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Abstract. The behaviour of the sound velocity and damping in the phase m i t i o n  vicinity 
in the weak ferroelecuic Li?ceiO~s has been investigated by the ultraronic tecbnique (30- 
150 MHz) and by Brillouin scaltering (about 40 GHz). A large critical contribution to the 
aau& anomalies has been found in the paraelectric phase. Analysis of the hound velocity and 
damping dispersion revealed the relaxation parts of anomalies under conditions when the critical 
pam m large, The Landau theory is used to interpret the results obtained. Some coefficients in 
the thermodynamic potential expansion we determined. Increasing suppression of the relaxation 
anomalies by the depolarizing field as T + T, is considered for both the sound velocity and the 
damping of longihldinal phonons with the wavevector along the polar axis. This is a specific 
feature of weak ferroelecuics. 

1. Introduction 

A ferroelectric phase hansition in crystals of LiaGe70ls (LGO) occurs within the 
orthorhombic crystal system from DX to C:, [l-31. A well defined soft mode in IR 
absorption [4] gives sufficient evidence of a phase transition without a change in the unit 
cell. A weak oscillator of the soft mode in the 1R spectra 141 and almost no Lo-To splitting 
for soft-mode components in the Raman spectra [5] indicate a small value of the effective 
charge of the soft mode in LGO. In accordance with this substantial property, L o o  possesses 
an extremely low Curie-Weiss constant C which is only about 2 4  K in the paraelectric 
phase [6-91. 

The LGO crystals, therefore, afford us the opportunity of studying acoustic anomalies 
at the ferroelectric phase transition induced probably by a polar soft mode which is the 
weakest recorded. As the spontaneous polarization in L o o  appears along the twofold axis, 
this crystal can be formally classified as a uniaxial ferroelectric but the depolarizing field 
effect is expected to be minimal because of the smallness of the soft-mode effective charge. 
In this case the order parameter fluctuations cannot be suppressed either; so we may expect 
some critical contribution to the acoustic anomalies near Z due to fluctuations. Although 
some results of the ultrasonic measurements in LGO have been published [ 1.71 and also a 
BriUouin study [IO] of the behaviour of acoustic phonons with the wavevector q I( b I Ps, 
detailed analysis of acoustic anomalies in the vicinity of T, has not been discussed yet. 
Also the influence of the macroscopic depolarization field has not been considered nor have 
the critical contributions been revealed. Some attempts to advance understanding in this 
direction were undertaken only in our preliminary publications [ll, 121. which showed the 
importance of the dispersion effects in LOO in addition to the unusual features mentioned 
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above. In the present paper we pay very full attention to the analysis of the sound velocity 
and damping anomalies near Tc in LGO mainly by studying their behaviour in a wide 
temperature interval and in a wide frequency range (from ultrasonic methods up to Brillouin 
scattering). 

I G Shy et a1 

2. Experimental procedure and mults 

The Lco crystals belong to the orthorhombic system, but the ratio of the orthorhombic 
cell parameters b N J?c is close to that of a hexagonal structure with a sixfold axis 
along a. These structural relations show that the structure of the paraelectric phase can 
be created by a small distortion of some hexagonal parent phase. In other words, the 
room-temperature structure is simultaneously both a paraelectric phase with respect to the 
low-temperature ferroelectric phase transition and a fenoelastic phase with respect to another 
high-temperature phase transition. Thii point of view is evidenced by ferroelastic domains in 
some samples of LGO [13]. Our samples of LGO were found to be single-domain ferroelastic 
in the paraelectric phase. The spontaneous polarization in LGO occurs along the twofold 
axis which is the c direction in the unit cell: c 1) cz 1131. So, we used the coordinate system 
with axes 1, 2 and 3 along the a, b and c edges, respectively, of the orthorhombic cell. 

One sample of good optical quality was used for both ultrasonic and hypersonic 
measurements. The sample which has the form of a rectangular parallelepiped, 10 mm x 
10 mmx 10 mm in size, was placed in an optical cell filled with glycerine for index matching, 
for precise stabilization of temperature and for minimization of temperature gradients in the 
course of measurements both from point to point and continuously; the latter was used 
for or(T). The optical cell with a sample was inserted in a cryostat into a stream of cold 
nitrogen vapour. In the region of the phase transition the temperature was stable to within 
0.01 K. At continuous measurements the rate of temperature change was not mme than 
5 x lo-' K min-I. 

Measurements of the sound velocities at ultrasonic frequencies of 30,90 and 150 MHz 
were carried out with the usual pulse-echo method. The error in the determination of 
the absolute value of velocities did not exceed and it was no more than in 
measurements of the relative changes in velocities during the temperature runs. The absolute 
values of elastic wave damping were determined by measuring the exponential drop in the 
echo-impulse amplitudes at room temperature. The temperature dependence of damping 
was obtained by automatic recording of the ultrasonic impulse amplitudes. 

The Brillouin scattering spectra by longitudinal acoustic phonons were excited with 
an argon laser operating in a single mode at a wavelength A of 488 nm. The scattered 
light was analysed with a three-pass Fabry-F'ht interferometer (Eiurleigh) with a DAS-I 
system. We used a backward geometry in order to study the acoustic phonons with the largest 
wavevectors that were achievable in this method. In the course of experiments the Brillouin 
component shifts Aw and their half-widtbs 6w were measured at every fixed temperature. 
The hypersonic velocity was calculated from the shifts of the Brillouin components relative 
to a laser line WO by the well known formula 

V = (Av/vo)(c/2n) = ( I / k ) A u  (1) 

where c is the speed of light in vacuum and for ow 180" geometry one can use for the 
incident and the scattered light the same refractive index nl = 1.743 rt 0.005 measured 
in our work at room temperature for the above-mentioned wavelength. The LOO crystal is 
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optically biaxial. However, our measurements and data in [14] showed that the birefringence 
is sufficiently small that the use of one value of the refractive index is justified in the limit of 
our accuracy. In calculating V ( T )  we neglected the change in n ( T ) .  However, the relative 
accuracy In measuring the hypersonic velocities was no more than f10-2. It is found that 
the velocity of hypersonic waves in the temperature region far from T, exceeds the value 
obtained from ultrasonic measurement. The difference averages no more than 6%. Note 
that a similar tendency is found for Brillouin scattering data from [lo] (see footnotes to 
tables 1 and 2 later) where Arai et al. who did not have the true value of the refractive 
index, used n = 1.834 to fit the ultrasonic and Brillouin data far from Tc. We believe that 
such a discrepancy is connected with the dispersion of the sound velocity for the frequencies 
lying in between the above-mentioned ultrasonic and hypersonic values. This requires some 
additional study. In order to succeed in using such a dispersion dependence of the sound 
velocity not connected with the phase transition we shall analyse only the relative change 
V ( T ) / V o  in velocities for both ultrasonic and hypersonic measurements. Here V ( T )  is 
the experimental value obtained for the velocity in the region of the phase transition and 
V' the expected value at T = Tc in the absence of any phase transition. This value V o  
is calculated by extrapolation of the Brillouin shift behaviour from higher temperatures, as 
shown in figure 1. To increase the reliability in determining Vo we measured the Brillouin 
component shifts in a wide temperature range above Tc. The value of A u ( T )  (as well 
as the value of V ( T )  according to equation (1)) is almost unchanged in the large region 
400 K < T < 600 K in the case of phonons with p 11 b. In the other two cases, q 11 a 
and q 11 c, the analogous analysis in the paraelectric phase gives a slow increase in V ( T )  
on cooling. We confined ourselves only to measurements of the Brillouin scattering. The 
ultrasonic value of V o  is obtained by fitting the ultrasonic relative velocity to the hypersonic 
velocity at T = Tc + 10 K. 

d 
47.2 

280 330 380 430 480 530 580 

TEMPERATURE T. K 

Figure 1. The t e m p e m  dependence of the Brillouin shifi for the longitudinal phonons in 
the paraelectric phase: -, extrapolated from high temperatures to estimate the values of A$ 
(and Vf. respectively) (k = 1.2.3)  at T - Tv 
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Flgure 2. Relative change in sound velocity for longihldinal awostic phonons with wavevector 
along the a, b and c directions in the onhorhombic unit cell: 0, Brillouin sanering 
measuremen@: +. ulhzonic daw, - - -, behaviour of the relaxation part which is expected 
from the best fiw of equation (7). 

Figure 7. shows that the behaviours of the relative velocities for longitudinal acoustic 
phonons with wavevector q dong the a, b and c directions at the ultrasonic frequencies and 
in Brillouin scattering were found to be undoubtedly different only in the phase transition 
region about T,, f 10 K. This is connected with dispersion effects in the vicinity of T,. 
Besides a step-like anomaly of the sound velocity at T = Tc in a wide temperature range of 
the paraelectric phase we observe a significant critical contribution in the velocity anomaly. 
A careful examination of this critical part, which we believe is connected with fluctuations 
of the polarization, will be given in a subsequent paper. It should be noted also that there 
is a noticeable temperature dependence of V ( T ) / V o  in the ferroelectric phase connected 
with both the critical contribution and the closeness to the tricritical point phase transition. 

Correspondingly the hypersonic damping is given by 

01 (cm-') = (2rm/A)(6u/Av). (2) 

Figure 3 shows the damping of these phonons in the case 4 )I 6 I P,. We failed to make 
continuous measuremen& through the phase transition region at the ultrasonic frequencies 
owing to heavy damping in the vicinity of T,. The gap is about 0.5 K at 30 M H z  and about 
2 Kat 150 MHz. However, the Brillouin scattering allowed us to study the transition region 
although the Brillouin component width increased significantly in the vicinity of T, up to 
6u N 0.15Au owing to heavy damping. The error in determining the damping increased also. 
Nevertheless, we observed the double-peak structure of the damping maximum in hypersonic 
measurements. After careful analysis in [15] we revealed a relaxation part, the origin of 
which was confirmed by fitting equation (7) considered below. In accordance with the 
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relaxation origin, the peak location appears to be shifted from Tc to the ferroelectric phase. 
The remaining damping has a maximum value centred at T, and represents a fluctuation 
contribution. 

-8 -6 -4 -a 0 2 4 

T -Tc, U 
Figure 3. Damping maxima in the vicinity of T. versus t e m p "  for ultrasonic and hypersonic 
longitudinal phonons with q I1 b 1 P,: ----, - . - , guides to the eye. 

Our data obtained for velocities agree well with other published results [ 1.7, IO]. The 
elastic constants for L a  are shown in table 1. To calculate our data from the velocities 
measured by both the ulnasonic method and Brillouin scattering we used the density 
p = 4.226 x lo3 kg m-3 [21. 

Table 1. Elastic moduli C;;, i = 1.2.3. calculated from velocites of the IongiNdinal phonons 
with the wavevector along the a. b and c directions. T = 293 K. 

c1 I Cn c 3 3  
(lolo N m-2) (lo1* N m-2) (IO'O N m-') Reference 

Ultrasonic measurements 19.23 14.20 14.72 Ill 
16.51 12.86 13.73 [71 
17.83&0.17 12.76f0.12 13.Mf0.13 This work 

Brillouin scattering measurements 18.85 k 0.18 14.02 * 0.14 14.34 * 0.14 This work 
12.85a I101 

'The rrhactive index was chosen from lhe condition to provide the same sound vela'ity for both ultrasonic and 
hypersonic waves. The same data hom [IO] give Cn = 14.1 x 10" N m-' if anolher rehactive index obtained 
in the present work is used. 

Besides longitudinal phonons we also studied by the ultrasonic method nansvene 
acoustic waves with wavevectors along a, b and c. The temperature dependences of velocity 
are shown in figure 4. As can be seen, no anomalies were found in the vicinity of T, within 
the accuracy limit of our experiments. We compare our data for corresponding elastic 
constants with some other published data in table 2. 



4288 I G Siny et al 
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a b l e  2. Elastic moduli Cu. k = 4.5.6, obtained from ultrasonic measurements T = 293 K. 

v,/v," 

V4-4 

V Y , "  

........ .-.- .... ..+ 
- 

.................................... 

-.-.......* -.. ............ 
T C  " 

I I I I I I I 

cu CSS C& 

4.46 3.41 - 
( IOIO N m-') (lolo N m-') (10'O N m-2) Reference 

(3.87 * 0.03)' 3.46 -f 0.03 3.12 f 0.03 This work 

'For comparison, the Brillouin shin from [IO] and lhe refractive index from the presenl work 
give C* = 4.25 x 10'O N m-2. See the foomote lo table 1. 
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Figwe 4. The temperature dependence of relative velocities for the tran~verse acoustic waves 
in the vicinity o f t .  The data are obtained by the uleaSonic method. 

3. Analysis and discussion 

3.1. Thermodynamic potential and elastic anomalies 

The velocity and damping behaviour obtained from our experimental data for LGO can be 
interpreted in the framework of the phenomenological Landau theory, which was considered 
in detail for weak ferroelectrics in [16]. Taking into account the change in symmetry at the 
phase !ransition let us write the potential of interaction between the polarization P and the 
strains uk in the form 

@ i d P ,  U ,  T) = g3tP2uk + h3kP2u:. (3) 

Therefore using the theoretical results of [16,17] the following expression can be derived 
for complex addition to elasticity moduli of longitudinal phonons below Tc: 

where an expression for the reciprocal susceptibility x-' = (i3z@/i3P2)~ appears to be 
essentially different for longitudinal phonons with the wavevector perpendicular to and 
along the spontaneous polarization Ps because of the macroscopic depolarizing field in the 
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last case. This is well known for the usual uniaxial ferroelectrics [18] and for weak uniaxial 
ferroelectrics [16]. We have for weak ferroelectrics 

(Y+3#J,pgZ+5yp; if q I P, (5 )  x-' = I 01 + 381 P," + 5 y P i  + 4 x / ~ *  if q 11 e (6) 

where PO is the equilibrium value and E* is the background dielectric constant. (Y = 
WT-T), and 0 and y are the usual coefficients of Landau expansion for the thermodynamic 
potential in powers of P .  01 = @-2g3k/C$, where the background elastic constants Ce are 
assumed to vary linearly with temperature owing to thermal expansion in the same manner 
as we defined for V o  above. 

0) and if the dipole-dipole 
interaction does not give rise to a depolarizing field, the first term in equation (3) causes both 
a steplike anomaly in the sound velocity at To and an asymmetrical Landau-Khalatnikov 
maximum in damping. Thus, as the sound velocity has a strong temperature dependence 
in the ferroelectric phase (figure 2), we take into account the term with y # 0 and the 
second term in equation (3). The possible contribution of the last term to the anomaly of 
longitudinal waves will be discussed below. As to transverse waves, this term does not give 
any perceptible contribution because the temperature dependences of the velocities do not 
show any appreciable change at T, (figure 4). So, the coefficients h 2  (k = 4,s. 6) in LGO 
are negligibly small. 

3.2. Analysis of the 'usual' anomlies forphonons with q I P, 
To begin with. let us consider the geometry q I Ps. A change in the behaviour of 
the sound velocity and damping for the longitudinal elastic waves propagating along the 
crystallographic axes a and b in the vicinity of the phase transition follows directly from 
equation (4): 

If a phase transition belongs to the second order ( y  

A vk d k  1 1 + M [ ( 1 + F ) 1 ' 2 - 1 ]  (7) 
V j  - #JpV,2 [ 1 +  (Tc - T)/AT]'12 1 + Q's' 2ypV: 

where AT characterizes the proximity of a phase transition to a tricritical point, AT = 

To eliminate the influence of the dispersion fraction (1 + Q2r2)-' in equation (7). let us 
take advantage of ultrasonic measurements satisfying the condition Qr << 1 and evaluate 
the step-like anomaly in the sound velocity at T = Te As a first approach which is used 
very often we  shall ignore the conhibution of fluctuations, defects or other effects which 
cause the strong temperature dependence of sound velocities in the paraelectric phase near 
Tc (figure 1). The step-like anomaly AV2IV; = 0.18 is obtained from the best fit of 
equation (7) to the experimental points in the nmow temperature interval Tc - T < 9 K 
(the chain curve in figure 5). The fit of ultrasonic data to this calculation appears to be 
unsatisfactory especially in a wider temperature region, and the small value of AT = 9 K 
given by fitting is not confirmed by the temperature dependence of ultrasonic damping (the 
broken curve in figure 6). Experimental data for three ultrasonic frequencies are well fitted 
by a hyperbola ly/S2' - 5 - (Tc - T)-] with r = q(TC - T)-l = 4.3 x 10-'2(Tc - T)-' s 

#Jz/4Ay and k = 1,Z. 
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+ ultrasonic 

Brillouin I 4 

I. ** 

I 1' 
I *.e> 

ON 

? 
5 

5. 0:g 

-I5 -12 -9 -6 -3 0 3 
TEMPERATURE, T-Tc (K) 

Figure 5. ?he sound velocity anomalies in the vicinity of T, for longitudinal phonons with 
the wavevector q I1 b I P,: +, behaviour at 30 MHE, - . -, rough attempt at dculation 
when an accephble fit of equation (7) is seen not far away f" G at Tc - T c 9 K; - - -. 
same c w e  as in figure 2 in a wider temperahlre region showing the final result of the best fit 
of equation 0) when the steplike anomaly for the sound velocity at 7 = G is obtained from 
independent measurements. 

as shown by the solid curve through the experimental points in figure 6. The latter result 
indicates the phase transition to be far from the hicritical point. Note that the step-like 
change AV,/V, = 0.18 is considerably larger than values estimated by other methods. 

Let us consider these methods. The hypersonic damping reaches its peak value at 
T = T, simultaneously with the fulfilment of the condition C2c = 1. This temperature 
point corresponds to half the velocity step as follows from equation (7). The difference 
between the ultrasonic and hypersonic velocity values at this point equals half the step also. 
A whole velocity step can be easily restored. A gap in the low-frequency ultrasonic data 
for velocity in the vicinity of Tc gives another value for the velocity step. One more value 
is given by analysing the hypersonic damping at T = T,. One should note that such simple 
calculations become difficult in the case of LOO owing to large critical contributions. If the 
critical contribution growing in the paraelechic phase is well seen and can be analysed, the 
law for its decrease in the ferroelectric phase is not known precisely. Another uncertainty 
in determining the low point for the velocity step appears owing to the dispersion of the 
critical conhibution. However, if the dispersion of the relaxation contribution, which is 
determined with precision by the fraction (1 + Q2r2)-* in equation (7). is analysed not at 
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T = T, but at some distance deeper in the ferroelectric phase, one can avoid the faults 
mentioned above. The critical contribution dispersion in the paraelechic phase in Lco fades 
away at T > Tc -I- 2 K. If we take a mirror temperature point at the same distance away 
from K in the ferroelectric phase, namely T = T, - 2 K, we obtain Qr = 0.5 and find 
that the difference between the hypersonic and ultrasonic velocities equals 0.2 of a whole 
velocity step at T = Tc, which is now easily restored from experimental data. 

Our analysis has given an average value of AV2lV; = 0.135 for the longitudinal 
phonons with q 11 b I P, (figure 5). 

3.3. Proximiry to a tricritical point 

In this section we have to fit the behaviour of Vz(T) in the ferroelectric phase with good 
precision in order to find a deviation from that for the longitudinal phonons with g 11 c 11 P, 
in the next section. We have determined the velocity step of AVzlV; (or gi2/,3pV: in 
equation (7)) from independent measurements. This provides a good starting point, Two 
other values, AT and h32. in equation (7) remain as adjustment parameters. The Limiting 
case with y = 0 (or 1/AT = 0 in equation (7)) and h32 = 0 in equation (3) does 
not agree with a non-linear change in Vz(T) in the ferroelectric phase. If we take only 
h32 # 0, the last term in equation (7) has a Linear temperature. dependence and because of 
this an increasing discrepancy between experimental data and calculations is expected at 
temperatures T, - T 2 40 K. The best fitting in a wide temperature interval (figures 2 and 
5 )  was obtained with AT = 45 K and a small coefficient h32 so that the conhibution of the 
last term in equation (7) to Vz(T) even far from Tc at T, - T N_ 100 K was about 1%. 

So. it would seem that the sbong temperature dependence of Vz(T)  in the vicinity of the 
transition point shows the phase transition which is close to a tricritical point. We started 
from AT = 9 K and obtained some contradiction between our results. More careful and 
concerted analysis indicates that the phase transition in LGO is even farther away from the 
hicritical point. On the whole, our conclusion agrees with other published data. The ratio 
of the CurieWeiss constants above and below Tc in ujo was found to be mainly about 
2 [6,7,9]. The value AT = 15 K was obtained from specific-heat measurements for LGO 
[19]. Note that there are some contradictions in the values of AT in the series of papers in 
[19-211. The values of h, ,3 and y taken from these studies to determine AT give different 
values, e.g. AT Y 3 K and even AT N 350 K, and there are other contradictions. 

The values of glk/,3 obtained for the present case, q 11 b, and for phonons with q 11 a 
from a similar consideration are given in table 3. 

Table 3. Electrosuictive and piezoelecuic cwfficients determined from the sound velocity steps 
at T = T, and calculated at T, - T = 7.5 K. 

T = T, T, -T =7.5 K 

9 It a 1 0.7 0.7 280 0.1 0.3 

a ll c 3 2.4 I .3 970 0.4 1 .o 
9 It b 2 2.9 1.4 1110 0.4 1.2 
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3.4. Analysis ofthe partial suppression of anomalies for phonons with q 11 Pj 
Now let us consider the longitudinal acoustic phonons with q 11 c 11 E.  To obtain working 
formulae for calculating the behaviour of the relaxation parts in sound velocity and damping 
such as equations (7) and (8) in the previous case, we should take a modified expression (6) 
for x - I .  We are interested in the partial suppression of the relaxation anomalies in the so- 
called dipole region which is very narrow for LGO owing to the smallness of the depolarizing 
field. Therefore we need our formulae to be valid near T, in a narrow region about 
Tc - Tm = 1 K so we can neglect both the contribution of the term with h33 in equation (3) 
and the temperature dependence of Vj(T)  in the narrow region by putting y = 0. Instead 
of equations (7) and (8) we now obtain 

I G Siny et a1 

where AV3/V: = g$/ppV: corresponds to a step-like anomaly in the absence of the 
depolarizing field. This value shown in table 3 was obtained by the extrapolation of 
from above (figure 1) and by fitting V3(T) from below according to equation (7) with 
AT = 45 K found above. We supposed that the term with h33 gave a small contribution 
analogously to that in the situation with h32 considered above. The correctness of this 
suggestion is obvious because the b and c directions in lxjo become equivalent in the 
hexagonal parent phase, and the difference between the behaviours of Vz(T) and h ( T )  in 
the paraelectric phase does not exceed 0.5% (figure 1). It is therefore not surprising that 
the changes in AVV/Vo at Tc are found to be nearly the same in these two cases (table 3). 

The calculated steplike anomaly of AV,/V: in the vicinity of the transition in LGO 
is shown in figure 7(a). The broken curve in figure 7(a) shows the partial suppression of 
the ‘free’ step-lie anomaly. The broken curve follows equation (9) without the dispersion 
fraction, i.e. on the supposition that Rr << 1. The step-like anomaly for the sound velocity 
appears to be stretched in the same manner as under the influence of the dispersion. In ’ 

turn, the dispersion provides additional modification of the anomaly. Moreover, a special 
relaxation time should be taken into account for phonons with q 11 Ps. According to 
definition, the relaxation time is determined through the polarization viscosity /I and the 
susceptibility x ,  namely 7 = fix, where x is given by a modified equation (6) for phonons 
with q 1) Ps. Simplifying the situation in the vicinity of Tc by putting y = 0 as above for 
equations (9) and (IO), we have for r = 711 

ti /I,Q E pL/[2A(Tc - T )  + 4 ~ / & ’ ]  = 700/[(Tc - T )  + k / ~ * r \ ]  (11) 

where SO = 4.3 x lo-’’ K s was determined above from experimental data for the damping 
of phonons with q I ps (figure 6). In figure 7(b) we show a dispersion ‘slzetching’ of the 
step-like anomaly AV,/V: for two relaxation times: ql from equation (11) (dotted curve) 
and rl  = with XI from equation (5 )  (chain curve). As one can see, the condition 
Rrli < R 7 l  is characteristic of weak ferroelectrics. The difference is not so large for LOO 
(figure 7); however, the R q  -+ 1 l i t  is not approached for Brillouin scattering in TSCC 
and the condition Oql < I continues to be valid in the vicinity of TC for phonons with 
q 11 Ps while the Landau-Khalatnikov maximum with S27, = 1 is achieved for phonons 
with q I P6 [HI.  
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f 90 Ml*z 
o 150 hlHz 
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TEMPERATURE, T-T, (K) 
Figure 6. The anomalous damping divided by the square of frequency as a funuion of 
temperature in ihe vicinity of T,: -. curve h o u g h  e‘xperimental points in the ferrwlenric 
phase follows a hyperbolic dependence aff2 - (T. - T)-’  that is valid for a second-order 
phase transition; - - -, expected behaviour if the phase m i t i o n  is not so far from a ticritical 
point (AT = 9 K) (this corresponds to the round velocity anomaly shown by the chain curve 
in figure 5). 

The difference between the ‘initial’ step for AV, f V,” and the real behaviour modified by 
both a partial depolarizing suppression and dispersion is finally shown by a pair of curves 
in figure 7(c) .  

As one can see, the net effect ‘stretches’ an ‘initial’ anomaly very significantly in 
comparison with that under the influence of dispersion only. However, our calculation 
ignores critical contributions to the acoustic anomalies. It seems that, making a comparison 
of the revealed critical parts in the two cases of phonons with q I and q (1 P8 we 
can judge whether our manipulations with the relaxation parts are right or wrong. If the 
relaxation parts in these two cases, g I Ps and q (1 Ps, are different and follow different 
equations (7) and (9), respectively, the rest of the anomaly, which means the critical part, 
is expected to have the same temperature behaviour in both cases. 

3.5. Comparison of sound velocify anomalies for phonons wifh q I Ps and q 11 PE 

Figure 8 shows the experimental data from Brillouin scattering for sound velocity anomalies 
in the vicinity of T, in two geometries: q I P, (figure 8(a)) and p 11 4 (figure 8(b)). The 
broken curves in both figures represent the behaviour without the critical parts which is 
expected from equations (7) and (9), respectively. The shaded areas bordered by dotted 
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Figure 7. Modifications of the velocity step-like anomaly for longitudinal phonons with 
q I1 c [I P, due to partial suppression (- - - in (a)), due to dispersion with the relaxation 
times rJ (- . - in (6)) or q (. . . . . . in (b)) and due to both of them simultaneously (the 
'stretched' anomaly in (e)): -,the initial calculated anomaly for A q / V ?  shown in (a). (b)  
and (c). 

curves in the ferroelectric phase give critical parts revealed as a difference between the 
experimental points and the latter calculations. So, the solid curves through experimental 
points are fits of equations (7) and (9) plus corresponding critical parts. In spite of the 
completely different analysis of relaxation parts in the two cases q 1. Ps and q 11 Ps. the 
residual critical parts in the ferroelectric phase in both cases are nearly the same as is well 
seen by comparison of figures 8(a) and 8(b). This proves that our approach is correct. 
This result also agrees with the similarity of critical p"s in the paraelectric phase. Such a 
similarity follows from what we discussed above regarding the paraelectric phase that is a 
slightly distorted hexagonal parent phase from a symmetry point of view. 

Our calculations show that the anomalous behaviour of some values determined by 
equations ( 9 H l l )  is a function of A. Analysing a partial suppression of both the sound 
velocity step and the Landau-Khalatnikov damping given by equations (9) and (IO) together 
with a modified relaxation time 511 given by equation (1 I), we found an average value for 
the thermodynamic coefficient I Y 3.5 x 10'O V m C-' K-I. This value obtained from 
acoustic anomalies agrees well with h = 2.46 x 1O'O V m C-' K-' appearing in the 
literature [8,19-21]. The latter was found from dielectric measurements 171. namely from 
a Curie-Weiss law analysis. This value of h = I/CQ corresponds probably to the highest 
value of the Curie-Weiss constant C+ = 4.6 K 171 although other lower values are known 
for LGO, namely 3 K [9] and 2.05 K [6,81. So, the value of 1 ranges between 2.5 x 10" 
and 5.5 x 10" V m C-' K-' even calculated by one method. 
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Figure 8. Comparison of sound velocity anomalies for longitudinal phonons with ( U )  q 11 b 1 P, 
and ( b )  q U c 11 P,: - - -, curves following equation (7) in (a) and equation (9) in (b). The 
hvo shaded areas represent corresponding critical parts revealed in the ferroelectric phase for 
comparison. 

One should note that the CurieWeiss law in ujo is fulfilled in a narrow temperature 
region in the vicinity of Tc, namely T - Tc < 4 K [17]. A significant critical contribution 
to the temperature dependence of E, - E* is expected in L G ~  like that in TSCC [22]. The 
appearance of a critical part in the dielectric response is argued by direct analogy with the 
behaviour of acoustic anomalies also. If the critical part is sufficiently large and is not 
subtracted correctly before calculation, then the A-value obtained does not correspond to the 
true thermodynamic coefficient in the Landau expansion which is valid beyond a critical 
region. Our calculation from equations (9)<11) is based on analysis of the relaxation part; 
so it gives a true value for A in ujo. Unfortunately, correction of all coefficients in the 
Landau expansion is needed in the vicinity of T, where the contribution of fluctuation in 
LGO is very large. Thii problem seem to be rather complicated at present. 

3.6. The expansion coeficients and electrostrictive constants in weak ferroelectrics 

The existence of a soft mode in the Brillouin zone centre [4,7] allows us to consider ujo as 
a displacive-type ferroelectric. Such crystals possess mostly a large Curie-Weiss constant: 
C N 105 K [23]. Then the weak ferroelectrics of LGO type have, according to definition, the 
largest constants A - 1/C for ferroelectrics. The coefficient h in LGO differs from that in an 
ordinary displacive ferroelectric by five orders of magnitude. The next coefficient fl  in the 
Landau expansion appears to be even more different from the common value because the 
spontaneous polarization in weak ferroelectrics is small in accordance with a small effective 
charge of the soft mode. It is easily seen in the case of the second-order phase transition 
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with y = 0, when the resultant equilibrium value PO is given by 

Pi - A(Tc - T ) / B .  (12) 

To determine j3, we made use of some data on the shift of the Curie temperature in L c o  
under application of an external electric field [24]. We obtained @ = 1.4 x 10" V m5 C-3 
which is twice that in [24] because we used a slightly different formula [23,25]. Evaluation 
of j3 from equation (12) with other Ps from [7] at T - T = 7.5 K gave @ = 
4.6 x lo'* V m5 C3. However, we assume that equation (12) is not valid that far away 
from Tc in LGO owing to an unusual temperature dependence of P. which even changes sign 
at T = 178 K [26]. Therefore, the first value of p obtained from the data in the vicinity of 
T, seems to be the most reasonable. Note that measurements of the specific-heat anomaly 
near Tc in LGO give j3 = 7 x IO1' V m5 C-3 [ZO]. So, we have found the coefficient j3 in 
LGO to be larger by seven to eight orders of magnitude than that in 'ordinary' ferroelectrics. 
This conclusion seems to be common to both LGO and TSCC considered previously [la] and 
is expected to be general for weak ferroelectrics. Anomalous values of the coefficients do 
not result from an accidental conjunction of parameters but are connected with the origin of 
the phase transition which is initiated by shorter-range forces than the Lorentz component 
of the dipole-dipole interaction. 

If the value of @ is large, the ordinary step-like sound velocity anomaly AV/Vo N 0.1- 
0.2 at T = Tc can occur only in crystals with the abnormal electrostrictive coefficients. 
In fact, while the value of 2g$/B for L c o  is about four times that for PbsGe3011, the 
bare electrostrictive constant g32 in LGO exceeds g31 for PhsGe3011 [27] and grz and 
g13 for SnzPzSa 1281 by five and six orders of magnitude, respectively. As shown in 
[29], the electrostrictive constants in weak ferroelectrics may differ considerably if they are 
determined by different methods. This is the reason why we compare here the electrostrictive 
constan& for EO, Pb~Ge3011 and SnzPzSs which were obtained by the same method 
from the step-like anomalies of ultrasonic and hypersonic velocities at ferroelectric phase 
transitions in uniaxial ferroelectrics of displacive type. The value of g3k (k = I, 2, 3) for 
ujo obtained in the present work are shown in table 3. 

The electrostrictive coefficients g3k connect arising strains with Pa. It is easy to transfer 
from g3k to the other electrostrictive coefficients Q3x which determine the appearance of ' 

deformations: g3k = C&Q3k, where CL is the 'clamped' elastic modulus. The values 
obtained here for Q3k for LGO (table 3) appear to be the largest among the published data 
for different ferroelectrics 1301. Note that these cocf6cients for E o  prove to be larger than 
those for both TGS and BaTiO3 by two to three and by four to five orders of magnihde, 
respectively. 

In the ferroelectric phase of LGO. one can transfer from the electrostrictive to the 
piezoelectric coefficients 43k = 2Q3kPS and then to the piezoelectric moduli d3x = 
2Q3tPs(&3 - &*)EO, which are mostly measured in experiments. As, in the expression 
above, ( ~ 3  - E * )  - (Tc - T)-] in accordance with the Curie-Weiss law and P, - (Tc - T)'/* 
according to equation (12), the corresponding moduli d3k should increase at T + T,. In 
fact, the dynamic piezoelectric modulus d33 was found to increase ten times near Tc [6]. 
Therefore we calculated the piezoelectric coefficients from our data at some temperature 
shifted from TE to the ferroelectric phase, namely at the point T,-T = 7.5 K where the value 
of P, is known [7J. One can believe that the Curie-Weiss taw &3 --E* = C / ( G  - T )  is still 
valid at this distance from Tc for our purposes although a narrower region Z - T 6 2 K 
is shown for adherence to the law in some cases [7]. We find that the results of our 
calculation of d3k (table 3) agree with the data obtained from independent measurements 
[31]: dB2 ~ d 3 i  E 1 pC N-', 
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4. Conclusion 

The acoustic response of a ferroelectric crystal has been studied in the vicinity of the phase 
transition under special conditions which arise from the large critical contributions and from 
the macroscopic depolarizing field in the partial geometry q 11 P,. In the present paper we do 
not look for the origin of the critical contributions. To answer this question, the temperature 
dependence of contributions should be analysed first of all. A preliminary examination [12] 
showed the presence of fluctuation contributions although some contibution of defects is 
not excluded. Here we would l i e  to emphasize that the LGO crystal is unique in some 
respects because the critical contributions to ultrasonic and hypersonic velocities increase 
obviously in the paraelechic phase at T + from above and become comparable with the 
relaxation step-like anomalies expected from the Landau theory. We demonstrated that in 
such circumstances a comparative analysis of ultrasonic and hypersonic data allows us to 
reveal the relaxation conhibution to the total anomaly. The behaviour of these contributions 
is well described by the Landau theory. Making a comparison between the theory and 
experimental data we calculated the piezoelectric moduli for LGO by successive performances 
in the chain 2g:k/p  + g3k -+ Q s k  + C&. + d3k. The latter result agrees with that from 
independent direct measurements [31]. In the case of longitudinal phonons with q 11 P, 
we succeeded not only in revealing the residual relaxation anomalies but also in explaining 
the character of their suppression by the depolarizing field. This effect is specific to weak 
ferroelectrics which LGO is. This new approach allows us to determine the coefficient 1 in 
an unusual way from acoustic measurements. This approach appears to be correct because 
there is reasonable agreement between our calculation and direct dielectric measurements. 
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