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Albrecht-Ludwigs-Universitä t Freiburg, Institut für Makromolekulare Chemie,
Sonnenstr. 5, 79104 Freiburg, Germany

(Received 27 July 1999; in � nal form 25 September 1999; accepted 16 October 1999 )

The pyroelectric response and the thermal properties of microtomized sections of ‘single-
crystalline’ ferroelectric liquid crystalline elastomers (FLCE) have been investigated. The
microtomized sections were manufactured in the thickness range from 20 to 100 mm. The
roughness of the surfaces due to the cutting process was investigated with an alpha-stepper
and found to be in the range of about 5 mm. The thermal di� usivity of the elastomer at di� erent
temperatures was determined by placing the sample on a pyroelectric substrate and measuring
the pyroelectric signal of the substrate under appropriate conditions. From the pyroelectric
current spectra, information about the spatial distribution of the polarization could be
deduced. It was found to be constant except in a range also about 5 mm near the surface.
From the combination of this result and that of the alpha-stepper measurements, the con-
clusion is drawn that the molecular orientation at the surface is destroyed due to the cutting
process. The magnitude of the spontaneous polarization was calculated from the pyroelectric
measurements at di� erent temperatures, making use of the thermal di� usivity values.

1. Introduction 2. Experimental
2.1. SampleIn ferroelectr ic liquid crystals, a spontaneous polarization

exists in each smectic layer, but usually no macroscopic The single crystalline ferroelectric LC elastomer is a
coelastomer with two di� erent chiral mesogenic sub-unitspolarization can be observed in the bulk state due to a

helical superstructure of the polarization vector from (see � gure 1 for molecular structures) attached, comb-
like, to a polysiloxane backbone. During the crosslinkinglayer to layer. Surface stabilized states are limited to very

thin samples. On the other hand in SmC* elastomers of the siloxane backbones, the polymeric LC sample is
subjected to two successive uniaxial deformations. The(see also [1–3]), the helical superstructure can be

unwound and a macroscopically uniform alignment can � rst deformation orients the mesogenic units and the
second one, performed at a special angle (90 ß -h) withbe obtained by applying mechanical � elds consistent

with the symmetry of the SmC* phase [4–6]. Elastomer respect to the � rst one, where h is the tilt angle of the
SmC* phase, orients the smectic layers uniformly [4–6].samples can be produced in sheets of several hundred

micrometers thickness. Thinner samples can be obtained This leads to a bookshelf geometry of the LC with a polar
axis normal to the sample sheet. Microtome cutting wasby microtome cutting of the original sheets. The investi-

gations presented here deal with the determination of performed parallel to the plane of the sheet. Therefore,
the sections have the same geometry as the original sheet.the macroscopic spontaneous polarization Ps of such

microtome cut elastomer sheets.

2.2. Experimental methods
Two experimental methods are commonly used to deter-*Author for correspondence;

e-mail: leister@physik.uni-leipzig.de mine the spontaneous polarization of a FLC material:
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290 N. Leister et al.

Figure 1. Molecular structure of the
system under investigation. The
LC elastomer has two di� erent
mesogenic subunits attached,
comblike, to a polysiloxane
backbone.

the triangular wave method [7] and pyroelectric investi- capacity of this material. Therefore a direct comparison
gations using the method introduced by Chynoweth [8]. of the pyroelectric current data for di� erent materials
In the triangular wave method, the polarization reversal may lead to errors.
current is detected when the sample is switched between The laser intensity modulation method (LIMM),
the two ferroelectric states of opposite polarization. In developed by Lang and Das-Gupta [14, 15] is a derivative
pyroelectric measurements, the change of the polarization of the method of Chynoweth. LIMM was developed
with temperature due to an induced time dependent mainly in order to obtain spatially resolved information
heating of the sample is analysed. about the origin of the pyrosignal inside the sample. On

Pyroelectric data are known to give a good repre- the other hand, if the thermal properties of the material
sentation of the relative temperature dependence of the are known, absolute values of the polarization can be
spontaneous polarization. On the other hand it is also calculated from the LIMM data.
known that it is di� cult to obtain absolute values of Ps In the present paper, thermal di� usivity and LIMM
from these measurements, because in general the magni- measurements on microtome cut elastomer samples in
tude of the temperature change DT inside the sample, the thickness range from 20 to 100 mm are combined.
caused by heating, is unknown (see for example [9–11]). In this way, one can elucidate whether the mechanical
Therefore, both methods are often combined: triangular orientation of the LC is homogeneous or varies with the
wave measurements are made at only a few temperatures depth into the sample. Furthermore, for the � rst time
and the results are used to calibrate the Ps (T ) data absolute values of the spontaneous polarization and its
obtained from the pyroelectric measurements. temperature dependence for this material can be given.

For crosslinked elastomer samples however, the use
of the triangular wave method is often inapplicable

2.2.1. Pyroelectric measurementsbecause elastomers with a high crosslinking density are
The principle of the LIMM measurements [14, 16, 17]not switchable, and even in elastomers with low cross-

is as follows. The sample is placed between non-transpar entlinking densities, the long switching times do not allow
metal electrodes that are vacuum deposited on a 2.5 mmdetermination of Ps from these measurements [12]. The
thick Mylar foil. One electrode is irradiated by anpolarization has to be determined from pyroelectric
intensity-modulated laser beam. The light absorption atdata alone.
the electrode leads to a corresponding modulated heatSome authors [13] propose the following procedure
generation. The penetration depth of the resulting heatto calibrate their data. Pyroelectric measurements are
wave depends on the modulation frequency f . For smallperformed on a di� erent material for which the absolute
frequencies, the whole sample is heated almost homo-value of the polarization is known. The relative magni-
geneously, and for high frequencies, the range of the heattude of the pyroelectric current values for the material
modulation is concentrated near the irradiated surface.under investigation and the reference material are com-
A temperature-induced change of the polarization insidepared. However, it has to be noted that the temperature
the sample induces charges on the electrodes. Phasechange in a material due to a given amount of heat

is proportional to the density and to the speci� c heat sensitive detection (lock-in ampli� er) of the resulting
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291Pyroelectric response of FL C elastomers

pyrocurrent is performed for di� erent modulation fre- are the heat transfer coe� cients at the front and rear
side of the sample, respectively.quencies. At each frequency, only the dipoles in the

penetration range of the heat wave (approx. ~ f Õ 1 /2 ) The experimental set-up used here has already been
contribute to the current signal. Information about the described in detail [16, 18]. The sample geometry is
spatial origin of the pyrosignal can then be obtained by shown in � gure 2.
numerical deconvolution of the current spectrum by use The pyroelectric spectra (Ip as function of the modu-
of the regularization method given in [16]. lation frequency) of the elastomer samples are recorded

The pyroelectric current Ip at a � xed modulation at 22 ß C (room temperature) and in the temperature
frequency f = v/2p can be written as range from 30 to 85 ß C in steps of 5 K (accuracy Ô 0.3 K).

Ip (v)= iv
A

L P L

0

r(x)DT(v, x)dx, r(x)= g(x)+bE(x)
2.2.2. T hermal di� usivity measurements

According to equation (2), DT(v, x) depends on two
(1 )

thermal quantities of the material investigated, the thermal
conductivity k and the thermal di� usivity x. In principle,where A is the electrode area, L the sample thickness, x

the sample depth coordinate and DT(v, x) is the temper- both quantities can be determined from the pyroelectric
ature pro� le. r(x) has contributions from the pyroelectric current spectrum and from the pro� le r(x) which is
coe� cient g (x) = dPs /dT and from the internal electric obtained from the regularization method [19, 20]. In an
� eld E(x) caused by possible charge concentrations in iterative procedure, the residual between the measured
the sample (b is a material parameter dependent on current spectrum and the spectrum recalculated from
thermal expansion and dielectric properties) . However, the r (x) pro� le is minimized. However, in most cases
if no external electric � elds are applied, the mean value this data evaluation process is not very precise.
rm does not include charge contributions and thus is In the investigations presented here, one of the two
equal to the mean pyroelectric coe� cient gm . thermal quantities, the thermal di� usivity x of the elasto-

The temperature pro� le DT(v, x) in equation (1) is mer, has been determined in an independent measurement
given by [16]: leaving only the thermal conductivity k to be calculated.

The method described by Ploss et al. is used [21]. In
DT(v, x)

order to obtain a value for the di� usivity, the temper-
ature modulation at both sample surfaces DT(v, x = 0)

=
q
~

ga

Kk

cosh [K (L Õ x)] +a
L

sinh [ K (LÕ x)]

(a0 +a
L
) cosh (KL)+(1 +a0 a

L
) sinh(KL) and DT(v, x = L) has to be measured for di� erent modu-

lation frequencies. By calculation of DT(v, x = 0 ) and
DT(v, x = L) according to equation (2), one obtains thea0 ,L

=
H0 ,L
Kk

, K = (1 +i)A v

2xB
1 /2

, x =
k

rc
p fraction a of both temperature spectra

(2 )

a =
DT(v, x = 0)

DT(v, x = L)
= cosh(KL) +

H
L

Kk
sinh(KL),where q

~
is the laser power density, ga the absorption

coe� cient of the metal electrode, k is the thermal
conductivity of the sample, x the thermal di� usivity, r K = (1 +i)A v

2xB
1 /2

. (3)
the density and c

p
is the speci� c heat capacity. H0 , H

L

Figure 2. Experimental geometry for
the pyroelectric measurements.
The single crystalline ferro-
electric LC elastomers (thickness
20–100 mm for di� erent samples)
have a bookshelf geometry.
The mesogenic units are tilted
in the plane of the sample
sheet. The vector of the spon-
taneous polarization points in
the thickness direction.
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292 N. Leister et al.

For large frequencies f = v/2p & x/pL2 the approximation electrodes, caused by laser light absorption in this upper
metal layer, is measured. The pyrosignal arises fromcosh(KL) # 1/2 exp (KL) can be made. Furthermore

H
L
/kK % 1 holds for large K . This leads to the following the heat which has passed through the elastomer sheet

and penetrated into the PVDF-foil. This is equivalentequations for the absolute value |a| and the phase w(a)
of the complex fraction a in equation (3) to measuring the temperature DT(v, x = L) on the rear

surface of the elastomer. Then the metal layer on the
elastomer surface is carefully removed and a secondln |a|#

p1 /2 L

x1 /2 f 1 /2 Õ ln 2, w(a)=
p1 /2 L

x1 /2 f 1 /2 . (4 )
measurement made, where the laser light transmits
through the elastomer and is absorbed on the upperBoth expressions are dependent only on the measure-
electrode of the PVDF foil. This is equivalent to measuringment frequency, the sample thickness and the thermal
the temperature DT(v, x = 0) on the front surface of thedi� usivity. If ln |a| and w(a) are plotted against the square
elastomer.root of the modulation frequency (as shown in � gure 4

The applicability of this method is limited to materialsfor example) the thermal di� usivity can be obtained from
which are transparent. Besides, a good thermal contacta linear � t in the frequency range where both curves
between the material under investigation and the PVDFare parallel.
foil is necessary. Both conditions are ful� lled for theBauer and Ploss [21, 22] have proposed di� erent experi-
elastomer. The use of PVDF with its large pyrosignalmental set-ups for the measurement of x. In a � rst one
gives a su� cient signal to noise ratio. The data are[22] DT is determined by measuring the temperature-
recorded in the frequency range 10–300 Hz and for theinduced changes of the resistivity of the metal electrodes.
same temperatures as the pyroelectric current spectra.However, our results obtained with this method show

that the signals are small which leads to a poor signal
to noise ratio. 3. Results and discussion

3.1. Di� usivity measurementsIn the second set-up [21], the material under investi-
gation is placed onto a PVDF-foil (polyvinylidene � uoride), Figure 4 shows the data ln |a| and w(a) according to

equation (4) calculated from the complex fraction a ofwhich is used as pyroelectric substrate (see � gure 3).
Pyroelectric current spectra are recorded with the same the two current measurements, at room temperature and

plotted against the square root of the modulation fre-experimental set-up as in the usual LIMM measure-
ments. The PVDF-foil has been electrically poled by the quency. At small frequencies one can see the expected

deviation from linearity, as the approximation f & x/pL2manufacturer (Solvay) resulting in a high pyroelectric
response. It is equipped with electrodes in the usual way for equation (4) is not valid in this frequency range. At

high frequencies there is also a deviation from linearity,(see [17]). The elastomer sample is placed onto the
upper electrode. In the � rst part of the measurement, an especially for the w(a) values, which cannot be explained

from the theory. However, the temperature modulationadditional metal layer (consisting of gold and indium) is
placed on the upper surface of the elastomer sheet, at the rear side DT(v, x = L), proportional to the denom-

inator of the fraction a, is, according to equation (2),� gure 3 (a). The pyroelectric current between the PVDF

Figure 3. Set-up for the thermal di� usivity measurements according to Ploss et al. [21]. The elastomer sheet is placed onto a
PVDF foil, which acts as pyroelectric substrate. The pyroelectric current signals of the substrate are measured (a) for light
absorption on an additional metal layer on top of the elastomer sheet and (b) for light absorption on the electrode for the
PVDF foil.
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293Pyroelectric response of FL C elastomers

decrease up to temperatures of about 55 ß C and is almost
constant at higher temperatures. The values of about
2.4–3.7 Ö 10 Õ 8 m2 s Õ 1 are in the order of magnitude
usually found for polymer foils. For example for the
PVDF foil x = 6.2 Ö 10 Õ 8 m2 s Õ 1 was determined, which
is in accordance with [21].

3.2. T hickness variation of the samples
The error in the determination of x is given by the

quality of the � ts according to equation (4), but also
depends on errors in the determination of the sample
thickness L. Besides the absolute value of L, a variation
of the sample thickness over the investigated area may

Figure 4. ln |a| and w(a) values calculated from the (complex) contribute to the error. Of course such a thickness
ratio a of the two current measurements described in variation would also lead to errors in the determination
� gure 3, at room temperature. The data are plotted against of the pro� le r(x) from the pyroelectric data. The sample
the square root of the modulation frequency. Also shown

sheets used were obtained by microtome cutting. Theare the linear � ts for both curves. From the � t value the
quality of the sheets may be in� uenced by the cuttingthermal di� usivity x can be calculated according to

equation (4). process. Therefore the samples were checked for thickness
variations with an alpha-stepper. They were put on a
glass plate serving as a solid and smooth background and

very small at higher frequencies. Therefore, with rising cross-sections of the sample thickness were determined.
frequency the result becomes more sensitive to errors. Figure 6 shows a measured cross-section. The sample

Nevertheless both curves show a linear shape at thickness varies in the range between about 21 mm and
intermediate frequencies and linear � ts can be made 25 mm over the observed distance of approximately
leading to almost identical results. A � t y = m* f 1 /2 +b 1.5 mm. From the data at di� erent positions, a mean
results in m= 0.228 for the ln |a| curve and m= 0.229 for value 22.6 Ô 1.4 mm can be calculated. These results show
the w(a) curve. A value for x can then be calculated from that a thickness variation is present, but is limited to a
m using the relation x = pL2 /m2 according to equation (4). tolerable amount.
In this case x = 3.7 Ö 10 Õ 8 m2 s Õ 1 results. Corresponding Because the thermal di� usivity depends quadratically
� ts have been performed for the data from the measure- on the thickness, the relative thickness variation DL/L
ments at other temperatures. The resulting temperature of 6% for this sample results in a contribution to the
dependence of x is plotted in � gure 5: x shows a slight relative error of the di� usivity Dx/x of 12%.

Figure 6. Cross-section of the sample thickness of an elastomer
Figure 5. Values for the thermal di� usivity x after the method sheet over the area investigated. The roughness is in a

range of about 5 mm; the average thickness is 22.6 mm.of Ploss (� gure 3) at di� erent temperatures. The � rst point
on the left side has been calculated from the � t data (Alpha-stepper data: DEKTAK 3030, stylus tip radius:

12 mm.)in � gure 4.
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294 N. Leister et al.

3.3. Pyroelectric measurements part of the spectrum shows a maximum at low frequencies
(20 Hz) and drops down in the range from 100 Hz to3.3.1. T he pro� le r(x)

Figure 7 shows a measured pyroelectric current 1 kHz. As the measurement frequency is correlated to the
penetration depth of the thermal waves, one can derivespectrum and the pro� le r(x) calculated from these

measurements using the regularization method given in from the data that the surface region of the sample con-
tributes to the signal to a small amount. The penetration[16]. In this case the sample consists of a 39 mm thick

elastomer sheet between two 2.5 mm mylar foils. The real depth of 2.5 mm at the border between mylar foil and
elastomer corresponds to a frequency of about 4 kHz.

The pro� le r(x) was calculated from these data,
using the result for x given above. It is characterized
by an almost constant r (x) value inside the sample and
a decrease on the left side in a range of about 10 mm
from the outer surface or 7.5 mm from the surface of
the elastomer layer; r(x) is approximately zero inside the
mylar foil. The signal decreases again at the rear side of
the sample (right side in the � gure). The fact that it does
not fall to zero there is due to numerical e� ects and
the decreasing resolution of the method far away from the
irradiated surface. As discussed in detail in [17], by
calculating the pro� les r(x) numerical smoothing and
broadening are inevitable. On the other hand, the region
on the left side which shows lower values of r (x) is very
broad and the measured spectrum gives clear evidence
that the surface region exhibits less pyroelectric response
than the inner parts of the sample. These results are
supported by the fact that 10 mm thick elastomer samples
showed no pyroelectric response at all.

Having observed a roughness of about 5 mm in the
alpha-stepper measurements and a range with small
pyroelectric response near the surface, one can conclude
that the microtome cutting process does destroy the
molecular orientation near the surface.

3.3.2. T he temperature dependence of the pyroelectric
response

Measurements at di� erent temperatures did not show
a signi� cant change in the shape of the measured current
spectra, as can be seen in � gure 8. On the other hand,
the magnitude of the signal changes due to the temper-
ature dependence of the pyroelectric coe� cient. A rise
in the signal can be found up to about 55 ß C. For higher

(a)

(b)
temperatures, the signal decreases again, but a non-zeroFigure 7. (a) Real and imaginary parts of a pyroelectric
signal remains up to 85 ß C.current spectrum at room temperature. (b) Depth pro-

� le r(x) calculated from the spectrum in (a) by the The phase sequence of the corresponding non-cross-
regularization method [16], making use of the value for linked polymer is g-13 SmX* 43 SmC* 59 SmA* 75 I ( ß ).
the thermal di� ussivity x at room temperature (� rst point Usually the pyrosignal vanishes at the phase transition
on the left side in � gure 5). r(x) gives information about

SmC* to SmA* for measurements performed under shortthe spatial origin of the pyrosignal. As the pyrosignal
circuit conditions, as is done here [18].arises from the spontaneous polarization, a location in

the sample showing lower values for r(x) is attributed to The phase sequence given above was determined from
having lower polarization. Except for the rough (5 mm) microscopic texture investigations for the uncrosslinked
surface, the polarization and therefore the orientation of sample. For the crosslinked materials, a determination
the LC is almost homogeneous inside the sample. Total

of phase transitions from optical investigations is notsample thickness: 44 mm (39 mm elastomer sheet and two
possible. DSC data for the elastomer do not show a signi-2.5 mm mylar foils. Interface mylar/elastomer is indicated

by vertical lines). � cant change of the glass transition temperature (Õ 13 ß C)
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295Pyroelectric response of FL C elastomers

Figure 9. Small angle region of the X-ray pictures of the
elastomer after the � rst uniaxial deformation. At this stage
of the orientation process the smectic layers are oriented
at an angle Ô H with respect to the stress direction, but
due to the conical layer distribution the elastomer has no
macroscopic C-2 symmetry. (a) at 25 ß C, (b) at 55 ß C, (c) at
65 ß C. The data shown in (a) and (b) show tilted structures;
(c) indicates an average tilt of 0 ß .

angle Ô H with respect to the stress direction, but due
to the two possible layer orientations, the elastomer has
no macroscopic C-2 symmetry [6]. Figure 9 (a) taken
at 25 ß C (SmX* phase) and � gure 9 (b) taken at 55 ß C
(SmC* phase) show two maxima on the left and on the

(a)

(b)
right side. The angle between these maxima corresponds

Figure 8. Temperature dependence of the pyroelectric signal to twice the tilt angle. The X-ray di� raction pattern at
(a) 22–55 ß C (SmX* and SmC* phase of the uncrosslinked

65 ß C, � gure 9 (c), indicates an average tilt of zero, butFLC polymer); (b) 60–85 ß C (SmA* and isotropic phase of
the re� ections are broad and small residual tilt anglesthe uncrosslinked FLC polymer). Even at temperatures

that correspond to the SmA* phase for the uncrosslinked are not resolved. From these data it is rather probable
FLC polymer, a polarization is observed in the FLC that SmC* contributions are still present above 60 ß C.
elastomer; this is assigned to a residual tilt angle due to The non-vanishing pyroelectric response at tem-
crosslinking.

peratures that correspond to the SmA* phase of the
uncrosslinked polymer is consistent with the temperature
dependence of the piezoelectric response [24]. Therefore

and the transition temperature SmX* � SmC* due to the pyroelectric and piezoelectric results are of prime
crosslinking. The second order transition SmC* � SmA* importance to the conclusion that the phase transition
cannot be investigated by DSC; this phase transition is actually broadened. There exists a residual tilt angle
can be broadened due to crosslinking. Due to the in the SmA* phase due to the so-called ‘mechanoclinic
network structure part of the orientation remains at e� ect’ of the elastic network [12, 25].
higher temperatures. A value of the spontaneous polarization of this

X-ray data (� gure 9) and second harmonic generation new material can be obtained by integrating the pyro-
data [23] indicate di� erent structures in the temperature coe� cients calculated for di� erent temperatures with the
ranges below and above 60 ß C. Figure 9 shows the X-ray Curie temperature Tc as upper integration limit.
di� raction pattern (small angle region) of the elastomer
after the � rst uniaxial deformation. At this stage of the P(T )=P Tc

T

g(T ¾ )d ¾ T. (5)
orientation process the smectic layers are oriented at an
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296 N. Leister et al.

In this case, the integration has been performed up to and can be attributed to di� erences in the degree of
orientation of the LC in di� erent sections of the elastomerthe temperature at which the pyrosignal vanishes. For

each temperature, the pro� le r (x) has been calculated samples. The data obtained lead to an average value of
the spontaneous polarization of 11.2 Ô 4.2 nC cm Õ 2 .from the pyroelectric spectrum (making use of the corres-

ponding x value for this particular temperature) and the
mean values rm = gm have been integrated. The result 4. Conclusions
obtained from the measured data in � gure 8 is shown in Microtome cut elastomer sheets in the thickness
� gure 10. A value of about 12 nC cm Õ 2 at room temper- range 20–100 mm have been investigated. Alpha-stepper
ature results. This value is about one order of magnitude measurements have shown, that the thickness variation
smaller than for some polymeric liquid crystals with over the area of the sheets is limited to a range of
very high polarization [26]; on the other hand, it is about 5 mm. With pyroelectric investigations and the
larger than the values found for some di� erent elastomers help of additional thermal di� usivity measurements, it
[13]. (The orientation of the elastomer after the second was possible for the � rst time to calculate the magnitude
uniaxial deformation can also be checked by X-ray of the spontaneous polarization in these samples with
measurements [6, 23, 24]. In fact, there is a distribution a relative accuracy of 25%. As the applicability of the
of the layer orientations with a maximum in the ideal, triangular wave method to crosslinked elastomers is
i.e. bookshelf, position [24].) limited to switchable elastomers with low crosslinking

In an error estimation, in addition to the error values for density, pyroelectric investigations are of major importance
L and x, the relative errors for the thermal conductivity in the determination of the polarization for these materials.
k of 15%, and the relative error of the absorptivity ga The determination of thermal material parameters enables
of the metal electrode of 13% have to be taken into us to give an absolute value of Ps from pyroelectric
account, leading to relative errors of 24% for the gm data alone.
values. For the determination of the polarization, the The average value for the polarization found here
relative accuracy of the temperature steps of 6% has to is 11.2 Ô 4.2 nC cm Õ 2 . For the � rst time, the thermal
be considered in addition, leading to a relative error of di� usivity of the material has been determined to be
25% for Ps . x = 3.7 Ô 0.4 10 Õ 8 m2 s Õ 1 at room temperature.

Measurements have been performed for � ve samples of
di� erent thicknesses . The values for the spontaneous polar-

Support by the DFG-project Ge 718/4-2 and the
ization at room temperature vary between 6.5 nC cmÕ 2
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(55 mm sample) and 16 nC cm Õ 2 (100 mm sample). This

grenzen’ is gratefully acknowledged. G. Ramm is grate-
range of Ps is broader than expected from the statistical
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error of the measurement or from the somewhat greater

measurements.
in� uence of microtome cutting e� ects in thinner samples,
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