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The electromechanical coupling factor and ferroelectric hysteresis loops were investigated at 
different temperatures for BaTio.ssHfo.tsO3 transducer. Maxirhum polarization and strain 
were obtained near the transition of the crystal structure. This correlated with increases in the 
ease and extent of ferroelectric domain boundary motion. The change in the crystal structure 
varied the unit cell volume, leading to higher strain. 

BaTiO3 and Pb(Ti, Zr)O 3 and their compositions containing different concen- 
trations of doping ions have strong piezoelectric effects. The earliest investigations 
of the piezoelectric properties in these compositions [1-7] showed the 
coupling factor to be highest near the tetragonal-rhombohedral phase boundary. 
Compositions rich in PbTiO3 were not successfully poled, but a significant 
piezoelectric effect existed throughout the rhombohedral range. It is believed that 
the proximity to such a phase boundary between ferroelectric phases favours strong 
piezoelectrics in a ceramic, because of the increased ease of reorientation during 
poling. Subsequent work has yielded samples with much stronger piezoelectric 
coupling [5]. This resulted from a better ceramic quality and an improved poling 
technique. Instead of a maximum planar coupling factor of 0.4, values over 0.6 at 
room temperature have been achieved, both in these unmodified solid solutions and 
in others with various degrees of additional compositional modification. These 
compositions, as a class, are more useful than BaTiO3 compositions. In the present 
work, the electromechanical coupling factor and the ferroelectric hysteresis loops 
were investigated, with particular attention to tme behaviour of the system 
BaTio.85Hfo.1503 near the rhombohedral-cubic phase boundary. Large values of 
the coupling kp and spontaneous polarization p and strain have been reported near 
this phase boundary from cheap and unvolatile materials during the sintering 
process. 
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Experimental procedure 

1) Sample preparation 

Samples for this investigation were prepared from 49.8% pure HfO z and reagent 
grade BaCO 3 and TiO 2. Batches were weighed, dry-mixed and calcined in a 
platinum crucible at 1000 ~ for 2 hours. The calcined batch was then grouod to pass 
a 100 mesh screen, mixed with 5% distilled water by weight and pressed at 
5000 kg/cm z into disks 15 mm in diameter and 1 mm thick. The pressed samples 
were fired on platinum sheets at 1350 ~ in an electric muffle furnace with a 2 hr soak. 
The prepared samples containing 15 mol % BaHfO 3 were polished and painted 
with silver paste on opposite surfaces. 

2) Measurements 
The electromechanical coupling factor Kp of the poled BaTio.85Hfo.150 3 

material was determined from electrical measurements on the disks acting as 
piezoelectric resonators vibrating in radial modes. The radial mode coupling factor, 

K o, is defined in terms of these quantities [8]: 

K~ = 2.5 (ra-F,)/F, 

The experimental procedure followed the convential practice [9] of  measuring the 
fundamental resonance, F r [5], and the antiresonance, Fa. 

High-field ferroelectric measurements were made to determine the ease and 
extent of  domain reorientation. An alternating electric field of  1000 V/mm was 
applied and the resulting dielectric polarization was recorded. Hysteresis loops were 
run at 50 Hz. 

Results and discussion 

Effect of temperature on the coupling factor Kp 

for BaTi I xHfx03 

Figure ! presents the Variation of  Kp in the system BaTi I xHfxO3 as a function of  
temperature. 

It can be seen that Kp increases near the temperatures 120, 90 and 60 ~ for x = 0, 
10 and ,15 mol % BaHfO3, respectively. This could be explained in that the 
substitution of Hf  4§ for Ti 4+ in BaTiO3 resulted in a shift of  the tetragonal-cubic 

inversion temperature  to the rhombohedral-cubic one at 60 ~ [10] for 
BaTio.85Hfo.1503 . This is a case which results in an increase of  the distance between 
the constituents of  the dipoles. This may cause an early vibration of  the ions. Thus, 
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Fig. 1 Effect of temperature on the coupling factor K~ for: 1. �9 BaTiO3; 2 • BaTio.gHfo.lO3; 
3 (3 BaTi0.ssHf0.tsO3 

the resonance frequency decreases and high values of  Kp are obtained near the 
transition temperature. Since the presence of  an abnormally high Kp is connected 
with the looseness of  the crystal lattice of  this substance, the sum of  the atomic radii 
of titanium or hafnium and oxygen = 1.96/~ is less thanthe  distance between these 
ions near the transition temperature. 

Ferroelectric hysteresis loops of  BaTio.85Hfo.150 3 
as a function of temperature 

The ferroelectric hysteresis loops (Figs 2 and 3) confirm that maximum 
polarization was obtained near the transition temperature. This correleted with 
increases in the ease and extent of ferroelectric domain boundary motion due to the 
change of  the lattice structure, which helped the increased looseness of  the dipole 
constituents. This resulted in an increased spontaneous polarization under the 
action of a high a.c. field. Above 60 ~ the material assumed a paraelectrlc cubic 
structure, leading to the disappearance of  the hysteresis loop (Fig. 2). 

Temperature-dependence of strain in BaTio.85Hfo" 1503 

The effect of  temperature on the strain in a sample of BaTio.asHfo.150 3 is 
illustrated in Fig. 4. A pronounced increase of  the strain was observed near the 
transition point (60~ This could be explained on the basis of the observed increase 
in spontaneous polarization near the transition of the crystal structure. The change 
in the crystal structure alters the unit cell volume, leading to higher strain. 

The strain in ferroelectric crystals is given by the following equations: 
The relations between strain Xh, stress Xh, electric field Eh, and electric 
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Fig. 2 Temperature-dependence of hysteresis loops 
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Fig. 3 Temperature-dependence of spontaneous polarization for BaTio.ssHfo. ~sO3 sample 
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Fig. 4 Effect o f  t e m p e r a t u r e  o n  the  s t ra in  m B a T i o . s s H f o . l s O  3 

polarization Ph for nonferroelectric, piezoelectric crystals are 

3 3 6 
Xh(E,X) = ~ dihE+ ~, g,hE 2 -  ~ S,hX~+ . . . (h  = 1, 2, 3) (1) 

i = 1  i = I  i = l  

3 6 
Ph(E, X) = ~. X, hE,-- ~ dh,X,+ . . . (h = 1, 2, 3) (2) 

i = I  i = 1  

Here, Xih are the components of  the electric susceptibility, Sih is the elastic 
compliance coefficient, and din and gin are the first and second-order piezoelectric 
coefficients, respectively. For a crystal in the ferroelectric region, Eq. (1) reduces to 

X x = d31Ez, e x t .  +g31E~, ext. (3) 

Z~ = d33E z, ext. +g33Ez 2, ext. (4) 

where X x and Zz are the strain components along the x and z directions, 
respectively. These equations also hold for BaTiO3 above the Curie point; however, 
in this cubic range the coefficients dlh are zero, since the crystal structure has a centre 
of symmetry. These is now a spontaneous polarization, the magnitude of which 
depends on the temperature and the applied external field; thus, the piezoelectric 
coefficients are dependent on these parameters. 

Secondly, a domain structure exists in these crystals, which-changes with the 
applied field and thereby causes additional changes in the strain components. 

The effect of the spontaneous polarization can be taken into account in the 
following way: if Po is the spontaneous polarization directed along the z axis of the 
crystal and (Zx)o and (Xx) 0 are the spontaneous strain components along the z and 
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x directions, respectively, taken relative to the dimensions of  the crystal at the Curie 
point, it has been demonstrated that the following relations hold: 

(Xx)o = ~P~ (5) 

(Z=)0 = oP 2 (6) 

where/z and e are constants. Here, (Xx) o corresponds to a contraction and (Z:)o 
to an elongation. The values for/z and 0 [11] are 

p = - 10.5 • 106 cm4/Coul 2 

e = +24 x 100 cm*/Coul 2 

When an external field is appliedalong the z axis, resulting in an additional external 
polarization P=, ext., we obtain further changes AXx and AZz in the respective strain 
components. Then, Eqs (5) and (6) become 

Xx = (Xx)o+ d(Xx) = / z ( e o +  Pz, ext.) 2 (7) 

Zz = (Z~)o + A(Z=) = e(Po + P~, ext.) z (8) 

From Eq. (7) and Fig. 2, the strain in barium titanate hafnate could be calculated as 
in Fig. 4. 
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Z u s a m m e n f a s s u n g  - -  Der elektromechanische Kopplungsfaktor und die ferroelektrische Hysteresis- 
schleife wurde fiir BaTio.ssHfo,1503-Transducer bei verschiedenen Temperaturen untersucht, 
Polarisation und Deformation nehmen in der N~ihe des Umwandlungspunktes der Kristallstruktur 
maximale Werte an. Dies korreliert mit Leichtigkeit und AuBmal3 der Grenzbewegung im 
ferromagnetischen Bereich. Die mit der Umwandlung der Kristallstruktur zusammenh/ingende 
Ver/inderung des Elementarzellenvolumens ffihrt zu gr6Berer Verformung. 
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P e 3 m M e  - -  ~ s  npeo6pa3oaaxeaefi BaTio. s sHfo. 1503 npa pa3~nqHmX TeMnepaTypax 6bLaH ~13Mepenta 

KO~){~HUHCHT 3YlegTpOMeXaHHqeCgOfi CBIg3H H CCVHeTOgJICgTpHtlecgHe rHcTepc3rlCHhle I1eq'JIH. 

MaKCrlMyM noaapn3auaa  n JleqbopMaIlllrl 6bl2IH Hafi~erlbl ogoalo cTpyKTypHoFO ~aaoaoro  nepexoaa. 

YCTanOB~eHnblfi qbagT goppe~xpyeTca c yBe~HqenneM ~ergocT~t M CTeHeHH cMetttemia rpaHau 
CeFHeTO3aleKTpHqeCKHX ~OMeHOB. H3MeHeHFIe Kpl, lCTa.q.rlMtleCKOl~ cTpyKTypbl conpoBox~taeTc~ rlaMe- 
HeHHeM o61,eMa 3JleMeHTapHOI~ tpl4cTa.rl.rlltqecrofi ~lqefiKlt, qTO BblabmaeT 60.qbKly:) ~tedpopMaujalo. 
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