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Temperature stability of elastic and piezoelectric properties in LiNbO 3 single crystal

Temperature dependences of the piezoelectric modulus d 31 and complex elastic compliance s E 11 have been measured for a lithium niobate single crystal grown by the high temperature top-seeded solution growth technique. The results obtained have shown that the imaginary part of the elastic coefficient is probably sensitive to the lithium ion and proton migration inside the crystal. X-ray photoelectron spectroscopy has revealed the existence of some defects in the crystal structure. While these imperfections only weakly control the magnitude of the piezoelectric coefficients, they influence the elastic properties, even in the relatively low temperature range. It was found that the temperature dependence of the elastic properties is stable as long as a temperature of ∼90 • C is not reached.

Introduction

Lithium niobate LiNbO 3 (LN) is one of the most widely used materials in electro-optics and in optical devices. In this field of applications the presence of defects in the crystal lattice can significantly modify the optical properties [1,2]. LN is a typical non-stoichiometric material with the ratio Li/(Li + Nb)<50% and this causes a high concentration of intrinsic defects. The possible defects which satisfy charge compensation have been discussed in the literature: the formation of Li and O vacancies [4], excess of Nb 5+ ions substituted for Li + sites (Li vacancies are then produced) [5] and Nb vacancies [6]. According to Feng et al [7], in nearly stoichiometric LN, Li Frenkel defects mainly exist while Li vacancies dominate in non-stoichiometric material.

LN single crystals can be grown from congruent melt by the Czochralski method but their composition is not stoichiometric [5].

The humidity of the surrounding atmosphere during crystal growth may cause the incorporation of the OH -group [9]. On the other hand, some traces of OH -in the crystal may originate from the raw materials, probably from the Li 2 O. Since OH -ions have nearly the same radius as O 2-, it is possible for both of them to occupy O 2- and interstitial sites. In the former case it represents positive charge with respect to the unperturbed lattice, as a result of the valence change from Nb 5+ to Nb 4+ or Li vacancies are created [9]. In recent years, a few growth techniques have been developed enabling the growing of LN crystals with compositions close to the stoichiometric one and having good quality (e.g. [3,8,[10][11][12][13]). The high temperature top-seeded solution growth (HTTSSG) technique is one of them.

Because of all the factors mentioned above, there are chemical composition fluctuations in LN crystals. The piezoelectric effect, which plays a role in the electro-optical properties, can also be influenced by the defects appearing in the lattice. Through the observation of temperature changes of the piezoelectric resonances, the influence of defects on elastic properties can be observed. To check crystal homogeneity and to identify the type of defects, XPS spectroscopy has been applied.

Experimental conditions

Experiments have been conducted on an LN crystal prepared by the HTTSSG technique [3], which enables single-domain crystals to be obtained without additional poling [8]. Bar-shaped samples having a geometry appropriate for piezoelectric measurement [START_REF] Bauer | Technology and Application of Ferroelectrics[END_REF] were cut from the single crystal. Gold electrodes were evaporated on the surfaces perpendicular to the spontaneous polarization direction [001]. Electrical contact was accomplished via thin silver wires glued to the electrodes.

The XPS spectra were recorded over a wide energy range at different places on the LN single crystal using a PHI 5700/660 physical electronics photoelectron spectrometer with monochromatized Al K α x-ray radiation (1486.6 eV). All the measurements were performed under UHV conditions (10 -10 Torr) and with a neutralizer discharging non-conducting samples. The binding energy was determined with reference to the C1s line at 284.8 eV for the broken crystal. The Multipak Physical Electronics programme allowed the quantification of the XPS spectra using peak area and peak height sensitivity factor. The peaks were deconvoluted after background subtraction by applying a Lorenzian function with no asymmetry. Element concentrations with the accuracy limit better than 10% were calculated by the standard atomic method, i.e. as the ratio of the parameter for each component line to the sum of those for all elemental lines visible in the spectrum.

The piezoelectric resonance method allowed the determination of the real and imaginary parts of elastic compliance s E 11 , piezoelectric modulus d 31 and electromechanical coupling factor k 31 . To calculate these coefficients the forced harmonic oscillator model was applied [START_REF] Roleder | [END_REF]. The piezoelectric resonances have been found by measurement of the complex admittance Y = G +i B as a function of frequency f = ω/2π by means of a Hewlett-Packard 4192A impedance analyser.

The procedure for the measurements was as follows. Several samples of LN crystal grown by the HTTSSG technique have been used to test the temperature stability of the piezoelectric resonances. It was recognized that above 100 • C the single piezoelectric resonance has been transformed into a multi-resonance one. Due to this, for a sample with no thermal history first a sequence of the thermal cycles (on heating and cooling) has been performed in the range 25-100 • C. After the first cycle a time evolution of piezoelectric resonance in 90 min has also been observed at ambient temperature. After four thermal cycles the temperature changes of the piezoelectric resonance have in turn been measured on heating (up to 180 • C) and next on cooling to ambient temperature.

X-ray photoelectron spectroscopy

The composition of the crystal studied agrees with the nominal formula within the accuracy limit of the standard atomic method. The position of the Nb 4s line (56 eV) is very close to the Li 1s one (54.8 eV), and that is why this method is not able to establish with satisfactory accuracy the ratio Li/Nb. According to Polgar et al [8] for crystals grown by the HTTSSG technique, this ratio is very close to one and it is one of the reasons for better structure appearing in this crystal (figure 1). The narrow but asymmetric O 1s line (figure 1(a)) may be decomposed into three lines: one corresponds to oxygen bonding in the proper structure and two additional lines confirm the existence of the oxygen defects or some contaminations [16]. The shape of the Nb 3d line (figure 1(b)) is a superposition of two doublets: the stronger one is due to the Nb 5+ state and the second, at lower binding energy, due to the Nb 4+ state [17,18]. These kinds of defects have been found at different places on the LN single crystal grown by the HTTSSG technique. Thus it is interesting if the defective crystal lattice as described above can influence the elastic and piezoelectric properties, contributing strongly to the electro-optical activity of the LN [2].

Elastic and piezoelectric properties

The temperature behaviour of the complex elastic compliance s E 11 (figure 2) shows that the real part increases smoothly revealing an anomaly at ∼90 • C. The maximum on the temperature evolution of the imaginary part lies slightly above s ′ 11 (T ) local maximum. This peak in s ′′ 11 (T ) may be related to the absorption of elastic energy due to the defects. It was observed that LN single crystals of disordered structure had maxima in s ′′ 11 (T ) and s ′ 11 (T ) at lower temperature [19]. Several reasons could be invoked to explain these maxima. For example, crystals obtained by the Czochralski method contained more Li vacancies [7], and thus more OH -ions (or protons) are incorporated into the lattice [9].

According to Klauer et al [20] the migration of the protons influences the temperature stability of holograms via the dark conductivity. Mandula et al [START_REF] Mandula | Proc. SPIE[END_REF] observed the time changes of the shape of the OH -band in LN until the moving protons reach a thermodynamic equilibrium at a given temperature. Protons migrate among the different sites but the total proton concentration does not change [START_REF] Mandula | Proc. SPIE[END_REF]. Thus the time evolution of piezoelectric resonance at 25 • C observed by us after the first cooling from 100 • C was probably a proof for this proton migration because the signal was becoming sharper and reached a final shape after 90 min. Hence, after heating the crystal the thermodynamic equilibrium was destroyed resulting in characteristic maxima in s ′′ 11 (T ) [19]. By an infrared absorption study of the OH -absorption bands Kovacs et al [1] found that the temperature of about 100 • C was distinguished in LN crystals.

Heating this crystal four times to 100 • C caused further anomalies to appear in s ′ 11 (T ) and s ′′ 11 (T ) (figure 3). Moreover, in the next thermal cycle the s ′′ 11 (T ) run became similar to those observed for the crystals having the disordered structure [19]. As an example, data presented for the first and fourth cycles in figure 3 show that the s ′ 11 (T ) and s ′′ 11 (T ) anomalies originally . It is very probable that above ∼90 • C, on account of the high temperature, intensive proton migration induces Li ion motion and as a consequence the change of the polarization state. The impurity segregation and developing mechanical stress may promote the reversal of the domain pattern in the crystal [3]. This is probably the reason that the additional piezoelectric resonances appeared for the crystal heated up to 180 • C. An interchange between the intensities of the resonances A and B related with the piezoelectric d 31 mode is clearly seen in figure 4. At 120 • C the A resonance is smaller than B and finally at ambient temperature the A resonance dominates. Because of the splitting of the resonance it was not reasonable to calculate the piezoelectric coefficients.

It is worth mentioning that shifts of the s ′ 11 (T ) and s ′′ 11 (T ) were obtained for a Li 2 B 4 O 7 (LTB) single crystal. However, vice versa as for LN crystal, in succeeding thermal cycles the anomalies of the s ′′ 11 (T ) runs have been shifted to higher temperatures [START_REF] Franke | [END_REF]. Although the Li ions enter into the composition of these crystals their role in the lattice dynamics because of the different structures of the LN and LTB may be different.

The main results from the experiments are connected with the fact that for this crystal the temperature evolution of the real and imaginary parts of the elastic compliance s E 11 was repeatable in thermal cycles up to ∼90 • C only.

Though temperature instability of elastic properties in the LN crystals may appear, the values of piezoelectric coefficient d 31 and k 31 (figure 5) are almost independent of temperature and number of thermal cycles if the sample is not heated far above 100 • C. It would confirm that the concentration of defects created during the technological process weakly changes the values of these coefficients and is low enough not to change their temperature stability.

The piezoelectric effect plays an essential role in the electro-optical effect of ferroelectric materials. This electrooptic coefficient is considered as a sum of three components, the contribution of which depends on the frequency of the modulating electric field in relation to the frequency of the acoustic (piezoelectric) resonance, lattice phonons and electrons. In some applications, the modulating field is of low frequency, lower than the acoustic resonances, and thus the piezoelectric effect is determined by the magnitude of the so-called secondary electro-optical (piezo-optic) effect. In inorganic ferroelectric materials the secondary effect due to the photoelasticity and the piezoelectricity generally preponderates over the electronic and lattice contributions. Hence, the piezoelectric tensor is indispensable to evaluate the electro-optical effect for low-frequency electric fields. On the basis of experiments described in this paper, i.e. the temperature stability of elastic and piezoelectric properties, it would mean that the contribution of the piezo-optic effect in an LN single crystal should be stable and temperature independent provided the crystal is not heated above ∼90 • C.

Conclusions

The influence of defects on the elastic and piezoelectric properties of the LN crystal prepared by the HTTSSG technique has been studied. Investigations have shown the appearance of anomalies on the temperature dependences of the real and the imaginary parts of the elastic tensor which shift towards lower temperatures in subsequent thermal cycles. This thermal instability occurs because of the presence of chemical and structural imperfections in the lattice. For the crystal investigated it was found that the elastic characteristics are reproducible provided the temperature does not exceed about 90 • C. On the other hand, the piezoelectric response does not depend on the temperature and the number of thermal cycles, provided the crystal is not heated far above 100 • C. Thus we can conclude that the measured piezoelectric coefficients are weakly susceptible to the defect concentration in this temperature range. It is important from the point of view of the piezo-optic effect that may strongly contribute to the value of the electro-optic coefficient in the LN single crystals.
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 1 Figure 1. Comparison of the O 1s and Nb 3d states registered for the crystal grown by the HTTSSG technique.
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 2 Figure 2. Temperature dependences of the real s ′ 11 and imaginary s ′′ 11 parts of the elastic compliance obtained for crystal grown by HTTSSG technique in the first cycle on heating.
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 3 Figure 3. Temperature dependence of the real s ′ 11 (a) and imaginary s ′′ 11 (b) parts of the elastic compliance obtained for a crystal grown by the HTTSSG technique in two different thermal cycles on heating.
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 45 Figure 4. Temperature evolution of piezoelectric signal registered on cooling in the d 31 configuration for crystal heated up to 180 • C. A and B indicate two different resonances.
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