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All-optical technique to measure the pyroelectric coefficient in electro-optic crystals

We report an all-optical method to measure the pyroelectric coefficient p of electro-optic crystals.

Through this technique, we first acquire the birefringence variation ␦⌬n of the crystal as a function of its temperature T, both in closed and open-circuit conditions, using a Sénarmont phase-compensation configuration. Then the pyroelectric field is deduced from the difference between these two measurements, so it leads to the material spontaneous polarization change, whose derivative with respect to the temperature finally gives p. This technique is applied on congruent and stoichiometric lithium niobate.
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I. INTRODUCTION

A ferroelectric crystal exhibiting variation in spontaneous polarization P s as a function of the temperature T is called pyroelectric. Such a change in polarization is expressed by the pyroelectric coefficient p, which is defined through 1 the relationship, p = ץ P s ץT . ͑1͒

In such crystals, the relation between the electric displacement D and the electric field E can be expressed through the equation D = P s + E ͑where is the dielectric constant͒. In an open-circuit configuration, a polarization change due to a temperature change can arise with no change in dielectric displacement. In such a situation, we can write 0 = ⌬D = ⌬P s + ⌬E. ͑2͒

As a consequence an electric field E py arises in the crystal, being

E py = ⌬E = - 1 ⌬P s , ͑3͒ 
which can be expressed by introducing the pyroelectric coefficient in Eq. ͑1͒ to give

E py = - p ⌬T. ͑4͒
In fact, e.g., in lithium niobate, one of the most widely studied ferroelectric material, 2 such a field was recently used to generate bright solitons, so called pyrolitons. 3,4 Actually, pyroelectricity being a dielectric phenomenon, the pyroelectric coefficient is usually obtained through dielectric experiments, which generally employ a configuration where two electrodes are placed on the opposite polar faces of the sample. 1,[5][6][7][8] The coefficient is then obtained by measuring either the charge or the current established as a consequence of the pyroelectric field E py ͑i.e., of the potential difference͒ generated by the temperature variation. 1,[START_REF] Daniel | Dielectric Relaxation ͑Academic Press[END_REF] However, dielectric measurements are well known to present different experimental difficulties. [START_REF] Daniel | Dielectric Relaxation ͑Academic Press[END_REF] Namely, in the case of lithium niobate, e.g., they give a spreading of the measured values of the pyroelectric coefficient p. [START_REF] Yevdokimov | [END_REF] The present work is, therefore, motivated by the quest of a different ͑not di-electric͒ technique which can give peculiar information on the pyroelectric properties of a crystal. Specifically, we present a new all-optical technique to determine the pyroelectric coefficient based on measurement of birefringence variation; the procedure we devised can be used in pyroelectric crystals that also present electro-optic ͑Pockels͒ effect and it is an alternative to the usual ͑quasi͒ static dielectric measurements.

II. PRINCIPLES OF THE TECHNIQUE

Let us consider a pyroelectric crystal affected by the Pockels effect. If it suffers a temperature variation ⌬T, it will present a variation ␦⌬n of birefringence, which can be written as the sum of two contributions, ␦⌬n to and ␦⌬n py . The first one is the birefringence variation due to the thermooptic effect, i.e., the usual change in refractive indices due to their dependence on temperature, while the second one is the contribution generated by the pyroelectric field E py through the Pockels effect. So we can write ␦⌬n = ␦⌬n to + ␦⌬n py .

͑5͒

In open-circuit conditions the pyroelectric field arises simultaneously with the temperature variation. Once the steadystate temperature is reached, it is slowly compensated by charges sorption on the polar surfaces of the crystal. a͒ Electronic mail: jacopo.parravicini@unipv.it.

The first step of our method is to measure the total birefringence variation ␦⌬n induced by a temperature change ⌬T before any compensation of E py takes place. In a second step the thermo-optic term ␦⌬n to is evaluated. It can be done either experimentally, by short-circuiting the polar facets of the crystal, which establishes a null field, or analytically by using Sellmeier equations. Subtraction of the thermo-optic contribution from the total birefringence finally provides the pyroelectric contribution ␦⌬n py ͓Eq. ͑5͔͒. For electro-optic materials 11 the relationship holds ␦⌬n py ϰ E py .

͑6͒

If electro-optic coefficients and refractive indices are known, it will be straightforward 11 to deduce the pyroelectric field E py . Finally the pyroelectric coefficient p is calculated from Eq. ͑1͒.

In this paper, the Sénarmont technique is used to measure the birefringence variation as a function of temperature. Note that an interferometric setup could also be used to detect the refractive indices change. We apply our all-optical method to determine LiNbO 3 pyroelectric properties. Before presenting the procedure and the results on this material, we recall the basis of Sénarmont method.

III. THE SÉNARMONT METHOD

The Sénarmont phase-compensation method, schematically depicted in Fig. 1 and described in Refs. 11 and 12, employs a low-power ͑tens of W͒ laser beam of about 80 m in diameter as a probe. The crystal to be analyzed ͑S͒ is placed between two linear polarizers, the first one ͑P͒ is set to yield a beam polarization at 45°with respect to the optical axis c ˆof the crystal, while the second one ͑A͒ is the analyzer. A / 4 waveplate ͑C͒ is placed between the sample and the analyzer, with its optical axis parallel to that of the polarizer ͑P͒. The probe-beam passes through the sample whose birefringence is to analyze. At the exit, the phase shift ⌫ between its ordinary and extraordinary polarization components is proportional to the birefringence ⌬n: [11][12][13] 

⌫ = 2 p L⌬n, ͑7͒
where p is the wavelength of the laser beam and L is the length of the sample. If ␤ is the angle of the analyzer ͑A͒ with respect to c ˆaxis, in the configuration described above, the transmission function ͑⌫ , ␤͒ is given by 12

= 1 2 ͓1 Ϯ sin͑⌫ Ϯ 2␤͔͒, ͑8͒
where the relationship ͉d␤ / d⌫͉ = 2 holds. The former equation provides the following relationship between a variation in phase-shift ⌬⌫ and a measured variation in angle analyzer ⌬␤ ⌬⌫ = 1 2 ⌬␤. ͑9͒

Equations ͑7͒ and ͑9͒ can be combined to deduce any birefringence variation ␦⌬n from a measurement of ⌬␤ ␦⌬n = p L ⌬␤. ͑10͒

IV. EXPERIMENTS ON LITHIUM NIOBATE: PROCEDURE

In lithium niobate the pyroelectric field, E py , arises in direction of the ferroelectric axis, 4 which is parallel to the optical axis of the crystal, then it produces a birefringence variation ␦⌬n py , 11

␦⌬n py = - 1 2 ͑n e 3 r 33 -n o 3 r 13 ͒E py , ͑11͒
where n e and n o are, respectively, the extraordinary and the ordinary refractive indices and r 33 and r 13 are the suitable crystal electro-optic coefficients. The experimental procedure is detailed below.

͑1͒

The crystal is placed in a configuration as in Fig. 1; the beam propagation direction is parallel to one of ordinary optical axis and perpendicular to the c ˆ-axis while its polarization direction is inclined of 45°with respect to the c ˆ-axis. The sample is attached to a holder that can heat at a controlled rate. ͑2͒ During the heating time, through the Sénarmont setup the system follows the evolution of maxima, minima and inflexions of ͓Eq. ͑8͔͒, and consequently the evolution of ␤ as a function of the temperature T. ͑3͒ The obtained variation in angle analyzer ⌬␤ is recorded as a function of T. It provides the phase-shift variation ⌬⌫ and then the birefringence variation in the sample ␦⌬n = ␦⌬n͑T͒ is straightforward calculated by the Eq.

͑10͒.

͑4͒ In order to deduce the pyroelectric contribution ␦⌬n py from ␦⌬n, it is necessary to estimate and subtract the thermo-optic contribution ␦⌬n to . It is possible to estimate theoretically ␦⌬n to ͑T͒ by using the Sellmeier equations. On the other hand, to obtain ␦⌬n to experimentally, e.g., when crystals with unknown Sellmeier equations are considered, the birefringence variation can be measured with the Sénarmont setup but using a shortcircuited sample in order to get a null pyroelectric field E py . Consequently measurement of the sample birefringence variation provides the sole thermo-optic contribution ␦⌬n to = ␦⌬n to ͑T͒. In our experiments in lithium niobate, reported below, we have tested both procedures, which have given very similar results. ͑5͒ From ␦⌬n py ͑T͒ the pyroelectric field E py ͑T͒ can be deduced using Eq. ͑11͒,

E py ͑T͒ = -2
␦⌬n py ͑T͒ ͓n e 3 ͑T͒r 33 ͑T͒ -n o 3 ͑T͒r 13 ͑T͔͒ . ͑12͒

It is worth noting that to obtain accurate values of E py by application of the relationship ͑12͒, it is necessary to precisely know the refractive indices and electro-optic coefficients varying as a function of temperature. ͑6͒ From E py ͑T͒, the spontaneous polarization variation ⌬P s ͑T͒ generated by the pyroelectric effect can be calculated using Eq. ͑3͒ knowing the specific dielectric functions, taken from the literature. ͑7͒ Finally the pyroelectric coefficient p of the considered material is obtained from P s ͑T͒ by calculating its derivative with respect to the temperature, following Eq. ͑1͒.

The procedure leads to the net value of the pyroelectric field for any established temperature variation, providing negligible compensation of pyroelectric field by charge sorption. We stress that such an experimental technique produces almost no perturbation to the system since a low-power beam is used. The pyroelectric field is, therefore, not influenced by the measurement process because the measured system ͑an electric field generated by charges͒ is not perturbed by the measuring system ͑a light beam͒.

V. EXPERIMENTS ON LITHIUM NIOBATE: RESULTS AND DISCUSSION

To demonstrate the technique, we apply it to study lithium niobate. Actually, in the literature, as we hinted, there is a large discrepancy among different values of its pyroelectric coefficient p. [START_REF] Yevdokimov | [END_REF] Our Sénarmont apparatus ͑Fig. 1͒, described in Ref. 14, employs a He-Ne laser source and as analyzer ͑A͒ a rotating polarizer, whose angular position is computer-controlled, while the transmitted light is detected with a photodiode. Measurement sensitivity is enhanced using a lock-in detection technique. This apparatus allows following continuously the polarization direction of the exiting beam as a function of time, acquiring nearly 450 readings of the polarization angle each minute. We have investigated commercial LiNbO 3 crystals in both stoichiometric and congruent compositions with a propagation length of 5 mm and 2.8 mm, respectively.

To apply the previously described experimental procedure, we first place the sample on a metallic base equipped with a programmable electric heater and covered by a metallic lid with small apertures for beam laser access. To improve sample thermalization, its face in contact with the heating plate is coated with silver paint. Temperature evolution is monitored through a thermocouple placed below the sample. Temperature is gradually increased from 27 to 47 °C, at the rate of 0.44 °C / min. To avoid any problem for recording system stability or charge sorption, we use a 20 °C interval, which can be covered in a relatively short time ͑nearly 45 min͒ employing a slow heating rate ͑necessary to get a good thermalization͒. During the heating process, we continuously record the angle of polarization ␤, and we deduce immediately ␦⌬n through Eq. ͑10͒ from ⌬␤.

A first set of experiments, on both stoichiometric and congruent crystals, is carried out in short-circuit conditions, in order to cancel E py and obtain the pure thermo-optic contribution. Such conditions, where ␦⌬n = ␦⌬n to holds, are achieved by coating with silver paint both lower and upper c ˆ-faces of the sample and connecting them. A typical birefringence variation measurement ␦⌬n as a function of temperature is reported in Fig. 2. In the same figure the birefringence variation obtained from the Sellmeier equations 15 is depicted. We observe a very good agreement between measured and calculated values: such a result validates our hypothesis, the discrepancy between measured and predicted data being less than 5%.

Therefore, since Sellmeier equations provide accurately the birefringence variation due to thermo-optic effect ␦⌬n to , this contribution will be calculated instead of measured when needed in the following part of this work.

A second set of experiments is carried out in a crystal in open-circuit configuration, to estimate E py . In Fig. 3 typical results obtained in a stoichiometric LiNbO 3 sample are reported. The graph presents the measured total birefringence ␦⌬n variation together with the calculated thermo-optic contribution ␦⌬n to , and the pyroelectric contribution ␦⌬n py obtained by subtracting the two latter curves. We observe that the birefringence variation due to the pyroelectric effect is opposite in sign to the thermo-optic contribution. The negative value of ␦⌬ py is consistent with a decrease in the material spontaneous polarization P s when the temperature increases, as expected in pyroelectric crystals. The magnitude of ␦⌬n to is observed to be about twice the amplitude of ␦⌬n py . From ␦⌬n py we calculate the pyroelectric field E py using the relationship ͑12͒. To this end, the refractive indices n e and n o dependence versus temperature is given by Sellmeier equations. 15 The variation in the electro-optic coefficients in the temperature interval is considered negligible in accordance with recent publication. 16 Then the material spontaneous polarization change ⌬P s can be calculated through Eq. ͑3͒ knowing the dielectric constants of LiNbO 3 , whose variation is also negligible in the considered temperature range. 17 A typical behavior of ⌬P s is depicted in Fig. 4; finally the pyroelectric coefficient p of the crystal is found from its derivative versus temperature. Specifically this derivative is calculated with a fitted curve to the experimental data of ⌬P s to avoid influence of noise measurement on evaluation of p. Note that, since the sample is mechanically unclamped during measurements, we obtain the total pyroelectric coefficient which is the sum of the primary and secondary pyroelectric coefficients.

For stoichiometric and congruent compositions six and four measurements are, respectively, performed in order to obtain an averaged values of the pyroelectric coefficients. We estimate an uncertainty of 12% on the measurements, due mainly to imperfections such as thermal control or setup alignment. These values of p extrapolated for a temperature of 25 °C are presented in Table I and they are consistent with values measured with usual dielectric techniques, [6][7][8][START_REF] Yevdokimov | [END_REF] being the pyroelectric coefficients reported here in the high-value range among the ones found in the literature. Furthermore, the absolute value of p for the congruent sample is found to be higher than the stoichiometric one, in accordance with the trend reported in the literature. 8 Since we consider a rather small temperature interval ͑20 °C͒, in our conditions the pyroelectric coefficient temperature-correction ͑ץp / ץT͒⌬T can be estimated of the order of 10%, 8,[START_REF] Yevdokimov | [END_REF] which is within our uncertainty. Therefore, we give only the temperature-independent term of p; for an estimation of the ץp / ץT contribution a wider temperature interval have to be considered. However, this optical method leads to realistic values of the pyroelectric coefficients for LiNbO 3 by using a temperature variation much smaller than those usually considered in the literature, which validates the proposed technique.

VI. CONCLUSIONS

We have proposed a new all-optical technique to measure the pyroelectric coefficient of electro-optic crystals. It consists in measuring the mutual refractive indices variation induced by the pyroelectric field as a function of temperature change. As an example we use a Sénarmont experimental system to estimate the refractive birefringence change in LiNbO 3 . Inferred values of the pyroelectric coefficients p congruent and stoichiometric LiNbO 3 samples are found to be very close to the ones measured with usual dielectric techniques, despite the fact that they are obtained by considering temperature intervals much smaller than those usually used. The proposed technique can be used to evaluate the pyroelectric properties of a ferroelectric crystal without need to place any electrodes. Moreover, since a localized beam is employed, this method has the potential to measure spatial variation in pyroelectricity in bulk crystals. The measurement is indeed localized to the light beam propagation path which allows a scanning of the beam to provide the pyroelectricity distribution, which is not accessible with usual dielectric techniques. This all-optical technique represents a powerful method to evaluate the pyroelectricity of electrooptical crystals complementary to dielectric techniques. 
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 1 FIG. 1. Sénarmont configuration with its components orientation.
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  ͑Color online͒ Typical birefringence variation ␦⌬n measurement in a stoichiometric crystal in short-circuit configuration ͑black squares͒ in comparison with calculated ␦⌬n ͑red circles͒.
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  Safioui, F. Devaux, and M. Chauvet, Opt. Express 17, 22209 ͑2009͒.

FIG. 3

 3 FIG. 3. online͒ Typical variation in a stoichiometriccrystal in open-circuit configuration. Total birefringence variation ␦⌬n ͑black squares͒, thermo-optic contribution ␦⌬n to ͑red circles͒, and pyroelectric contribution ␦⌬n py ͑blue triangles͒.

TABLE I .

 I Measured values of the unclamped pyroelectric coefficient p at 25 °C. The uncertainty is 12%.

		p
	Sample	͑ϫ10 -5 C / m 2 K͒
	Congruent	Ϫ10.39
	Stoichiometric	Ϫ9.32
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