ~" in the DDSP crystal was estimated to be 3 .5x IO-9/(T-Tc)  s. 

1. Introduction 

In recent years, ultrasonic investigation in the vicinity 
of the ferroelectric phase transition has been recognized 
as an important method to study the static and dynamic 
properties of the phase transition [1]. In crystals which 
are non-piezoelectric in the paraelectric phase, the 
ultrasonic velocity and attenuation anomalies arising 
in ferroelectrics can be described by the Landau- 
Khalatnikov relaxation mechanism [2], in which the 
polarization relaxation time increases as (T-T¢)  -1 on 
approaching the ferroelectric phase transition temper- 
ature Tc. The increase in polarization relaxation time 
manifests itself in temperature- and frequency-depen- 
dent anomalies of the dielectric properties near T~. 
The dielectric properties have been investigated ex- 
tensively [3, 4] and dielectric dispersion has been ob- 
served at various frequencies in various ferroelectric 
materials [5]. Such relaxational behaviour must also 
influence the dynamic elastic properties and cause 
ultrasonic dispersion. If the relaxation time is relatively 
short the dispersion appears only at high frequencies 
and may be observed in Brillouin experiments [6]. In 
the ultrasonic frequency range 10-90 MHz the velocity 
dispersion must appear in a very narrow temperature 
region which experimentally is difficult to resolve. On 
the other hand, if the polarization relaxation time is 
long enough (i.e. dielectric relaxation is revealed in the 
megahertz frequency region), the velocity dispersion 
can be easily observed at ultrasonic frequencies. How- 
ever, until now, to our knowledge, such dispersion has 
not been investigated at ultrasonic frequencies. 

The main purpose of this paper is to present results 
showing the ultrasonic velocity dispersion in 
Ca2Sr(CED5CO2) 6 (DDSP) single crystals in the 10-90 

MHz frequency region. First, however, the temperature 
and frequency dependences will be presented for fer- 
roelectric Sn2P2S6, PbHPO4 (LHP) and diglycine nitrate 
(DGN) single crystals. For these crystals the condition 
toT< 1 (to is the angular frequency of the ultrasound 
and ~-= "ro/(T-Tc) is the polarization relaxation time) 
was valid up to temperatures very close to To. Thus 
velocity dispersion has not been observed. In all these 
crystals the downward stepwise anomaly of ultrasonic 
velocity and corresponding attenuation maximum have 
been observed. The condition toT> 1 was fulfilled in a 
wide temperature range near Tc in crystals of 
(CH3)2NH2Al(SO4)2"6H20 (DMAAS) because of the 
extremely long polarization relaxation time. In these 
crystals we have not observed any slowing down of the 
ultrasonic velocity at To. 

2. Experimental details 

The ultrasonic velocity and attenuation were mea- 
sured by the pulse echo method [7]. For excitation and 
detection of longitudinal ultrasonic waves, z-cut LiNbO3 
transducers vibrating on 10 MHz main frequency and 
on harmonics were used. The crystalline samples were 
prepared so that both parallel polished faces were 
perpendicular to the desired crystallographic axis. Sil- 
icone oil was used as an acoustic bond. The temperature 
was stabilized and measured to an accuracy of better 
than 0.05 K. The estimated accuracy of the absolute 
ultrasonic velocity measurements was about 3%. The 
relative changes in ultrasonic velocity were estimated 
by the shift in the delay time of the detected ultrasonic 
radio pulse on the screen of the scope with a precision 
of better than 1 ns. Measurements were always per- 
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formed by cooling the sample through the phase tran- 
sition temperature. 

- f l +  [/3 2 -  4 a 3 , ( T -  T=)] 1~ 
Po = (6) 

23, 

3. P h e n o m e n o l o g i c a l  theory  

The elastic constant evaluated from the ultrasonic 
experiment is the real part of the complex frequency- 
dependent elastic constant c*(oJ). For temperatures 
close to but below the phase transition temperature 
T~ in ferroelectric materials, to can be compared to the 
inverse relaxation time of polarization, so that dispersion 
can affect the value of c*(o)). In this case, from the 
Landau-Khalatnikov theory, in the ferroelectric phase 

Then we get 

C = C o = C ~  -- 112 

where n = f12/4a3,. 
__ 2 2 Rewriting (7) in the form Ac=co~-Co-pV~-pVo 

(where p is the density), one finds in the ferroelectric 
phase that (Ac) - 2 as well as (v~ - Vo 2) - 2 can be expressed 
by simple linear temperature dependences: 

Coo --C O 
c*(to) =coo 1 + io~r (1) 

where c~ is the elastic constant at high frequencies 
and Co is the static value of the elastic constant in the 
low temperature phase. 

From the general theory of elasticity it is easy to 
get expressions for the ultrasonic velocity and atten- 
uation: 

, 0 2 =  1 Rec* 
P 

-Vo _ 2 (2)  
- v ~  l + a ~  

1 
a =  2try 3 wImc* 

v - v : o  " 

- 2v-----~o 1 + oj2------~ (3)  

In order to get the expressions for the ferroelectric 
phase, the free-energy density of a proper uniaxial 
ferroelectric without piezoeffect in the paraelectric 
phase can be written as 

a /3 p4 F = F o +  ~ (T-Tc)p2 + "~ 3, p6 +gup2  + 1 u2  coo 

(4) 

where a, fl and y are Landau expansion coefficients, 
g is the appropriate electrostriction tensor component, 
u is the elastic strain component and P is the polarization. 
Using the equation of equilibrium, the Static elastic 
constant can be straightforwardly calculated as 

2o 2 
c = c = /3 + 23,p 2 (5) 

Usually AP induced by strain is less than the static 
value of the polarization, Po, and the P in (5) can be 
changed to Po: 

(ac)-2= 4g 4 (8) 

p2f12(1 + Tc 2 T) 

(vL 494 (9) 

The relaxation time according to the Landau theory 
is 

ro (10) T----- - -  

T c - T  

Then in the phase transition region the ultrasonic 
velocity dispersion according to (2) must correspond 
to the maximum ultrasonic attenuation. In the ultrasonic 
frequency region when "to is comparatively small, 
10-11-10 -12 s K, the velocity dispersion will appear in 
a very narrow temperature range below the phase 
transition, which makes it difficult to observe experi- 
mentally. In this case the condition t0r< 1 is valid in 
the ferroelectric phase and there is no velocity dis- 
persion. If ro = 10-6-10 -7 s K, the condition wr> 1 is 
fulfilled in a wide temperature range below Tc and 
ultrasonic measurement gives the high frequency value 
of the ultrasonic velocity, v oo. In this case the velocity 
anomaly determined by c ® can exist, because the fourth- 
order term Au2t ~ must be added in (4), which gives 
the following contribution to coo [8] 

eL =c~ +AP z (11) 

It is necessary to mention that such a four-phonon 
interaction remains for comparatively high frequencies 
and no velocity dispersion can be expected in the 
ultrasonic frequency region. The most interesting case 
arises when ~'o = 10 -9 s K; then in the ultrasonic fre- 
quency region of tenths of megahertz we expect to 
observe clear ultrasonic dispersion. 
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4. Results and discussion 

The Sn2P2S 6 single crystals exhibit a second-order 
phase transition at To-- 339 K [9]. Here we only present 
the longitudinal ultrasonic velocity and attenuation 
behaviour along the Y axis (Fig. 1). The ultrasonic 
velocity temperature dependence in the gigahertz fie- 
quency region obtained from Brillouin experiments [10] 
is shown in Fig. 1 by triangles and is completely identical 
to our measurements at 10 MHz frequency. It can 
be easily concluded that in this frequency region no 
ultrasonic velocity dispersion exists. Therefore in our 
measurements we get the low frequency values of the 
ultrasonic velocity, Vo, in the ferroelectric phase for 
SnEP2S6. v0(T) follows the Landau theory (8), because 
a linear temperature dependence of (Ac) -2 was ob- 
tained. The attenuation peak at Tc was very high and 
sharp. The temperature dependence of the ultrasonic 
attenuation is shown in the inset of Fig. 1. The po- 
larization relaxation time estimated from our atten- 
uation measurements was "r=IO-W(T-T~) s. This is 
consistent with the Brillouin measurements [10]. For 
the crystals of LHP similar results have been obtained. 
The ultrasonic measurements were performed in the 
frequency range 10-50 MHz along the Y axis perpen- 
dicular to the direction of polarization. No frequency 
dispersion of the ultrasonic velocity in this frequency 
range was observed (Fig. 2). The validity of the Landau 
theory was also checked using eqn. (9) and very good 
agreement was found. The temperature dependences 
of the attenuation are shown in Fig. 3. The polarization 
relaxation time calculated from the attenuation mea- 
surements at various frequencies followed the law (10) 
with %=3X 10 - u  s K in the ferroelectronic phase (see 
inset of Fig. 3). The value of % is in the middle of 
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Fig. 1. Temperature dependence of ultrasonic velocity and (Ac22)  - 2  

for Sn2P2S 6 crystal. Inset shows temperature dependence of 
attenuation. Ultrasonic frequency 10 MHz. 
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Fig. 2. Temperature dependence of ultrasonic velocity v and 
(v® -v0)  -2 for longitudinal mode along Y axis for LHP crystal. 
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Fig. 3. Temperature dependence of ultrasonic attenuation coef- 
ficient in LHP crystal at various frequencies (MHz): 1, 10; 2, 
30; 3, 40; 4, 50. Inset shows temperature dependence of ~--~. 

the data obtained from Brillouin [11] and IR [12] 
measurements. The attenuation and velocity frequency 
dependences for longitudinal ultrasonic waves propa- 
gating along the Y axis perpendicular to the polar axis 
were also measured in DGN crystals at 30 and 50 MHz 
frequencies near the phase transition at Tc=206 K. 
These results could also be described according to the 
Landau theory in the ferroelectric phase. The polar- 
ization relaxation time followed the Curie-Weiss law 
~-=5xl0-1°/(Tc-T)  s, which is similar to previous 
measurements at 10 MHz frequency [13]. The results 
obtained for SnEP2S6, LHP and DGN crystals reflect 
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the low frequency regime (to~'< 1) which was mostly 
investigated by ultrasonic methods previously [1]. 

The frequency dependence of the longitudinal ul- 
trasonic velocity was absent in DMAAS single crystals 
(Fig. 4). As is clearly seen, the result is opposite to 
that for the above-discussed ferroelectric materials. 
There was no ultrasonic velocity slowing down near 
To= 152 K in the polar and perpendicular directions. 
The excess ultrasonic velocity in the ferroelectric phase 
is due to the mentioned fourth-order t e r m A u 2 P  2 which 
could be added in the free-energy expansion (11). We 
do not consider the peculiarities of this behaviour here 
because a discussion of this was published previously 
[8]. Also, we should emphasize that in the DMAAS 
crystals the condition toz> 1 was valid in the frequency 
and temperature range of our investigations. 

The most interesting behaviour of the ultrasonic 
velocity was obtained in ferroelectric DDSP single 
crystals when the ultrasonic waves propagated along 
the [100] direction, which is perpendicular to the polar 
axis of the crystal. In this crystal velocity dispersion 
was observed in the frequency range 10-70 MHz (Fig. 
5). To our knowledge, this is the first observation of 
velocity dispersion at ultrasonic frequencies. The ul- 
trasonic attenuation maximum (Fig. 6) shifted to lower 
temperatures with increasing frequency, showing that 
the relaxation time increased near Tc=279.2 K. The 
values of the attenuation at the maxima were propor- 
tional to to, as they should be according to (3) (when 
the condition toy= 1 is fulfilled). The relaxation time 
of polarization in the ferroelectric phase was found to 
be ~'=3.5 × 10-9/(T¢- T) s (see inset of Fig. 6), which 
is very close to the value obtained from dielectric 
measurements [14]. The ultrasonic velocity behaviour 
far from T~ could be described by including the fourth- 
order term in the Landau free-energy expansion as was 
done for the DMAAS crystals above. It is interesting 
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Fig. 4. Temperature dependence of ultrasonic velocity measured 
perpendicular to polar direction in DMAAS crystal at 30 MHz 
frequency. 
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Fig. 5. Temperature dependence of ultrasonic velocity in DDSP 
crystal at various frequencies (MHz): 1, 10; 2, 30; 3, 50; 4, 70. 
Dashed curve represents Brillouin data from ref. 15. 
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Fig. 6. Temperature dependence of ultrasonic attenuation in 
DDSP crystal at various frequencies (MHz): 1, 10; 2, 30; 3, 50; 
4, 70. Inset shows temperature dependence of reciprocal polar- 
ization relaxation time. 

to note that at these temperatures the ultrasonic velocity 
data were in good agreement with values obtained from 
previous Brillouin-scattering experiments [15]. At giga- 
hertz frequencies of those experiments the slowing down 
at Tc was not observed as it should be, because there 
the condition to~-> 1 is valid in a wide temperature 
range in the ferroelectric phase. 
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Ultrasonic velocity and attenuation measurements 
performed in several uniaxial ferroelectric materials 
with the longitudinal waves propagating perpendicular 
to the polar axis indicate that the results in the ferro- 
electric phase can be well described by the Landau- 
Khalatnikov theory. Also, the velocity behaviour near 
Tc at ultrasonic frequencies can be very different de- 
pending on the polarization relaxation time. 
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