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1. INTRODUCTION

The pyroelectric effect is one of the oldest known
physical effects [1]. The pyroelectric effect is observed
in crystals (or textures) belonging to one of ten polar
crystallographic point symmetry groups or three limit�
ing groups. The limiting symmetry groups include the
symmetry groups of static and rotating (right and left)
cones. The symmetry conditions for observation of the
pyroelectric effect are necessary but not sufficient
conditions. For example, the pyroelectric effect is
practically impossible in solids with a high electrical
conductivity (e.g., in substances with metal�type con�
ductivity even if they have a polar symmetry group).
The detection of the pyroelectric effect can be prob�
lematic for Ps(T) ≈ const in a certain temperature
interval, where Ps(T) is the spontaneous polarization
as a function of temperature. It is well known that the
pyroelectric effect has a much lower sensitivity and
detectivity as compared to effects based on the gener�
ation of electron–hole pairs. For instance, the current
sensitivity of a silicon�based photodetector in the visi�
ble range is usually about 1 A/W and its detectivity
D* = 1 × 1013 cm Hz1/2 W–1 (λ = 1 μm, T = 300 K).
At the same time, the maximal current sensitivity for
lanthanum�modified lead zirconate titanate (PZT),
which is one of the best pyroelectrics, does not exceed
50 μA/W, and the maximal detectivity is 6.4 × 108 cm
Hz1/2 W–1 [1]. However, pyroelectric detectors have a
considerable advantage over photodetectors. The
main merit of pyroelectric detectors is a wide spectral
interval of sensitivity. The spectral sensitivity per unit

incident power in pyroelectric detectors depends only
on the radiant emittance of the detecting surface,
which can be close to the blackbody emittance (i.e.,
close to unity in a wide spectral interval from the visi�
ble to the far infrared ranges) [2, 3]. In addition, the
pyroelectric signal is proportional to the rate of tem�
perature variation, which can be higher than the space
charge relaxation rate. Thus, detectors based on the
pyroelectric effect can detect optical signals in the
spectral range inaccessible to contemporary photode�
tectors. The speed characteristics of pyroelectric
detectors are also worth noting because such detectors
can record rapid processes with a duration on the
order of 100 ps [4].

Pyroelectric detectors are mainly used in the so�
called longitudinal geometry, in which the Poynting
vector of the electromagnetic energy being detected is
parallel to the spontaneous polarization and perpen�
dicular to the detector electrodes. In this geometry, the
pyroelectric effect exhibits the highest voltage–power
sensitivity as compared to the transverse geometry, in
which the power flux being detected is perpendicular
to the spontaneous polarization [4]. Applications of
pyroelectrics for detecting pulsed gamma�radiation
are also of interest [5]. As a rule, the detection of a
short pulse requires a low capacitance of the sensitive
element, which is difficult to obtain using thin films.
The transverse geometry is preferable exactly for
detecting pulsed radiation, because a pickup with a
low capacitance and a large aperture can be obtained
in this geometry.
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It should also be noted that although the pyroelec�
tric effect has been studied comprehensively, new fea�
tures of its manifestation have been reported in recent
publications (e.g., passive enhancement of the effect
in a pyroelectric film formed on a thick substrate [2, 3]
and the nonlinear pyroelectric effect [6]). In the
former case, passive amplification of a sinusoidal sig�
nal as compared to the situation in a freely suspended
sample can be attained in a certain frequency interval.
The latter case corresponds to the possibility of using
the pyroelectric effect for converting the dissipated
thermal energy directly into electric energy [7].

In this study, we analyze the longitudinal and trans�
verse pyroelectric effects in the CS�1029 chiral ferro�
electric liquid crystal. In the transverse geometry or in
the geometry of freely suspended films, the pyroelec�
tric effect has hardly been investigated at all [8]. An
important motivation for studying the pyroelectric
effect in this geometry is that freely suspended films
have no contact with solid substrates. It is well known
that massive substrates considerably reduce the
threshold sensitivity and signal�to�noise ratio of pyro�
electric pickups [9]. We will demonstrate here that it is
possible in principle to detect a pyroelectric signal in a
freely suspended ferroelectric liquid�crystal film, and
we will give the comparative characteristics of the
pyroelectric effect in the two geometries.

2. EXPERIMENTAL

2.1. Preparation of Samples and Liquid�Crystal Cells

The ferroelectric liquid crystal used in our experi�
ments was a CS�1029 (Chisso corporation) optically
active smectic liquid crystal. This liquid�crystal mix�
ture contains chiral molecules in the tilted smectic
phase C*, exhibiting spontaneous polarization per�
pendicular to the liquid�crystal director (directed

along the smectic layer) in accordance with symmetry
considerations [10]. The CS�1029 liquid�crystal mix�
ture is characterized by the following sequence of
phases: Cr (–18°C) SmC* (73°C) SmA* (85°C) N*
(95°C) I* with a spiral pitch ρ(25°C) = 2 μm, angle of
inclination θ(25°C) = 25° of molecules to smectic lay�
ers, and spontaneous polarization Ps(25°C) =
⎯41.6 nC/cm2. The minus sign of the spontaneous
polarization corresponds to the adopted convection
[11]. In this case, normal hz to the smectic plane,
director n of the liquid crystal, and spontaneous polar�
ization P form a left triple of vectors. Permittivity ε|| =
2.9 and ε⊥ = 22.2 at a frequency of 1 kHz and a tem�
perature of 40°C were measured in [12] using com�
mercial (EHC) cells. To intensify bulk absorption of
radiation, a small amount of D55* azo dye with the
chemical formula shown in Fig. 1 was added to the liq�
uid crystal. The D55* azo dye is a monotropic chiral
nematic liquid crystal with the following sequence of
phases: Cr (105°C) I* (104°C) N* (64°C) Cr. The data
were obtained from observation of textures in a polar�
ization microscope and using differential scanning
calorimetry. It should be noted that the temperature of
the transition to the monotropic nematic phase for
D55* had no fixed value and depended on the previous
history and rate of cooling of the sample. The optical
activity of D55* dye was found to be low. For example,
we failed to induce a characteristic cholesteric struc�
ture in the 5CB nematic liquid crystal even when high
concentrations of the chiral impurity (c = 3.1%, d =
10 μm) were used [13]. One of the features of this type
of compounds is the possibility of their existence in
two isomeric states (trans and cis). Trans�isomers are
more stable. The absorption spectrum of precisely this
geometrical isomer is shown in Fig. 2. In our experi�
ment, we used two different geometries (longitudinal
and transverse). In the longitudinal geometry, com�
mercial sandwich cells (EHCs) 10 μm in thickness

NOCH2C2H5C*H

CH3 N

O
C*

CH3

HC2H5

NOCH2C2H5C*H

CH3 N O C*HC2H5

CH3

D55*

cis

trans

Fig. 1. Chemical formula of D55* mesogenic chiral azo dye. Geometrical trans� and cis�isomers of azo dye are shown.
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Fig. 2. Spectral density s of radiation power from a tung�
sten lamp (T = 2700°C, P = 100 W) (curve 1) and spectral
density of the radiation power absorbed in a freely sus�
pended film containing 1% (by weight) of D55* dye
(curve 2). The inset shows optical density D of the freely
suspended CS�1029 + 1%D55* film.

were used as a liquid�crystal cell. The inner surfaces
of the cells were treated with polyimide, inducing the
planar orientation of the liquid crystal. The CS�1029
liquid crystal in the isotropic phase was pulled into
the cell by capillary forces. Then the liquid crystal
was cooled to the ferroelectric phase and transformed
into a single�domain crystal by alternating high�fre�
quency electric field. When the pyroelectric effect
was studied in the transverse geometry, freely sus�
pended liquid�crystal films were used. The films were
obtained by “smearing” a small portion of the ferro�
electric liquid crystal with a pallet over a slotlike
aperture (1 × 10 mm). To increase bulk absorption,
D55* dye (1%) was added. The edges of the rectan�
gular slotlike aperture simultaneously served as elec�
trodes. An electric field was applied to the electrodes
(blades of razors). The pyroelectric current or voltage
was removed from the same electrodes.

2.2. AC Pyroelectric Measurements

Figure 3 shows a block diagram of the setup for
studying the pyroelectric effect. The pyroelectric con�
stant was measured using the Czochralski dynamic
method [14]. The cells were placed into the thermo�
stabilized chamber (±1°C). The temperature was mea�
sured by a copper–constantan thermocouple to within
1°C. In the modulation technique used here, a semi�
conductor laser (λ = 850 nm, P = 40 mW) was used for
periodic heating of the pyroelectric material. The laser
modulation frequency f varied from 0.001 Hz to
250 kHz. The pyroelectric effect in the freely sus�
pended film was investigated using a tungsten incan�
descent lamp (P = 100 W); approximately 2% of the
electric power corresponded to the visible range. Laser
radiation was modulated using the transistor–transis�

tor logic (TTL) microchip. Radiation from the incan�
descent lamp focused by a lens was modulated by a
mechanical chopper as shown in Fig. 4.

The maximum modulation frequency of the chop�
per did not exceed 500 Hz. The power of transmitted
and reflected radiation was measured by FD�7K sili�
con photodetectors with a large aperture. In our
experiment, modulated radiation heated the ferro�
electric liquid crystal either due to heat transfer from
the ITO electrode absorbing radiation (in the EHC
dell) or as a result of bulk absorption by the dye dis�
solved in the smectic liquid crystal (freely suspended
film). Pyroelectric voltage Up proportional to the
pyroelectric constant was removed from the load resis�
tors with Rload = 1 and 10 MΩ. In this case, we used the
EG&G7260 synchronous detector in the voltage�
measuring regime. The pyroelectric current ip was
measured directly in the current�measuring regime,
but in a much narrower frequency range 0.001 Hz–
50 kHz (3 dB at 50 kHz):

(1)

where γ = dPs/dt is the pyroelectric constant, Re =
RloadRi/(Rload + Ri), Ri is the input resistance of the
synchronous amplifier, Rload is the load resistance, Up

is the pyroelectric voltage, and T is the temperature.
An important factor in the modulation method is
independence of the heating rate of temperature,
which is observed to a high degree of accuracy as a
rule.

The absorption spectrum was measured by an
HP�8452A spectrophotometer based on a silicon
photodiode matrix consisting of 512 photodetectors.

3. EXPERIMENT AND DISCUSSION
OF RESULTS

3.1. EHC Cell

Figure 5 schematically shows the equilibrium ori�
entations of the c director under the action of a dc
electric field EBL and EITO (c ⊥ EBL and c ⊥ EITO) as
in a freely suspended film and EHC cell. The direc�
tion of the field for the EHC cell is shown by the
dashed arrow.

In the experiment with the EHC cell with CS�
1029, constant bias voltage Ub = 5 V was applied
simultaneously with periodic heating. In this way, we
obtained the temperature dependence of pyroelec�
tric constant γ and spontaneous polarization Ps
(Fig. 6). The spontaneous polarization was calcu�
lated by integrating the pyroelectric constant with
respect to temperature. The pyroelectric constant
was calibrated by equating the area under the γ(T)
curve to the spontaneous polarization measured at a
fixed temperature. Spontaneous polarization Ps was
determined by measuring the switching current
using two alternative methods of applying external

ip
Up

Re

�����
dPs

dt
������ γ

dT
dt
�����,= = =
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electric field E in the form of bipolar pulses: (i) of
rectangular shape (Merz technique) or (ii) triangular
shape technique [15, 16].

In the case of a second�order transition from SmA
to SmC* at point T = 73°C, spontaneous polarization
was zero, while Ps(25°C) = –41.5 nC/cm2. The tem�
perature of the SmA–SmC* transition was obtained
from an analysis of the pyroelectric response. The
gauge factor k that can be used for obtaining numerical

values of the pyroelectric constant for CS�1029 is
given in this case by

(2)

where ip is the experimentally measured pyroelectric
current as a function of temperature. In a more rigor�
ous analysis, we must also take into account the tem�
perature dependences of cp and ρ, where cp and ρ are

k Ps T 25°C= ip T.d

25°C

73°C

∫=

TL SH L

SL

S

O

FG

PD

LR

DO

LA

PC

Fig. 3. Block diagram of the experimental setup for studying the pyroelectric effect: TL—incandescent lamp; SH—shutter;
SL—semiconductor laser; S—commercial liquid�crystal cell with CS�1029 or freely suspended film; O—heater with a thermo�
stabilizer; FG—ac generator (with possible application of constant bias voltage); PH—photomultiplier; LR—load; DO—dig�
ital oscilloscope; LA—E&G7260 synchronous detector; PC—computer.

E

2

4

ΔPs

5

3

1

b

a1

3

7

6 10 MΩ

Fig. 4. Setup for analyzing the transverse pyroelectric effect
in geometry of freely suspended films: (1) CS�1029 +
1%D55*; (2) meniscus of a freely suspended film;
(3) metal electrodes (razor blades); (4) movable mylar bar�
riers; (5) shutter; (6) load resistor of 10 MΩ; (7) synchro�
nous detector; E is the static electric field; ΔPs is the incre�
ment of spontaneous polarization upon a change in tem�
perature by ΔT; a = 1 mm, b = 10 mm.
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Fig. 5. Diagram explaining the orientation of the c director
in a freely suspended film in electric field EBL in the gap
between two planar electrodes (razor blades). In the EHC
cell, the director is oriented by field RITO (dashed arrow);
hz is the direction of the spiral axis; BL are planar elec�
trodes (razor blades), ITO are electrodes of the EHC cell.
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the specific heat at constant pressure and the density of
the liquid crystal, respectively. In some cases, a correc�
tion for the bolometric and flexoelectric effects is
introduced [14, 17]. It should be noted that the tem�
perature dependences of cp, ρ, and ε can be significant,
but only in the immediate vicinity of the phase transi�
tion. According to [17], the flexoelectric contribution
becomes noticeable only for small spiral pitches
(h < 1 μm) and can be disregarded in our case.

It is worth noting that the maximal value of the
pyroelectric constant of CS�1029 (approximately
6 nC/(cm2 K)) was comparable with that for familiar
organic pyroelectrics such as tetra�aminodiphenyl,
PVDF, and PVDF�TFE copolymer [18]. Figure 7
shows the frequency dependence of the pyroelectric
voltage across the EHC cell. The inset to this figure
shows the frequency dependence of the modulus of the
pyroelectric signal from CS�1029 in the EHC cell,
normalized to its maximal value (curve 1). The pyro�
electric voltage in this case was measured across the
load resistor Rload = 1 MΩ, Rload > Rin, where Rin is the
input resistance of the synchronous detector. An anal�
ogous dependence for the well�known organic pyro�
electric guanidine nitrate [19] is shown for comparison
(curve 2). In the case of guanidine, the modulus of the
pyroelectric current was measured; i.e., the synchro�
nous detector was used in the current�measuring
regime. Curve 3 reproduces the characteristic of the
low�frequency filter of the EG&G7260 synchronous
detector. The low�frequency branches of curves 1 and
2 describing the pyroelectric response have the univer�
sal form f 1/2 following from the solution to the heat�
conduction equation with the corresponding bound�
ary conditions [19, 20]. The pyroelectric current in the
high�frequency range is independent of frequency [2–
4, 20], which is confirmed by the plateau on curve 2.
The plateau on curve 1 is not exhibited due to the large
time constant of the electric circuit: Rload = 1 MΩ, C =
0.3 nF, and γ = 0.3 ms. The high�frequency descent on
all three curves is determined by the input circuits of
the measuring electronic devices.

In the classical work by Chynoweth [14], the equiv�
alence of hysteretic curves γ(E) and Ps(E) is demon�
strated for barium titanate as an example. Both
descriptions are also equivalent for a ferroelectric liq�
uid crystal under certain conditions [21]. For a ferro�
electric freely suspended film, we have

(3)

(4)

where N is the number of molecules in the crystal, V is
the crystal volume, ϕ is the azimuthal angle of orienta�
tion of the c director, and μ is the average dipole
moment per molecule (μ ~ θ, where θ is the zenithal
angle of the director). It follows hence that the ratio of
spontaneous polarization to the pyroelectric constant

Ps
N
V
���μ ϕcos〈 〉 ,=

γ
N
V
���dμ

dT
����� ϕcos〈 〉 ,=

at a given temperature is constant. In this case, we can
disregard the derivative d〈cosϕ〉/dT in view of the weak
temperature dependence of the elastic constants,
binding energy with the substrate, and dielectric con�
stants far from the phase�transition temperature. It
cannot be ruled out that this derivative can be appre�
ciable at the film periphery in the vicinity of the
meniscus occupying a much smaller area than the area
of a uniformly oriented region of the film. It is pre�
cisely due to the geometrical smallness of the transi�
tion region of the film that we can disregard its effect
on the pyroelectric current being measured. In this
case, the temperature dependence of spontaneous
polarization is determined by zenith angle θ(T) alone.
In this approximation, the hysteresis loop is γ(E)
(E ~ Ub). Figure 8 describes the Ps(E) dependence for
CS�1029 both qualitatively and quantitatively. The
table gives the characteristic point of hysteresis curve
Ps(Ub), viz., Esat, Ec, Pr, and densities of energy s
released upon path�tracing of the hysteresis loop.

3.2. Freely Suspended Film

The transverse pyroelectric effect in a freely sus�
pended CS�1029 film with the D55* dye was studied
on the setup depicted in Fig. 4. Freely suspended
films were formed in the SmA phase (T = 80°C) fol�
lowed by cooling to room temperature. The films
were prepared using the minimum amount of LC to
reduce the effect of the meniscus on the pyroelectric
signal being measured. The homogeneity of the film
was monitored visually. The film thickness d ≈
0.2 μm was determined by the Sirota method [22]
(i.e., from interference colors). To form the single�
domain structure, a constant electric field of about
5 × 102 V/cm, which oriented spontaneous polariza�
tion in the field direction, was applied to the ferro�
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Fig. 6. Pyroelectric constant γ and spontaneous polariza�
tion Ps of the CS�1029 ferroelectric liquid crystal as a func�
tion of temperature. Bias voltage Ub = 5 V. The modulation
frequency of the semiconductor laser producing the tem�
perature gradient in the liquid crystal is f = 1320 Hz. The
rate of temperature variation in the heater is 1°C/s.
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electric LC. The reference voltage was tuned to the
light beam interruption frequency. The pyroelectric
voltage or pyroelectric current was measured by the
synchronous detector on the first harmonic of the
reference signal. An admissible signal�to�noise ratio
was attained for an integration constant of τ ≈
10 min. The film was illuminated by the periodically
interrupted luminous flux from the incandescent
lamp with the light beam direction perpendicular to
the electric field. The sample was thoroughly
screened from stray electric currents. The pyroelec�
tric voltage was measured on a resistance of Rload =
10 MΩ. Figure 2 shows spectral density of radiation
from a Planck source (tungsten lamp) and the spec�
tral density of the absorbed radiation power calcu�
lated taking into account the absorption spectrum of
the film. As a result, we calculated the radiation
power absorbed by the film taking into account the
lens aperture and the diameter of the light spot
focused on the film. In these conditions, the
absorbed radiation power was P = 2 μW (or 200 μW
if we disregard the corrections for the lens aperture
and the area of the film).

Figure 9 shows the typical temperature depen�
dences of the pyroelectric voltage for two fixed fre�
quencies of light beam interruption. It should be noted
that the singularity of the pyroelectric response near
the phase�transition point was accompanied by elec�
trohydrodynamic instability in the film, which deteri�
orated the signal�to�noise ratio.

Figure 10 shows the dependence of Ps on the
applied voltage. It turns out that in the absence of the
effect of confining surfaces, the shape of the hysteretic
curve is close to that for an ideal “helielectric” [23].
The finite values of the area bounded by the hysteresis
loop and of the coercive force were apparently deter�

mined by the edge effect (i.e., the influence of the
meniscus of the film bordering with solid surfaces).
The pyroelectric current at the peak of the signal was
0.42 pA at a frequency of 100 Hz. With allowance for the
absorbed power, the ampere–watt sensitivity of the film
is 0.2 μA/W. It should be noted that the current sensitiv�
ity typical of organic pyroelectric normally does not
exceed 1 μA/W [19]. For comparison, the table gives the
values of the characteristic points of the hysteresis loop.
These data lead to the following relations:

(5)

Ec
EHC
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Fig. 7. Pyroelectric voltage Up as a function of frequency of
CS�1029 in the EHC cell. The inset shows the modulus of
the pyroelectric signal normalized to its maximal value as
a function of frequency for CS�1029 in the EHC cell (d =
10 μm, Ub = 9 V, T = 25°C) (curve 1) and for guanidine
nitrate (curve 2). Curve 3 describes the transmission for the
low�frequency filter of synchronous detector EG&G7260
(3 dB for 50 kHz).

Fig. 8. Ferroelectric hysteresis loop for CS�1029 in the
EHC cell in the Ub vs. Ps coordinates; T = 25°C, d =
10 μm, f = 6030 Hz.
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Thus, although the residual polarization for the
transverse pyroelectric effect is considerably smaller
than for the longitudinal effect, the energy gain after
path�tracing of the hysteresis loop is significant (by
40 times); this can be interesting for the application of
ferroelectric films in nonvolatile storage devices.

4. CONCLUSIONS

It has been shown experimentally that switching of
spontaneous polarization in a chiral ferroelectric liq�
uid crystal, which is detected in the transverse geome�
try using the pyroelectric effect, occurs under milder
conditions than in the longitudinal geometry. Since a
polarization state does not decay during information
read�out with the help of the pyroelectric effect, and a
record small amount of energy is required to change
the direction of polarization, the effect of bistability in
a ferroelectric liquid crystal in the transverse geometry
can find application in nonvolatile storage devices
[23].

It should also be noted that in the well�known
Clark–Lagerwall effect, the physical reason for bista�
bility in ferroelectric liquid crystals is the change in
orientation of the director on the bounding surfaces

[24]. It is due to the reorientation of the director on the
surface of the polymer film coating the electrodes that
specific energy losses appear upon path�tracing of the
hysteresis loop. In the case of a high binding energy,
the hysteresis loop in the E vs. γ (or E vs. Ps) coordi�
nates degenerates into a line. Analogous behavior was
observed in [25] in an analysis of the pyroelectric effect
in the polar phase (Sm ) of classical antiferroelec�
tric MHPOBC liquid crystal (4�(1�methylheptyl�oxy�
carbonylphenyl)4'�actylbuphenyl�4�carboxylate).

An alternative mechanism explaining the experi�
mental results can also be associated with switching of
bulk polar (probably, metastable) configurations of the
c director. The question about the existence of bista�
bility in freely suspended films in the case of an infi�
nitely high binding energy remains unanswered. On
the other hand, bistable optical effects were observed
in chiral nematic liquid crystals in the case of a high
binding energy with the substrate as well. For example,
the conditions in which the lifetime of switchable
states is sufficient for observation of the bistability
effect in real time were formulated in [26, 27].
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