Akt 4 pual) pslall gl ol e )
2012 ]m\(25] alaal) ( 3 ] )

< Ibn Al-Haitham Journal for Pure and Applied Science

No. | 3 ] Vol. (25] Year ( 2012

Elastic Behavior of Lead Germanate Near Transition

Temperature
I. J. Abdul Ghani
Department of Physics, College of Education Ibn Al-Haitham, University
of Baghdad

Receired in:15 April 2012 Accepted in: 9December 2012

Abstract

All the stiffened and unstiffened elastic constants for lead germanate (PbsGes;O11) single
crystal have been measured from room temperature 298 K up to 513K by using ultrasonic
pulse superposition technique. The correction of piezoelectric stiffening has been used to
obtain the unstiffened elastic constants. Elastic moduli of lead germanate (Ci1, Cs3, Ci2, Ci3,
Casand Cgg) decrease with the increase of temperature. Cij, Css, C12and Cyzsuffered a dip at
transition temperature but they increase with the increase of temperature just above Curie
temperature between 453 and 473 K because of their positive temperature coefficients in this
range, and then decrease slightly (except C;; increases) in the range between 473K and 513K.
But for the shear elastic moduli (Cas and Ceg): Cas shows very slight and gradual increase and
then decrease with the increase of temperature, while Cgs shows a small and graduate decrease
with increasing temperature. These measurements were compared with previous experimental
published work.
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Introduction

Lead germanate single crystal (PbsGesO;1;) is both ferroelectric [1,2] and optically active
below Curie temperature T, = 450 K [3-5]. In several biaxial ferroelectrics optical activity
has been observed, but is the only uniaxial ferroelectric studied in detail. Lead germinate
undergoes ferroelectric phase transition with emerging of spontaneous polarization along the
unique trigonal [6]. Lead germanate single crystal is ambidextrous; [7] below Curie point
(450 K) the handedness of the optical activity inverse when the spontaneous polarization is
reversed by an applied electric field. Both the optical activity and the spontaneous electric
polarization disappear at the Curie temperature [8,9]. At T, =450 K lead germanate undergoes
a second order phase transition from the paraelectric to the ferroelectric phase [5,9] which
gives rise to very rapid changes of polarization P with temperature just below T.. The Curie
temperature decreases toward room temperature with uniaxial pressure [10] and doping of
germanium in PbsGes;0;1 by Sior Ba [11,12]. Measurements of polarization as a function of
temperature confirmed the shift in the transition temperature [11]. Lead germanate is not of
interest as an acousto-optic material [13] or as a transducer since electromechanical coupling
factors are small [14] and ultrasonic attenuation is large [13] but the electro-optic coefficients
shows more promise [15,16].

By applying resonance technique Yamada et al. [14] have measured the values of all
elastic, dielectric and piezoelectric constants at room temperature, as well as the temperature
dependence of the elastic compliance S1;= and of the two piezoelectric constants ds; and do..
Both S;:F and ds; show upward directed cusp-like anomalies near T, but d,; is approximately
independent of temperature [14]. Both in the ferroelectric and in the paraelectric phases, the
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dielectric constant €33 follows a Curie-Weiss law [2,17], but €311 IS only weakly temperature
dependence. Several soft Raman active modes have been observed [18,19] which decrease
with temperature in a manner so as to lead Lyddane-Sachs-Teller relation via to the Curie-
Weiss law for €33 [17].

Second order elastic constants (SOEC) of lead germanate single crystal at room temperature
have been calculated [14,20]. The purpose of this work is to report experimental data on all
elastic constants (stiffened and unstiffened) versus temperatures from room temperature 298
to 513 K, and to compare the results with previous published work of Barsch et al. [21].

At room temperature PbsGe;O1; belongs to the R3 Laue group, crystals of which have a
more complicated elastic behavior than those belonging to the higher symmetry R3 m Laue
group. There are seven independent elastic moduli: Cy1, Cs3, Caa, Ci2, C13, C14 and Cys. The
point symmetry changes to 6 = 3/m (Csh) at phase transition, decreasing the number of
independent elastic constants from seven to five: Ci1, Cs3, Ca4, Ci2, and Cy3 [21]. Above
Curie point, Cy4 and Cys are zero.

In ferroelectric state (below Curie temperature) lead germanate crystals contain 180°
domains. In this work unpoled crystals were used which twinned on a very fine scale too
small to be seen optical. Because of twining, the effective symmetry is 6 , rather than 3, so
that the elastic constants Cy4 and Cys are absent in unpoled lead germanate, both above and
below the transition temperature. Because Ci4 and Cys are very small, it makes very little
difference whether measurements are made on single-domain specimens or not. Room
temperature measurements on single-domain PbsGesO1; gave Ci4= 0.004x10™° N.m™ and Cys
= 0.00, more than twenty times smaller than the other five elastic constants [20].

Till today, very limited experimental data are available in literature on the measurements of
the elastic constants of lead germanate at different temperatures, due to the complicated and
unique structure of this crystal; its structure changes from ferroelectric rhombohedral below
Curie temperature to paraelectric hexagonal above Curie temperature.

Experimental procedure

Good optical-quality large single crystalline boules of PbsGesO11 grown by Czochralski
method, and well-characterized growth defect [22] with density value of 7390 kg.m™.
Platelets of the crystal about 3 to 5 mm thick with orientations in [100], [001] and in direction
of 45° to these crystallographic axes were prepared. For ultrasonic measurements, gold plated
quartz transducers X (longitudinal) and Y (shear) cut transducers with resonance frequency of
10 MHz and with diameters of 6 mm and 4 mm have been used [23] were cemented to
specimen with non-aqueous stopcock grease and also phenyl salicaylate have been found to
be suitable for bonding at room temperature, but above 473 K (Extempt 9901 lubrication
Engineering Co.) is superior as a bond material.

A pulse echo overlap system is used to measure the ultrasonic wave transit time [21,23,24]
the travel times of 20 MHz longitudinal and transverse waves were measured for eight
different modes at 5 deg intervals from 323 to 523 K, except near transition temperature
where data were taken in 1 deg increments. In the vicinity of the transition ultrasonic
attenuation was found to increase considerably. Errors from thermal gradients and
temperature measurements were smaller than 0.3 deg.

Results

In Table 1, the relations for the stiffened elastic constants Cy,” = pV? (V is actual ultrasonic
velocity, and p is a density of the crystal), in terms of the unstiffened constants Cu\,E and the
piezoelectric correction as obtained from eign values of the Christoffel tensor with the
piezoelectric contributions included [25] are listed for eight modes measured. The relations
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for pVi2 were obtained from the general relations for C3 symmetry by taking into account that
for lead germanate the piezoelectric constants e;; = e;4 = 0 [14] and by averaging over two
domain states. Since the domains differ in the direction of the polar C-axis, the piezoelectric
constants e, eis, €13 and esz (but not ey; and ey) are of opposite sign in the two types of
domains. For the modes i = 6, 7 and 8 the relation for pV;? in Table 1 are only accurate up to
and including fourth power of the piezoelectric constants. In Table 2 the present experimental
values of stiffened and unstiffend elastic constants of lead germanate at different temperatures
(298, 323, 348, 373, 398, 423, 448, 473 and 513 K) calculated using the equations of pVi?
from Table 1 and compared with Barsch et al. [21] values. Thermal expansion data required
for calculating the density and ultrasonic path length versus temperature were taken from
Iwasaki et al. [12]. Measurements are referred to right-handed orthogonal axes X;, Xz and X3
parallel to crystallographic directions [100], [120] and [001]. Hexagonal materials are
transversely degenerate so that all directions in [001] are equivalent.

In Fig. 1 both the stiffened elastic constants C,,” (calculated by ignoring the piezoelectric

correction terms in Table 1) and the unstiffened elastic constants C,,,"
(after subtraction of piezoelectric stiffening) listed in Table 2 are plotted as a function of
temperature using pulse superposition technique and compared with Barsch et al. results [21]
using the same technique. The longitudinal moduli Cy; and Cs3 were obtained from modes
number 1, 4 and 7 plus 8, the shear moduli C44 and Cg are calculated from modes 3 and 5,
and from modes 2 and 6, respectively. The off-diagonal modulus C;, was obtained from Cgg
= (C11—C12)/2 and Cy3 from modes 7 and 8. The dielectric constant data required for the
evaluation of the piezoelectric correction terms were obtained by extrapolating the
measurements of Cline and Cross [17] on the frequency dependence of €33 to 20 MHz. Room
temperature piezoelectric constants as determined by Yamada et al. [14] are e;; = 0.00, e14 =
0.00, e1s = 0.08, ez = 0.09, es; = 0.61 and es3 = 0.77 C.m™. Since the only piezoelectric
constants for which the temperature dependence has been measured are ds; and dy,, and since
dy, is practically independent of temperature [14], it was assume that at all temperatures e;; =
es3, and that all other piezoelectric moduli are temperature dependence. The modulus e = ez
= es3 was then determined from ds; by means of the relation e = ds; / (S12° + S1.° + Si3F),
where e and elastic compliances Si;, S1.° and Si5° were determined [14] self-consistently by
interaction of the equations given in Table 1. Since the room temperature value of e obtained
in this manner (0.158 C.m™) is smaller than es; and es; of Yamada et al. [14]. All values of e
were then multiplied by constant factor so as to bring the room temperature value into
agreement with the average value (es; + ess)/2 calculated from the values of Yamada et al.
[14]. The dielectric constant data calculated from Uchida et al. [15] and the piezoelectric
constants obtained in the manner outlined are listed in Table 3.

The elastic constants plotted in Fig. 1 as a function of temperature for unpoled lead
germanate showed downward directed cusp-like anomalies for the moduli C;1, Cs3, C12 and
Ci3, and a continuous monotonically decrease with the increase of temperature for the shear
moduli C4s and Ces = (C11—C12)/2. For Csz and Cis, the piezoelectric correction is large, so
that the magnitude of the elastic anomalies is larger for unstiffened constants than stiffened
ones. Since in the paraelectric phase the piezoelectric constant ds; is zero [14] the difference
between the stiffened and unstiffened moduli should be negligibly small above the transition.

At room temperature, the uncertainty of the data arising from inconsistencies in the
different modes and from errors in density and ultrasonic path length, and from piezoelectric
correction amount to about 0.5 to 1%. Above room temperature the errors should not be
significantly larger for Cii, Ci2, Cs4g and Cgg in the ferroelectric phase. Because of the
unknown error of ds; used in the piezoelectric correction, and especially because of the
simplifying assumption es; = es3 underlying the estimate of the piezoelectric correction term,
the errors of Cy3™ and Cas” in the ferroelectric phase should be larger than the errors for other
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moduli, and they may be expected to increase with the increase the temperature up to Curie
point.

Discussion

The shape of the curves for the temperature dependence of the elastic moduli in Fig.1
suggests decomposing the moduli Cu\,E additively into the usual linearly temperature
dependence term C,,,° = a,y — by T and into the cusp-like elastic anomaly AC,, as given by:

Ci™ = Cu’ + ACu (1)

Since it is apparent from Fig. 1 that the shear modulus Cgs = (C11—C12)/2 does not exhibit an
elastic anomaly, which shows good agreement with Barsch et al. [21] results. It follows that
both in the ferroelectric and in the paraelectric phases the following relation holds:

AC11 = AClzv (2'1)
Further one obtains from graphical analysis of the data in Fig.1 that the relationship:
AC11 ACg3= (AC13)° (2-2)

holds approximately in ferroelectric phase, but not in the paraelectric phases. The relative
error of the AC,y shows similar temperature dependence, because the absolute error of the
piezoelectric correction increases with the increase of temperature. This suggests that the
deviations of the AC,, from Eq. (2-2) are primarily caused by systematic errors of the AC,y.
Furthermore, C44 does not show an elastic anomaly, thus it is:

ACys =0 (2-3)

In both the ferroelectric and the paraelectric phases which show a good agreement with
Barsch et al. results [21].

Barsch et al. [21] discussed in full detailed the reasons of elastic anomalies of lead
germinate single crystal for both the ferroelectric phase (C's) and the paraelectric phase (Cap).
The elastic anomaly in lead germanate could arise from a soft Raman active mode through the
internal strain contributions of the elastic constants. All the Raman-active modes occur at the
Brillouin zone center and so lead to displacive ferroelectric phase transition [18]. Miller and
Axe [26] found that the elastic anomaly in B-quartz (space group D' or D) obeys the three
Egs. (2-1), (2-2) and (2-3), with regular terms C,° taken as constants. They showed that the
elastic anomaly in B-quartz could arise from a soft Raman active mode through the internal
strain contributions of the elastic constants. Axe and Shirane [27] have later established that
the elastic anomaly in [B-quartz could no longer be attributed to the internal strain
contributions. They showed that the anharmonic contribution arising from virtual excitation of
optical phonon pairs of wave vector g and —q of an over damped soft mode could lead to
elastic anomaly of the Egs. (2-1), (2-2) and (2-3) if g is along the crystallographic C-direction
[27]. Although the explanation of the elastic anomaly originally proposed by Miller and Axe
[27] is not relevant for B-quartz it appears that the internal strain mechanism could account for
the elastic anomaly in lead germinate.

Viswanathan [28] found that the gyrotropic anomaly in PbsGe;O1; during phase transition
lead to elastic anomalies on Cii1, Cs3, Ci2, and Ci3 which suffered a dip at the transition
temperature which show agreement with the present results and with Barsch et al. [21] results.

In ferroelectric phase the elastic anomaly for lead germanate obeys the three relations (2-1),
(2-2) and (2-3), and since the lowest of the optical modes are soft and strongly temperature
dependent [18,19], it is very likely that the elastic anomaly arise predominantly from soft
mode through the internal strain mechanism. Barsch et al. [21] found that PbsGes;O1; was the
first material for which the linear acoustic—optic mode coupling mechanism proposed by
Miller and Axe [26] is operative. Harmonic phonon-phonon interactions may also contribute
to the elastic anomaly.
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Generally, elastic moduli decrease with the increase of temperature, at least one of the
coefficients must increase with temperature to achieve temperature compensation. Most
materials soften at higher temperatures; the few with positive temperature coefficients
generally show phase transition of some sort. Several of the elastic constants of PbsGe;0;;
increase with the increase of temperature just above Curie point between 453 and 473 K. Cy,
Cs3, C12 and Cy3 have positive temperature coefficients in this range. Since the Curie point of
PbsGesO11 can be lowered to room temperature by doping the crystal by Si or Ba, the
temperature compensation region can be moved to a more convenient working range.
Unfortunately the 20 deg range of positive temperature coefficients is rather narrow and
stiffnesses are changing rather rapidly. The piezoelectric coupling coefficients of lead
germanate are also rather small for surface-wave devices [14], and losses tend to be high [13].
Thus it appears that the advantages of positive temperature coefficients to several elastic
moduli are more than offset by other factors, and lead germinate, would be of little use as
substrate material for ultrasonic surface wave devices. The discrepancies range for
unstiffefend elastic constant at different temperatures for this work comparing with Barsch et
al. results [21] are from 1% for C33 and 5.3% for Cjs.

Conclusions

From the present results, it can be concluded that the unpoled lead germanate showes an
elastic anomalies for the elastic moduli Cj1, Cs3, Ci2 and Ci3 and a small continuous
monotonically decrease for the shear moduli C44 and Cgs with the increase of temperature.
Several of the elastic constants of PbsGesO;; increase with the increase of temperature just
above Curie point. The elastic anomalies for unstiffened elastic constants CF33 and CFy; are
larger than the stiffened elastic constants C 33 and C 13 because the piezoelectric correction is
large. Above Curie temperature (450 K) the difference between the stiffened and unstiffened
elastic constants was small above transition temperature. The measured present results agreed
with the previous results of Barsch et al. [21].
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Table( 1): Relation between ultrasonic velocities (V;), stiffened elastic constants (Cp"),
and unstiffened elastic constants (Cy,").

Mode i Direction of pVi
Propagation Polarization
1 X1 X1 Cu
2 X1 Xz Ces’ = Cos + €207/611°
3 X1 X3 Cas” = Cas™ + €157 /611
4 X3 X3 Cas’= Cas™ + €337/e33”
5 X3 X1 Cas
6 45° to X1, X3 Xo 2 (Cas™ + Ceg) + VP - A
7 45° to X1, X3 Quasi [A+ (B® + 4C)""? /4
longitudinal

8 45° to X3, X3 Quasi shear [A— (B +4C)"* /4

A= (C1iF + CasF + 2C4F) + 2(U? +V2 + W?) + 2A

B = (C11F — Ca35 — 2Ce65) + 2(U? =2 + W?) — 2AC

C =— (CpaF + CesF +2U%) (Cas"= Cee™ — 2V2 + 2W2) + (Cus” + Cyat +2VW) 2 +4V? (V2+ WP)

A =2V [(C11F — CeeE +2U%) W? + (Cas" — Ceet — 2V2 + 2W?) V2 = 2(Cy3F + Cag™ + 2VW) VW]
/ [(C12F— Ces"™ +2U?) (Cas™ = Ces™ — 2V + 2W?) — (C13F + Cus® + 2VW) 7]

U% = 2(e22)?/ (e11° + £33°)

V2 = (15 + 31)? / 2(e11° + £33°),

W2 = (2e15 + 933)2 / 2(811S ah 8333)
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Table 2. Experimental values of stiffened elastic constants (C,") and unstiffened elastic
constants (C,,,%) in 10" N/m? at different temperatures (calculated from pV;? in Table 1).

T Cuf Cu’ Ci® Ci’ Cis* Ci’ Ca® Cay’ o Cu Ces™ Ces’
(K)
298 | 6.78% | 6.78* | 252% | 250% | 1.79% | 1.92* [ 930% | 9.43* [ 2.24* 2.20% 2.13* 2.14*
6.801 - 2,57t - 1.891 - 9.42f | 955t | 223t 2.21t 211t 2.12t
323 | 6.72% | 6.72% | 248* | 247% | 177% | 190 | 9.24* | 940% | 2.24* 2.20% 2.12* 2.13*
6.751 - 2.55t - 187t - 9.35t - 2.23t - 2.10t -

348 6.67* 6.67* 2.46* 2.45* 1.75* 1.89* 9.18* 9.38* 2.23* 2.195* 2.11* 2.125*

6.71t - 2541 - 1.85t - 9.28t - 2.221 - 2.09t -
373 | 6.61* | 6.61* | 244 | 241* | 172* | 1.88~ | 9.15% | 932 | 2.23* 2.19% 2.210 2.12%
6.66T - 2527 - 1.83% - 9207 | 9.42f | 222t 2.207 2.07T 2.07T
398 | 657 | 657% | 241 | 2.39% | 169% | 184* | 901* | 9.03* | 222 | 2197 2.09% 2.1%
6.61t - 2.501 - 1.79% — 9.10t - 2.21% - 2.06T -
423 | 651* | 651* | 2.38% | 237 | 1.66* | 1.78* | 8.78% | 8.80% | 222¢ | 2.186* 2.085% | 2.09%
6.55T - 2471 e 1.76% 1 8.971 = 2.21% - 2.047 -
448 | 6.36* | 6.36* | 2.34* | 234 | 157* | 1.73* | 8.84* | 862% | 221* | 2.173* 2.07% 2.08%
6.341 - 2417 - 167t - 8.73 - 2.201 - 2.01t -
473 | 650% | 6.50* = 2.40% - 1.76% = 9.01* | 220% | 2.163* - 2.07%
6.521 - = - - = - 9.06t 2 2.167T - 2.007
513 | 6.49% | 6.49* - 2.44% - 1.64* x 8.98* | 220% | 2.151* - 2.05%
6.501 - X - - = g 8.98t - 2.15T - 1.99%

* Present experimental results
T Barsch et al. results [21]

Table( 3): Dielectric constants &33 (calculated from data of Cross and Cline [17]
and piezoelectric constants e (calculated from data for ds; of Yamada et al.
[14]) by using the assumption (e = e3; = e33) Versus temperature.

T (K) Dielectric constants (g33) Piezoelectric constants (e)
(C.m™
298 40 0.690
323 44 0.764
348 50 0.842
373 61 0.941
398 78 1.099
423 133 1.432
448 2100 5.903
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Fig. (1): Experimental results of elastic constants for lead germanate (PbsGes0;;) as a

function of temperature, where (closed circles eeee@®eees) represents the present
experimental results of stiffened elastic constants (C” ignoring piezoelectric stiffening)
and (closed triangles (+ —A — ) represents present experimental results of unstiffened
elastic constants (CF after subtracting piezoelectric stiffening) compared with Barsch et
a. results [21] for which the solid lines is the stiffened elastic constants (C") and the
dashed lines is unstiffened elastic constants (CF).

Physics - 211




Akt 4 pual) pslall gl ol e )
2012 ]m\(zsj alaal) ( 3 ] )

< Ibn Al-Haitham Journal for Pure and Applied Science

No. | 3 ] Vol. (25] Year ( 2012
JEY) s dapd oo ol pabasl) cullapad ¢l ol

B 3 Jaas pls)
33y Arala ¢ gl o L) AL ¢ p L3N
2012 Js¥) 0189 : b Ead) 38 2012 olews 157 6 dual) aliad

bl

Cre 25 B oy Balal) palea)ll Culeya 3yl Alalllne s ALl Dyl ol pen (ol
Jalsal omatl) aadiv) M. Jseall (5 amall SV 4 Hlasinly 513K 208K dijall syha dap
Gy 8y Adalle Byl culd Qlaal @iy A0 Dl culd e Leayh aay dadaiaag Sl (bl
3lal) 403305 il (Cyp, Cs3, Cra, Cp3, Cag @nd Cop) paliayll cusibopund 45 sall cdlalas o geilil)
V) (450K) JEsY) s)ha days sie aad (alids) e Cpp, Ca3, Cpp and Cpz gVl g yall clalas Jlad 3
OS G ABATIK 5 453K o (@sS) JEY) Bha das 358 y8le Hhall dasa 53l 35 L)
473K G (Do) Cpp lae )iyils Sy (el d¥iumge (5S5 caall 138 (e Blall Aoy CBlalee
Jaall il Tay laaegy JUEY) ddais ) Aighay Ay )5 8y samy oy asls Cyy Ll 435 5all s LI.513K
Ganall 13n il i plal) dayn 530 e lpaialys Lyt (il 43ls Cgp oamll 4 g pall i L) . ag il
Myl 5 sdiall & pall Alenl) liill as
dain g 5gSI) 5y gll g pumall Lol ¢ Jlamyl s)ha dapd cigyall ¢ Gabia)ll Culeys :dalidal) clall)

Physics - 212



