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ABSTRACT

Lithium niobate (LiNbOs3) single crystal is one of the pyroelectric materials, which can be applicable in
energy storage and conversion devices. Theoretical and experimental study of the sinusoidal temperature
variation of a single crystal of LiNbOs with ultra-low frequency of 1-80 mHz is presented here. The
previously unreported phenomenon of the optimal frequency range with maximum amplitude of
pyroelectric current oscillations is shown. It is noted that the observed effect is very sensitive to the thermal
properties of the material. The impact of thermal properties of the crystal on the optimal frequency range
are discussed. The accurate calculations of the pyroelectric coefficient using sinusoidal temperature
variation are introduced. The observed phenomenon can be applied in pyroelectric energy converters and
storage devices having a cycle time of 10-1000 s.

I. INTRODUCTION

The pyroelectric effect allows to generate electricity changing the temperature of pyroelectric
materials®. This phenomenon makes it possible to design devices for energy conversion and storage?2, as
well as to propose low-power electric generators for several applications, which have become popular in
the past years**3. Another remarkable aspect is the ability to generate a high electric field in vacuum®.
This phenomenon allows us to generate electrons®™!®, positive ions'’, X-ray photons!®!® and even
neutrons?®2!, The concepts of a pyroelectric accelerator?® and a deflector of charged particle beams?? have
been developed. These diverse applications of pyroelectricity maintain a strong research interest in the
phenomenon discovered quite a long time ago?.

The pyroelectric effect manifests in various forms of materials. For instance, it exhibits in 3D single
crystals®>?8, ceramics?’-2%, composites®, polymers®-23 and in 2D thin films3*3>. However, pyroelectricity
is the most pronounced in single-domain bulk single crystals, at which the value of the pyroelectric
coefficient is the highest compared to the other states of the same material?®. One of the most widely used
pyroelectric materials is lithium niobate (LiNbOs, LN), which also exhibits both piezoelectric and
ferroelectric properties®. The pyroelectric coefficient of LiNbO3 varies in the range of 4 — 10 x 107°
C/(m?-°C)%"38 which is very attractive for possible practical applications, such as infrared detectors®,
electro-optical devices*, charged particle beam control?®, particle generatorst’*® etc.

The way of temperature change of a pyroelectric material largely determines the electric response. In
particular, selection of temperature change rate might sharply increase the X-ray photon yield*'. Sinusoidal
temperature variation*?* is a promising regime. This way has proved to be an excellent opportunity to
accurately determine the pyroelectric coefficient for samples with a thickness of less than 1 mm at ultra-
low oscillation frequencies (tens and hundreds of mHz)**4>. The oscillations with a higher frequency (of
the order of 1 kHz) excited in thin films are considered to be efficient energy converters*. However, still
there is no complete understanding of the pyroelectric effect operation for different oscillation parameters
and pyroelectric sample geometries.

This paper provides new information about peculiarities of the pyroelectric response to the
temperature variation of lithium niobate in the range of a few to tens of mHz. In particular, it is shown that
there are maxima of the amplitudes of both the pyroelectric current oscillations and temperature change
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rate. This fact is in good agreement with the classical definition of pyroelectricity and the theory of heat
transfer in matter. Nevertheless, previously experimental verification has never been clearly reported. The
influence of the thickness and thermal properties of the LN sample on the position of the maximum will
be discussed. The ability to accurately determine the pyroelectric coefficient using sinusoidal temperature
variation is shown for thicker samples (10 mm). The position of the maximum amplitude of the
pyroelectric current can be adjusted. This fact can be useful for the alternating current energy conversion
devices.

II. THEORETICAL BACKGROUND
The sinusoidal temperature variation of a pyroelectric sample can be expressed by the following
equation:
T(t) = Ty, + T; sin(2mvt) (1)

where T, is the initial temperature of the sample, T; is the amplitude of temperature oscillations, v is the
frequency. The pyroelectric current is the amount of charge propagated in the closed circuit per unit time
during the temperature change. This parameter can be measured by a current meter connected to the circuit.
The pyroelectric current can be defined as:

N dT(D)
i(t) =pA—=(2)

where p is the pyroelectric coefficient of the sample, A is the area of the polar surface. For sinusoidal
temperature variation, the pyroelectric current can be written as:

i(t) = pAT,2mv cos(2mvt) (3)
Accordingly, the value of amplitude of the pyroelectric current oscillations i, is defined as:
iqo = pAT;2mv (4)
From Eqgs. (1) and (3) the phase difference between the temperature and the pyroelectric current
oscillations is 7t/2. The relationship between both types of oscillation is illustrated in Figure 1. The heating
phase of the pyroelectric sample (red area) or cooling phase (blue area) corresponds to a certain current

polarity determined by the direction of the spontaneous polarization vector. This behaviour is defined by
the classical description of the pyroelectric effect!.
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Figure 1. Oscillations of the pyroelectric current (black curve) and temperature of the pyroelectric
sample (blue curve) during sinusoidal temperature variation. The red area corresponds to the heating
phase, the blue area — to the cooling phase.



The thermal flux can be described by the heat balance equation for a short time interval dt for a thin
layer of the sample with a thickness dx. Neglecting the heat loss from the side surfaces*’#:

oT(x,t) _
at

92T (x,t)
a 0x? (5)'

where a is the thermal diffusivity of the sample, which characterizes the rate of heat transfer and can be
defined as:

a= k/CV (6),

where k is the thermal conductivity, C, is the volumetric heat capacity. The solution of Eq. (5) can be
represented as T'(x,t) = T, + 0(x,t), where 6(x, t) is the temperature increment as a result of the heat
flux. The 6(x, t) maximum is equal to the temperature oscillation amplitude T;. A particular solution of
Eq. (5) is a thermal wave propagating in the pyroelectric sample:

0(x,t) = Ty exp[—(mv/a)/?x| cos[2mvt — (mv/a) /?x] (7)

In analogy with Eq. (3) the amplitude of the pyroelectric current oscillations, i,, from Eq. (4) is
proportional to the following expression:

ig o 2VpATy exp[—(mv/a)Y?x] cos[2nvt — (mv/a)*/?x] (8)

Egs. (7) and (8) enable us to consider the dependence of the pyroelectric current amplitude at the t =
m and the temperature amplitude at t = /2 (when the corresponding amplitudes are maximal, see Fig. 1)
and for the sample thicknesses of x = 1,2,4,10 mm. The calculated dependencies are presented in Fig.
2. The amplitude of temperature oscillations decreases monotonically. An increase in the sample thickness
leads to a steeper drop, which can be explained by the influence of the exponential factor in Eq. (7). The
amplitude of the pyroelectric current has a maximum appearing due to the superposition of a linear
dependence of the pyroelectric current amplitude on frequency and the exponential decay in the
temperature oscillation amplitude in Eq. (8). The position of the maximum is determined by the LN
sample. A smaller thickness contributes to the weakening of the exponential decay and the optimal
frequency shifts upwards. In addition, the maximum of the pyroelectric current has a larger amplitude at
a smaller sample thickness. Also, it should be noted that the position of the maximum is very sensitive to
the thermal diffusivity, which was taken from Ref. 49 for an optically transparent lithium niobate produced
by Crystal Technology and is equal to a = 1.4 x 10~® m?/s. An increase of thermal diffusivity means an
increase of thermal conductivity. Therefore, the pyroelectric current maximum shifts towards higher
frequencies with an increase in thermal diffusivity as well. As a result, the presence of a frequency
dependence with a maximum amplitude of the pyroelectric current during the sinusoidal temperature
variation is predicted theoretically, however it has never been observed experimentally. Note that T, has
no effect on the presented dependences.
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Figure 2. Theoretical dependences of the amplitudes of the temperature oscillations (left, black) and the
pyroelectric current (right, red) on frequency.

I1l. EXPERIMENTAL SETUP

The scheme of the experimental setup is illustrated in Fig. 3. The assembly consisting of LiNbO3
(LN) crystal, a Peltier element (PE) and a radiator (H) attached to a the bottom surface of the Peltier
element was installed inside a metal chamber (C). The Z-surfaces (top and bottom of the LN sample) were
covered with aluminium electrodes (E) to ensure a complete charge collection from both surfaces and to
close the circuit for measuring the pyroelectric current oscillations using the Keithley 6485 picoammeter
(PA). The dimensions of the electrodes were 2 mm wider than the dimensions of the crystal surface. To
change the temperature according to Eq. (1) a signal waveform generator (RIGOL DG1062, WG) was
used as a power source for the Peltier element. The temperature distribution along the side surfaces of the
crystal was contactlessly measured using the FLIR E8 infra-red camera (IC).

A single crystal of lithium niobate (Crystal Technology Inc.) with Z-orientation and different
thicknesses of 1, 2, 4, and 10 mm were used in the experiment. The dimensions of Z-surfaces for each
sample were 20x20 mm. The Z-surfaces of each sample were polished to a high gloss and showed no
visible damage. The LN sample was exposed to low-frequency sinusoidal temperature variation. The
minimum variation frequency was 1 mHz. The maximum frequency was determined by the minimum
distinguishable temperature variation amplitude (0.25 C). For a sample of 1 mm, the maximum frequency
was 80 mHz. With increasing thickness, this value decreased. In each measurement, the power supply
parameters of the Peltier element were the same, i.e., the sample was excited by the same thermal regime.
T, was in the range of 24.5-26 °C in all measurement sets.
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Figure 3. Scheme of the experiment. LN - lithium niobate crystal, PE - Peltier element, E - metal
electrodes attached to the polar LN surface, H - radiator, C - metal chamber, IC - infrared camera, WG -
waveform generator, PA - picoammeter.

IV. RESULTS AND DISCUSSION

The experimentally obtained amplitudes of temperature and pyroelectric current oscillations as a
function of the frequency are shown in Figure 4. The amplitude of temperature oscillations goes down
monotonically due to a decrease in the total duration of thermal exposure. We expected the amplitude of
temperature oscillations decrease slower, as shown in Fig. 2. However, the shape of the curves is close to
an exponential decay. It can be caused by heat losses through side surfaces, which are not taken into
account in calculations. The increase in thickness leads to greater impact. A wide maximum of the
pyroelectric current amplitude is observed, as predicted by the theoretical calculation. The maximum shifts
towards higher frequencies for thinner crystals, as it is noted above. The results are summarized in Table
1. At the same time, it is worth noting that the position of the maximum and the shape of the pyroelectric
current curve are also quite different from the theoretical calculation.
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Figure 4. Experimentally obtained amplitudes of temperature oscillations (left, black) and pyroelectric
current oscillations (right, red) versus frequency for lithium niobate samples with different thicknesses.

Table 1. Position of the maximum amplitude of the pyroelectric current oscillations for lithium niobate
samples with different thickness.

Sample thickness (mm) Position of the Position of the Position of the
maximum amplitude, maximum maximum
experiment (mHz) amplitude, amplitude,
calculation (mHz), | calculation (mHz),
a=14x%x10"° a=1.0x10"7
m?/s m?/s
1 1442 42 12
2 12+2 40 11
4 8+2 32 9
10 6+1 16 6

The value of the thermal diffusivity a has a strong influence on the shape of the frequency dependence.
Figure 5 presents a comparison of the obtained experimental data for the sample of 1 mm with a theoretical
calculation at a = 1.4 x 107® m?/s from Ref 49 and with a selected value of a = 1.0 x 1077 m?%/s. A
significant decrease in the thermal diffusivity (by a factor of 14) makes it possible to qualitatively
reproduce experimental dependence by theoretical calculations for samples with smaller thickness. The
values of the thermal diffusivity for our samples are not available, but there are evidences of such low



values of a %°, which is determined by the conditions of the crystal growth. For other thicknesses, we
observe a similar picture, when the calculation agrees well with the experiment at the value of a = 0.9 —
1.3 x 10~7 m?/s. Hence, some disagreement between the experiment and the theoretical calculation may
be due to the lower value of the thermal diffusivity of used samples. Finally, we can state that experimental
dependences of temperature and pyroelectric current oscillations can be described theoretically from the
heat balance equation and the classical description of the pyroelectric effect.

The thermal diffusivity depends rather strongly on the sample temperature®. Fig. 4 in Ref. 49 shows the
dependence of the thermal diffusivity of lithium niobate on temperature. Now we can estimate the
contribution of thermal properties on optimal frequency range. Calculated optimal frequency dependence
(at which the amplitude of the pyroelectric current is maximal) on the thickness and temperature of the
sample is illustrated in Figure 6. This dependence does not include the change in the pyroelectric
coefficient with increase in temperature. Also, it is implied that the amplitude of temperature oscillation
is quite small (as in our experiment), that we can exclude the impact the change of pyroelectric coefficient
during oscillations. The optimal frequency goes down with an increase in temperature. However, above
200 °C this change is already insignificant and the position of the optimal frequency can be considered to
be constant. At room temperatures, this effect can lead to smearing and shifting the optimal frequency. It
is apparent that thinner samples are more preferable due to even weaker dependence. For example, the
optimal frequencies for 1- and 2-mm thick samples are very close for all temperatures.

n
(=}

@ experiment
1.6x10?

=
©
1

1.4x%10°

1.2x10°

CJ
1

calculation

a=1x107 mis & o) 1.0x10° ,-,:'

calculation, a=1x107m¥s ° «

Temperature oscillation amplitude (°C)
S

Current oscillation amplitude (A/cm?)

(=]

8.0x107° ' T T T T T v T
0 20 40 60 80

Frequency (mHz) Frequency (mHz)

Figure 5. Comparison of the experimental dependences of the amplitude of temperature oscillations and

pyroelectric current oscillations on frequency with the theoretical calculation at the value of the thermal

diffusivity a = 1.4 x 107° m?/s from Ref. 49 and at the selected value = 1.0 x 10~7 m?/s for a sample
of 1 mm thick.
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The temperature change rate can have a rather large effect on the manifestation of the pyroelectric effect*!.
Figure 7 presents the temperature change rate at the moment of the maximum amplitude of the pyroelectric
current (at this point, the temperature change rate should be maximal) for different variation frequencies
and the LN sample thickness. There is a certain correlation with the frequency dependence of the
pyroelectric current amplitude. In particular, the positions of the maxima of both dependencies coincide.
This is quite understandable, since the pyroelectric current and the temperature change rate are directly
proportional to each other®!, as it follows from Eq. (2). Thereby, the maximum temperature change rate
increases with the oscillation frequency up to a certain limit determined by the thermal constants of the
pyroelectric sample.

A sinusoidal temperature variation has been shown to be an excellent way to accurately determine the
pyroelectric coefficient**. Figure 8 illustrates the frequency dependence of the pyroelectric coefficient
calculated from the experiment for a sample with a thickness of 10 mm. The spread of the pyroelectric
coefficient obtained in all measurements does not exceed 7%. The average value within measurement
uncertainty is (7.67 £ 0.09) x 10~°> C/(m?x°C), which is fairly consistent with the passport value of
7.80 X 1075 C/(m?x°C).
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V. CONCLUSION
The pyroelectric response of a single crystal of lithium niobate to a sinusoidal temperature variation with
a frequency from a few to tens of mHz has been comprehensively studied. It has been shown that there is
a frequency maximum of the pyroelectric current oscillation amplitude. This maximum follows from the
solution of the heat balance equation and the definition of the pyroelectric effect. The position of
pyroelectric current amplitude maximum and shape of the dependence are determined by the thickness of
the pyroelectric sample and its thermal constants (thermal diffusivity). The maximum shifts towards higher
frequencies with a decrease in the thickness, which is consistent with the theoretical calculation. The
maximum temperature change rate also has a maximum that coincides with the amplitude of the
pyroelectric current.

Based on early work*® on measuring the temperature dependence of the thermal diffusivity, it is
expected that the optimal frequency range (at which the amplitude of the pyroelectric current is maximum)
should shift towards lower frequencies with an increase of the temperature. However, this effect is rarely
noticeable for samples of large thickness (about 10 mm) and at around ambient temperature. Note that our
work also confirms the possibility of accurate determination of the pyroelectric coefficient applying
sinusoidal temperature variation.

The discovered phenomenon of optimal frequency range with a maximum of pyroelectric current can
be useful for energy converters and storage devices having a cycle time of 10-1000 s. Selection of a sample
with a certain thickness and thermal diffusivity allows to reach more efficient conversion of heat into
electricity. A very curious continuation of this work would be to study the electron emission and the
electric field generation in the same way, i.e., sinusoidal temperature variation. It can be perspective in the
development of more efficient pyroelectric accelerators, as well as sources and deflectors of particle
beams. In conclusion, we note that the discussed effect shows a deep relationship between the thermal and
electrical properties of pyroelectric materials, as well as the need for a more careful control of the thermal
excitation process.
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