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A study of the temperature dependence of the electromechanical response of ferroelectric Lead Zirconate Titanate (PZT) ceramics at high electric fields (up to 1.3 kV /mm) is reported. Simultaneous measurements were performed of strain, electric field and polarisation to form a complete response map from room temperature up to 200C. An electrostrictive model is shown to provide an accurate description of the electromechanical response to high levels of induced polarisation and electric field. This provides a method for decoupling strain contributions from thermal expansion and polarisation changes. Direct measurements of electrostriction and thermal expansion, above and below the Curie temperature are reported. Electrostriction coefficients are shown to be temperature dependent in these ceramic materials, with different values above and below the Curie temperature.

Introduction

Recent technological interest in piezoelectric materials has been fuelled by new application areas as a component in magneto-electric composites [1] for high density electronic memory [2], highly sensitive magnetic field sensors [2,3], and for electrical control of magnetization for a range of spintronics applications [4]. Piezoelectric materials are also widely used as actuators, where they continue to find new and extended applications such as injector valves for diesel engines [5], ultra-low power electronic locks and valves [START_REF] Weaver | Proceedings of Actuator[END_REF] for industrial and domestic fluid controls. 'Soft' PZT (Pb Zr x Ti 1-x O 3 ) ceramics are the materials of choice in many of these applications due to their high piezoelectric coefficients. However, these materials are sensitive to temperature changes with strong coupling between thermal, mechanical and electrically induced polarisation changes.

For data storage applications the ability to write electrically and read magnetically would improve speed and data retention [START_REF] Eerenstein | [END_REF]2]. In a composite magneto-electric material the coupling is achieved through strain. Piezoelectric strain in response to an applied electric field is indistinguishable from thermally induced strain. This could lead to thermally induced writing and data loss. In sensor applications, it may be possible to partially cancel a.c. thermal noise due to pyroelectric currents [8], but strain-coupled d.c. drift could not be so easily compensated. Careful expansion matching or compensation for the thermal strain in the piezoelectric material would be required to minimize this effect. In actuator applications thermal drift can severely limit the operating range of the electromechanical device. For instance, in a valve, the position of the sealing member relative to the valve seat is a critical parameter in controlling the flow rate. In bender actuators the ceramic is often bonded to a metal substrate, so careful matching to the substrate expansion is required to achieve stable mechanical output across a wide temperature range. In all these applications, a strain reference is fixed either at the bonding stage in the manufacturing process, or with reference to a fixed mechanical point such as the seat of a valve. It is therefore essential to consider the strain output relative to a datum at a particular temperature -a factor that is not usually taken into account in measurements of piezoelectric properties.

In most of these applications large electric fields are needed to maximise energy density. In this high field regime, linear coupling coefficients are of limited value, and the temperature dependency of the non-linear high field electromechanical coupling dominates performance. Many of the fundamental characteristics of ferroelectric materials are defined by the temperature dependency of their properties. Changes in permittivity and spontaneous polarisation around the Curie temperature are central to the characterisation and understanding of these materials and have been well studied [START_REF] Lines | Principles and Applications of Ferroelectrics and Related Materials[END_REF]. The effects of temperature on the electromechanical properties are less well understood. Data are available on the temperature variation of low field properties such as piezoelectric coefficients obtained from resonance measurements [10]. These are not sufficient to provide information on the high field properties which are dominated by non-linear effects, and tell us nothing about thermal drift in the electromechanical performance. Where measurements have been made of large field ferroelectric strain loops [11], these are not related to a datum, so provide no information on the absolute strain. Thermal expansion measurements have been made in PZT ceramics [12,13], reporting very low values for the thermal expansion coefficient of depoled ceramic (0-2 ×10 -6 • C -1 ) and negative values for poled ceramics [12,13]. Whilst these measurements provide very useful information on phase transitions, they were performed under short circuit conditions, so provide no information on the finite field electromechanical coupling. The need to obtain finite field piezoelectric measurements as a function of temperature relative to a datum has been recognised more recently with regard to the application in diesel injector valves [14]. Direct strain measurements were not reported and the strain relative to the reference was calculated from separate measurements of non-referenced loops, remanent strain, and thermal expansion. The relationship to the polarisation and behaviour above the Curie temperature were not reported.

Thermal expansion in a ferroelectric material is complicated by coupling between the temperature dependent remanent polarisation and the strain. This coupling is influenced by the polarisation induced by an applied electric field, leading to a complicated interdependency between temperature, electric field and strain. This coupling can be understood by studying the electrostrictive properties of the material. It is common to neglect electrostriction when dealing with small field piezoelectric effects on a poled ceramic [15]. In this case the total remanent polarization is not changed significantly by relatively small changes in the induced polarization. High electric fields induce polarisation changes which may be comparable to the remanent polarization. This is particularly significant at high temperatures, but also at more moderate temperatures for soft materials. In these cases the electrostrictive coupling becomes important. The low Curie temperature of soft PZT means that large changes in spontaneous polarization occur over a temperature range encountered in many practical situations, and this electrostrictive coupling to the temperature dependent polarization dominates the thermal expansion and high field electromechanical response.

It can be shown [16,[START_REF] Shirane | Ferroelectric Crystals[END_REF] that the linear piezoelectric effect can be described in the low field limit as an electrostrictive strain with the polarisation equal to the remanent polarisation. This relationship can be used to estimate piezoelectric coefficients from measurements of remanent polarisation [18] assuming the electrostriction coefficients do not change with temperature. Room temperature measurements of the electrostrictive coefficients have long been available for some ferroelectric materials from resonance techniques, particularly for Barium Titanate [19,16]. It is often asserted that the electrostrictive coefficients are independent of temperature, but experimental evidence for this is scant. This is particularly true for PZT. This assertion is based on values obtained indirectly by means of a number of assumptions, or measurements over a restricted temperature range or for single crystals or for materials other than PZT [20].

The objective of the work reported here was to obtain for the first time, a complete mapping of the strain -polarisation -electric field relationship from room temperature to above the Curie temperature for soft PZT ceramics. It was a key objective to relate all the strain measurements to a value at a reference temperature so that drift in the actuation position from zero to high electric field could be measured. Measurements were performed for both unipolar and bipolar (switching) cycles. We also provide for the first time electrostriction coefficients obtained from direct measurements of the strain and polarisation, and show that these are temperature dependent above 100 • C.

Experimental Details

A vertical pushrod dilatometer was used to measure electrically and thermally induced strain. Corrections were made for the pushrod expansion by calibration against a sample of known expansivity. Samples used for the experiments were 25 mm x 5 mm x 0.3 mm sheets of a commercial soft PZT (Fuji Ceramics C91), with approximately 2µm of Ni electrode on both 25mmx5mm faces. Strain was measured in the 25 mm length for an electric field applied across the 0.3mm thickness (this was also the direction of poling). This is referred to in this paper as transverse expansion or contraction. Strain in the poling direction is referred to as longitudinal. A positive strain refers to an expansion. Note that results in this paper are mostly plotted as negative strain (noted on the graph labels) to present the familiar direction of the strain loops.

For polarisation measurement a capacitor (C = 17.2µF) was placed in series with the piezoelectric element (approximately 17nF at room temperature). The voltage across the capacitor (V ) was measured by means of a high input impedance unity gain instrumentation amplifier. The capacitor was discharged at the start of the experiment. Changes in polarisation from this point were computed from the relation:

∆P = CV A ( 1 
)
where A is the ceramic electrode area. The small amount of drift due to input bias currents was measured and compensated for in the results. Electric field was applied using a high voltage amplifier under computer control. Simultaneous measurements were made of the applied voltage, charge, extension and temperature. Separate experiments were performed for bipolar and unipolar electrical cycles. For the bipolar experiment a loop sequence of linear ramps 0 V to +400 V to -400 V to 0 V was applied over a period of 40 s. Two loops were taken for each temperature point (approximately every 10 • C) for a heating/cooling rate of 20 • C per hour. The unipolar loop sequence was 0 V to 400 V to 0 V over 80 s. The heating/cooling rate for the unipolar experiments was 10 • C per hour.

Results and Discussion

Electrical loops recorded at different points across the temperature range are shown in Figure 1. m -2 at room temperature, typical of this type of material [START_REF] Jaffe | Piezoelectric ceramics[END_REF]. At 186 • C the hysteresis has disappeared and the dielectric response becomes paralectric, albeit with a high and non-linear permittivity ( r ≈ 15000). The transition from ferroelectric to paraelectric behaviour occurs approximately between 140 • C and 150 • C. This will be referred to as the transition temperature. Figure 1(b) shows the strain -field loops. The familiar 'butterfly' loop is observed at the lower temperatures. Above the transition temperature the strain hysteresis also disappears. However, there is still a strong eletromechanical response well above the transition temperature. This is shown in Figure 2 which plots the loop maxima, minima, and the loop end point at 0V(the remanent strain). The maxima and minima of the strain loops show no discontinuity or other anomaly on passing through the transition temperature. The remanent strain shows a step change in strain as well as a change in slope at the transition temperature. The remanent strain closely follows the remanent polarisation (see Figure 4) except for a gradual strain drift with increasing temperature corresponding to an underlying thermal expansion. It is not possible to specify a unique expansion coefficient for these loops because it depends on the point in the loop that is measured i.e. the thermal expansion depends on the electrical conditions. For example, the loop maxima and remanent strain show an expansion of approximately 7.5-8.0×10 -6 • C -1 while the loop minima give a value of 2.9×10 -6 • C -1 . Figure 1(c) shows the strain -polarisation loops. Above the transition temperature, these loops become very closely parabolic. This is shown more closely in Figure 3(a) where the experimental data are compared with a parabolic line obtained by a least squares fit (see below for line fitting). The close parabolic relationship is only seen in the strain as a function of polarisation and is characteristic of electrostrictive behaviour [START_REF] Shirane | Ferroelectric Crystals[END_REF]. The strain shows a much more complicated dependency on electric field (Figure 1(b)).

Considering only the transverse strain (orthogonal to the poling axis) with the ∞m point group symmetry of a poled ceramic [START_REF] Damjanovic | [END_REF], the electrostriction can be expressed as [START_REF] Shirane | Ferroelectric Crystals[END_REF]:

S 1 = Q 12 P 2 3 (2)
where S 1 is the strain , and P 3 is the polarisation in the direction of the poling axis. Q 12 is the longitudinal electrostriction coefficient. The experiment measures changes in polarisation, so the determination of zero polarisation requires some care. Figure 4 shows the values of the polarisation at different points in the loop, and their variation with temperature. The maximum and minimum polarisation diminished gradually with increasing temperature, and showed no anomaly at the transition temperature, approximately tracking the strain maximum. The remanent polarisation decreased somewhat more rapidly, and underwent a step change at the transition temperature. The polarisation averaged over each loop remained very nearly constant over the temperature range. The average of the positive and negative remanent polarisation was equal to the same value, and also did not vary with temperature. Above the transition temperature, the remanent polarisation approached the same value asymptotically from both directions. The correlation of the different measures of the mean polarisation, and the fact that the remanent polarisation approached the same value above the transition temperature, allows the identification of a single unique value for the polarisation zero. This was set as zero in Figure 4 and all subsequent figures in this paper.

In these experiments the strain varied both with temperature and polarisation and was measured relative to a reference value. Equation 2 must therefore be re-stated more generally as:

S 1 (T, P ) = S 0 (T ) + Q 12 (T )(P 3 ) 2 (3) 
where S 1 is the strain measured from the fixed reference and S 0 is the strain at zero polarisation at a particular temperature, measured from the same reference. S 0 (T ) therefore represents the thermal expansion of the lattice which is additional to the strain related to polarisation changes. Note that Q 12 is usually negative reflecting the fact that the striction is negative in the transverse direction, so S 1 < S 0 (negative strain -S is the quantity plotted in Figure 1 -Figure 3). S 0 and Q 12 can therefore be found from a plot of S 1 against P 2 3 by linear regression. An excellent fit to the experimental data is obtained above the transition temperature as shown in Figure 3(a). Below the transition temperature, the points in the cycle where the electric field was decreasing from its peak value to zero (open circles in Figure 3(b)) were found to provide an excellent fit to Equation 3. The electrostriction coefficient, and S 0 thus obtained are plotted as functions of temperature in Figure 5.

The electrostriction coefficient (Figure 5(a)) is approximately constant up to 100 • C with a value between -0.0100 C -2 m 4 and -0.0105 C -2 m 4 . This is slightly lower than the value of -0.0158 C -2 m 4 measured by Haun [20] for undoped PZT with x(Ti)=0.52. Above 100 • C the coefficient drops more rapidly up to the transition temperature. Above the transition temperature the electrostriction coefficient (approximately 0.0075 C -2 m 4 ) reduces linearly with increasing temperature. This could be explained by an increasing contribution from 180 • domain wall motion with increasing temperature. Zhang [18] reports that under weak external driving fields the major part of the domain-wall response is generally thought to be from non-180 • walls and 180 • walls are almost idle. The reason given is that 180 • wall width is much narrower (probably on the order of one unit cell) in comparison with non-180 • wall which implies that there is a much deeper potential well for 180 • walls. Whilst Zhang's results suggest that there is a larger response from 180 • domain walls in soft PZT, it is still reasonable to expect that 180 • domain walls will become more active as the temperature increases.

Because the piezoelectric activity in soft PZT is strongly related to non-180 • domain wall movements, but a large part of the polarisation response is due to 180 • domain wall movement, the electrostriction coefficient might be expected to vary with temperature in these materials. Increased 180 • domain wall mobility may also explain why the electrostriction coefficient values reported here for soft PZT are somewhat lower than previously reported values for harder compositions. It is interesting to note that this process continues even above the transition temperature suggesting that domain processes are still contributing significantly to the dielectric and electromechanical response even well above the transition temperature. The value of S 0 thus obtained can be interpreted by consideration of the free energy expansion in the presence of an applied field. The free energy expansion as a function of electric displacement, D, is given by [START_REF] Lines | Principles and Applications of Ferroelectrics and Related Materials[END_REF]:

G 1 = α 2 D 2 + γ 4 D 4 + δ 6 D 6 (4) 
E = ∂G 1 ∂D T = αD + γD 3 + δD 6 (5) 
where α varies with temperature, being positive above the Curie temperature, T C , and negative below it. The coefficients γ and δ are assumed to be constant and positive corresponding to a second order phase transition. These assumptions are unlikely to be valid for the temperature range of interest here, but this does not affect the qualitative conclusions of this discussion. In the following discussion we use the approximation D ≈ P and treat the two terms interchangeably. From Equations 4 and 5 we can evaluate the free energy in the presence of an electric field:

G = G 1 -ED (6) 
At temperatures T > T C there are no states of lower free energy for any value of the electric field (function not plotted). The states described by Equation 6 are therefore stable for all values of the electric field. The free energy function (Equation 6) for T < T C is plotted in Figure 6(I). The stable states (a to c) are identified in the same way as for T > T C , but now there are metastable states (c to d) where a lower free energy exists for the same electric field. An energy barrier separates the metastable from the stable states. The states d to e are unstable with no energy barrier to the transition. The corresponding points on the PE loop are shown in Figure 6(II). The transition does not occur at zero polarisation, but switches from one polar state to another. The unstable states d to e include the state of zero polarisation i.e. the unstable centro-symmetric crystal. Using the electrostrictive relationship (Equation 2) with Equation 6provides the strain as a function of electric field. The familiar butterfly curve is obtained as shown in Figure 6(III) for T < T C . The unstable centro-symmetric state corresponds to the strain minimum, S 0 . If the polar switching was the only factor, then S 0 would not vary with temperature. However, anharmonicity in the vibration of the relatively fixed ionic structure causes an underlying thermal expansion and therefore a change in S 0 . Extrapolation of the electrostrictive curve therefore provides a means of separating temperature dependent polarisation-induced strain from the underlying lattice expansion. The actual response is the sum of this lattice expansion and the electrostriction calculated through equation 3.

Up to 100 • C a linear expansion in S 0 is observed with an effective expansion coefficient of 1.33×10 -6 • C -1 . Just below the transition temperature the expansion coefficient reduces to a very low value. A contraction is observed in the region of the transition temperature, indicative of a first order crsytallographic phase change. Above the transition, the expansion proceeds linearly with a coefficient of 1.77×10 -6 • C -1 . These figures are in line with previous measurements for unpoled ceramics [12,13].

For the transverse expansion measurements reported here, changes in the remanent polarisation couple electrostrictively to the strain causing an expansion on heating. This reinforces the underlying thermal expansion of the lattice. If measured in the direction of polarisation, the changes in remanent polarisation would lead to a contraction on heating, which would oppose the underlying lattice expansion. For unpolarised samples, the electrostrictive contraction would be approximately zero, so a weak expansion would be observed. For poled samples, the electrostrictive contraction would dominate leading to negative expansion. Above the Curie temperature there is no remanent polarisation, so zero field strain in both directions reverts to a normal expansion on heating. The transverse measurements reported here therefore help to explain previous reports of negative thermal expansion in poled PZT ceramics [12,13].

The strain -polarisation curves shown in Figure 7 have been adjusted by applying a temperature dependent offset of 0.8×10 -6 • C -1 . This is the value of the total expansion across the temperature range shown in Figure 5(b). The value is so low due to the the contraction at the transition temperature. It is used here to compensate the curves to remove the average overall expansion (this figure is arbitrary as discussed below). We observe that all the curves nearly lie on the same parabolic curve, indicating that there is an approximate underlying electrostriction that applies across the temperature range. Very similar results were obtained for both unipolar and bipolar (stable region) cycles. However, the family of curves can not be made to lie on the same curve for any single pair of values of expansion and electrostriction coefficients. This is a reflection of the temperature dependence of these coefficients shown in Figure 5.

These results confirm that the electrostrictive model provides an accurate description of the electro-mechanical response at high levels of induced polarisation and electric field, as long as the system is kept within the stable region of the free energy diagram. This is true even when there is significant non-linearity and hysteresis present in the strain -field response. This implies that the electrostrictive description of the piezoelectric behaviour applies not just to intrinsic crystallographic distortions, but also to the changes in strain and polarisation due to extrinsic domain wall motion. The fact that the relationship holds across the temperature range, and the electrostriction coefficient reduces with increasing temperature is a strong indication that both 180 • and non-180 • domain wall processes are accommodated within this model. However, the model does not apply in the region of metastability where the field is applied against the direction of the remanent polarisation.

Conclusions

Measurements are reported of the temperature dependent transverse actuation response of PZT ceramics relative to a reference length for large field bipolar and unipolar electrical cycles. Simultaneous measurements were made of the strain, electric field and polarisation to form a complete Strain -Polarisation -Electric Field map from room temperature up to 200 • C. Remanent strain and polarisation show a transition in the region of the Curie temperature, although significant actuation activity is observed well above this transition temperature. The temperature dependent movement range is offset by thermal expansion.

An electrostrictive model provides an accurate description of the device response to high levels of induced polarisation and electric field below, as well as above, the transition temperature as long as the system is kept within the stable region of the free energy diagram. This is true even though there is significant non-linearity and hysteresis in the strain -field response.

Direct measurements of electrostriction coefficients and thermal expansion, above and below the transition temperature are reported. Electrostriction coefficients are shown to be temperature dependent in these ceramic materials, with different values
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 12 Figure 1. Composite plots showing bipolar a) polarisation-field, b) strain-field and c) strain-polarisation loops at different temperatures. The x axis values for each loop (electric field or polarisation) were offset to centre each loop on the temperature at which it was measured.
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 3 Figure 3. SP loops at a) 186 • C (T > T C ) and b) 19 • C (T < T C ). Dashed lines show the quadratic fit to the points in the stable state region (see discussion), marked as red circles.
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 4 Figure 4. Variation of bipolar PE loop maximum and minimum (+), mean (•) and remanent ( ) polarisation with temperature
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 5 Figure 5. Electrostriction coefficient, Q 12 , and strain zero S 0 as functions of temperature (bipolar cycles). In (b) the dashed lines represent straight line fits to the approximately linear portions of the curves.
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 6 Figure 6. Stability from free energy expansion for T < T c . (I) free energy G 1 -ED, (II) polarisation, and (III) strain as functions of electric field. a to c is stable, c to d is metastable.

Figure 7 .

 7 Figure 7. Strain -v-Polarisation compensated for a thermal expansion of 0.8×10 -6 • C -1 . The left half of the plot shows the stable regions of the bipolar cycles (negative half only shown). The right half of the plot shows unipolar cycles.
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