4 SURFACE MODES OF

+DGs(@; 13, 145 j, §°) with §=0.

14This classification of the normal modes into four types
is strictly valid only at @ =0, but it remains approximately
valid for @ as large as 0.1. For larger values of @, many
modes interact and exchange characters, so the classifi-
cation is generally no longer useful.

15The lowermost TO bulk mode gradually assumes the
character of a surface mode as the slab thickness in-
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creases.
below.

16The optical properties are determined from the §=0
unretarded normal modes (cf. Ref. 13).

"M. Haas, Phys. Rev. 117, 1497 (1960).

3G, 0. Jones, D. H. Martin, P, A, Mawer, and C. H.
Perry, Proc. Roy. Soc. (London) A261, 10 (1961).

This mode will be discussed in more detail
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The pyroelectric coefficient (at constant stress) of lithium sulfate monohydrate was measured
over the temperature range 4.2-320°K, in order to resolve a discrepancy between the results of
Ackermann and those of Gladkii and Zheludev, and to extend the data to below 88°K. The pyro-
electric coefficient was observed to change sign at 106 °K in agreement with the results of

Gladkii and Zheludev.

The coefficient passed through a broad extremum at 50 °K and approached

zero at 4.2°K. The primary and secondary pyroelectric coefficients were calculated over the
temperature range; their cancellation at 106 °K causes the sign change in the pyroelectric coef-

ficient at constant stress.

The secondary coefficient is positive at all temperatures, but the

primary coefficient changes sign at 158 °K. The Born lattice-dynamical theory of the primary
pyroelectric effect was extended to include contributions due both to the acoustical and to the
optical spectra of a material. A Debye temperature and five Einstein temperatures calculated
from heat-capacity data were used to derive an analytical expression for the primary pyroelec-

tric coefficient.

INTRODUCTION

The first measurements of the pyroelectric co-
efficient of lithium sulfate monohydrate (LSM) were
published by Ackermann in 1915.! He determined
the pyroelectric coefficient (at constant stress) at
discrete temperature values between 23 and 352 °K,
using a static technique. He found that the coeffi-
cient increased montonically with increasing tem-
perature, with no change in sign at any tempera-
ture. Recently Gladkii and Zheludev? repeated
the measurements down to 88 °K, observing an
anomalous change in sign at about 110°K. To re-
solve the discrepancy, we repeated the measure-
ments, extending the temperature range down to
4.2°K in order to observe the very-low-tempera-
ture behavior of the pyroelectric coefficient. The
measurements reported here are thefirst continuous
ones over a broad temperature range ever deter-
mined on a pyroelectric but nonferroelectric ma-
terial. Using published piezoelectric, elastic,
thermal-expansion, and heat-capacity data, the
pyroelectric coefficients were resolved into the
primary and secondary components. An expression
for the primary pyroelectric coefficient was de-
rived by means of an extension of the Born lattice-
dynamics theory of pyroelectricity.

LSM is a monoclinic crystal, point group 2, with

the lattice parameters® ¢=8.18 A, b=4.87 4,
c=5.45 A, and B=107.3°. Bechmann! has pub-
lished piezoelectric and elastic compliance con-
stants referred to a set of axes in which z is co-
linear with a, x lies in the obtuse angle between

a and ¢, and y is parallel to b, but is directed so
as to make a left-handed set of coordinates with x
and z. Although this usage is not strictly accord-
ing to the IRE convention,® Bechmann’s system has
been adopted in the literature® and it will be used
here. Calculations described later in this report
utilized the elastic compliance coefficients (s), the
piezoelectric stress coefficients (d), their tem-
perature dependencies, and the thermal-expansion
coefficients (a). These coefficients, correspond-
ing to the coordinate system described above, were
calculated from the original references.®” There
were a few minor discrepancies between some cal-
culated values and those reported in Landolt-Born-
stein,* the differences probably being the result of
round-off errors.

EXPERIMENTAL METHOD AND RESULTS

The pyroelectric coefficient was determined at
constant stress using the dynamic technique of
Lang and Steckel.® In this method, the coefficient
is calculated from the pyroelectric voltage produced
as the temperature of the material under study is
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FIG. 1.

Pyroelectric coefficient (at constant stress) of lithium sulfate monohydrate. The error bars indicate +1

standard deviation. The larger errors near 300 °K were caused by difficulties in controlling the rate of temperature

change.

increased or decreased continuously. This method
yields continuous rather than discrete data. The
sample was held between spring-loaded gold-plated
electrodes in an evacuated tube. The tube could
be immersed in either a liquid-nitrogen or a liquid-
helium storage Dewar. The temperature was ob-
served with either a platinum or a germanium re-
sistance thermometer, depending upon the tem-
perature range. The pyroelectric voltage was mea-
sured with a vibrating-reed electrometer shunted
with a calibrated 10'°-Q resistor. Details of the
experimental apparatus and techniques are de-
scribed elsewhere, %1°

The pyroelectric sample used was a0.64-cm-o.d.
by 0. 32-cm-thick disk cut from a single crystal
of LSM. The flat surfaces of the disk were paral-
lel to the (010) crystallographic planes. The orien-
tation of the sample was verified both by observing
extinction with a polarizing microscope and by ex-
amining backreflection Laue x-ray photographs.
The flat surfaces of the disk were coated with silver
paint to ensure good electrical contact.

The results of our measurements and those of
Ackermann and Gladkii and Zheludev are shown
in Fig. 1. We observed a change in sign of the
pyroelectric coefficient at 106 °K, in excellent
agreement with the results of Gladkii and Zheludev.
Below the sign change, the coefficient passed
through a broad extremum at about 50 °K and

reached a minimum value of about —0.1 uCm-?
°K™! at 4.2°K.

INTERPRETATION OF SIGN REVERSAL

The reversal of the sign of the pyroelectric co-
efficient is a relatively rare phenomenon. This
effect has been observed in only three other ma-
terials: 5-chlorosalicylideneaniline,! barium
titanate ceramic, !° and barium nitrate.? We will
consider three possible explanations for the sign
reversal.

(a) Metastable phase transformation. A sign
reversal attributed to a metastable phase transfor-
mation was observed when the temperature of 5-
chlorosalicylideneaniline was varied rapidly.
However, the pyroelectric effect in LSM was not
a function of rate or sign of temperature change,
as was the effect in 5-chlorosalicylideneaniline.
Therefore, we exclude this possibility.

(b) Phase transformation. The spontaneous
polarization of a pyroelectric material may in-
crease or decrease abruptly over a very narrow
temperature span if the material undergoes a phase
transformation at that point. The pyroelectric co-
efficient is related to the spontaneous polarization
by the following equation:
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FIG. 2.

Heat capacity (at constant pressure) of lithium sulfate monohydrate.

The theoretical curve consists of the

sum of one Debye function and five Einstein functions, and includes a factor to correct from constant-volume heat capac-

ity to constant pressure.

The characteristic temperatures were selected so as to minimize the sum of squares of the

relative differences between the experimental points and the theoretical curve rather than the sum of squares of the ab-

solute differences.
tion per point was 4.5%.

where p, P,, T, E, and ¢ represent the pyroelec-
tric coefficient, spontaneous polarization, tempera-
ture, electric field, and elastic stress, respec-
tively. The spontaneous polarizations of all three
ferroelectric phases of barium titanate ceramic
decreased with increasing temperature. 1o However,
the spontaneous polarization increased at the rhom -
bohedral-orthorvhombic transition, resulting in two
successive pyroelectric coefficient sign reversals.
No low-temperature x-ray-diffraction data are
available on LSM, so the possibility of phase trans-
formations cannot be excluded. However, the heat
capacity of LSM,* shown in Fig. 2, appears to be

a very well-behaved function of temperature, with
no anomalies. Thus a phase transformation is un-
likely. :

(c) Cancellation of pvimary and secondary pyvo-
electric coefficients. The remaining interpretation
is based on the fact that the measured pyroelectric
coefficient (at constant stress) is the sum of the co-
efficient at constant strain (primary effect) and the
piezoelectric effect due to thermal strain (secon-
dary effect). This relationship can be expressed

This improved the data fit at low temperatures as shown in the inset.

The average standard devia-

by the tensor equation'®

p‘,’ = Pi + dg:fkc}l;ﬂmagm
(total (primary (secondary effect)
effect) effect)

(at constant electric field), (2)

where p} and p§ denote the pyroelectric coefficients
measured at constant stress and strain, respec-
tively; d f},, represents the piezoelectric tensor
(electric displacement/unit stress) at constant
temperature; C,Tk,,,, represents the elastic stiffness
tensor at constant T'; and af, represents the ther-
mal expansion tensor at constant ¢. All terms in
Eq. (2) are at constant electric field. If, at a par-
ticular temperature the two terms on the right-
hand side of Eq. (2) become equal in absolute mag-
nitude but opposite in sign, the pyroelectric coef-
ficient at constant stress will be zero. The pri-
mary and secondary pyroelectric coefficients of
barium titanate,!* several lead-zirconate-titanate
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ceramics, ** and even animal bone!® have opposite
signs but unequal absolute magnitudes at room
temperature.

It is possible to resolve the pyroelectric coeffi-
cient of LSM at constant stress into the primary
and secondary effects over a broad range of tem-
perature if the temperature dependencies of the
elastic, piezoelectric, and thermal expansion co-
efficients are known. Unfortunately, the only ex-
perimental measurements available on these prop-
erties were made in the range 293-323°K.

The following procedures were used to estimate
the temperature dependencies of the parameters
in Eq. (2).

(i) The elastic compliance and piezoelectric
constants were assumed to vary linearly with tem-
perature at the rates measured in the temperature
range 293-323°K. The data used were based on
the values of Bechmann® as described above. The
elastic stiffness matrix at any temperature was
computed by inverting the elastic compliance ma-
trix.

(ii) The temperature dependency of the volu-
metric thermal-expansion coefficient was calcu-
lated by the use of the Griineisen relation and the
thermodynamic relation between heat capacities

at constant pressure (C ,) and at constant volume
(cu)’ 17

@,=yC,/BV, C,-C,=a?BVT, (3)

where «,, 7, B, and V are the volumetric thermal-
expansion coefficient, Griineisen parameter, bulk
modulus, and molar volume, respectively.

A Griineisen parameter of 0. 522 at 298 °K was
found using thermal-expansion data’ and constant-
pressure heat-capacity measurements. > The
Griineisen parameter of LSM is lower than those
of alkali halides'” because of the relatively low
thermal expansion and high heat capacity of LSM.
The use of a single Griineisen parameter for a
highly anisotropic material is probably an over-
simplification. However the calculated parameter
is only used for estimating the temperature depen-
dence of the thermal-expansion coefficients. It is
not considered to have any other physical signifi-
cance. The Griineisen parameter of LSM was as-
sumed to be independent of temperature. The vol-
umetric thermal-expansion coefficient of LSM was
then calculated as a function of temperature from
Eq. (3). By also assuming that each of the relative
temperature derivatives of the three principal ex-
pansion coefficients was equal to the relative de-
rivative of the volumetric coefficient and that the
orientations of the principal axes were temperature
independent, the linear expansion coefficients could
be estimated as functions of temperature.

Equation (2) was expanded and the tensor notation
was replaced with the conventional matrix nota-
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tion. ** Calculations were made of the secondary
pyroelectric coefficient at a number of discrete
points as shown in Fig. 3. Note that the secondary
pyroelectric coefficient must vanish at absolute
zero because the thermal-expansion coefficients
become equal to zero (as required by the third law
of thermodynamics). The secondary coefficient at
298 °K is in good agreement with the value of
21uCm™2°K™ calculated by Jaffe.!® The relative
signs of pg and dJ, were determined by a static
piezoelectric test. The primary pyroelectric co-
efficients shown in Fig. 3 were then evaluated.

The validity of the assumptions in (i) and (ii) was
tested by recalculation of the secondary pyroelec-
tric coefficients assuming a quadratic temperature
dependence of the elastic compliance and piezo-
electric coefficients and a linear temperature de-
pendence of the Griineisen parameter. The mag-
nitudes of the secondary pyroelectric coefficients
were altered only slightly despite significant .
changes in the parameters of Eq. (2). Three rea-
sons were found for this behavior: much term can-
cellation occurs in Eq. (2); the components dJ,
and C7, of the dominant term in expanded Eq. (2),
d%C% a8, are so nearly temperature independent
in the range 293-323 °K that the inclusion of rea-
sonable quadratic temperature terms has little ef-
fect; and, the rapid decrease of the thermal-ex-
pansion coefficients with decreasing temperature
weakens the effects of nonlinear temperature de-
pendence in the other parameters.

Although the secondary coefficient of LSM is
always positive, it is composed of the sum of 16
terms, some of which are negative; however, the
positive term d, C % a3 so dominates the sum that
no sign change results. Instead we find that the
calculated primary pyroelectric coefficient is neg-
ative below 158 °K.,

In the next section we interpret the behavior of
the primary pyroelectric coefficient by means of
some results of lattice dynamics.

LATTICE-DYNAMICS THEORY OF PRIMARY
PYROELECTRIC COEFFICIENT

One of the first explanations of the pyroelectric
effect based on nonclassical physics was presented
by Boguslawski. ¥ His theory yielded an expression
the temperature-dependent part of which was iden-
tical to the Einstein specific heat function®:

E (%i) =3R (—@T£>z (eﬁ‘jg;i-)’ , 4)

where ® is a characteristic Einstein temperature
and R is the gas constant in calgmole™ °K!, Bo-
guslawski found that this function fitted the higher-
temperature pyroelectric data of Ackermann! rath-
~r well. He also used with some success a func-
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FIG. 3. The experimental total pyroelectric coefficient and primary and secondary coefficients determined at discrete
points. The curve resulting from the least-squares fit of the primary pyroelectric points to Eq. (9) is superimposed on

the points.

tion proportional to the Debye specific heat func-
tion®°:

©) _san (L 3f%” xtet
D(T) —3RN<®D) | (—e-;:l—)z-dx,

where ®, is a characteristic Debye temperature
and N denotes the number of oscillators per mole-
cule (a single oscillator having three degrees of
freedom). Boguslawski proposed that his functions
were equally applicable to either total or primary
pyroelectric data.

Max Born observed that pyroelectric data be-
come linear with temperature at sufficiently low
temperatures,? requiring a functional form differ-
ent from either an Einstein or a Debye function and
necessitating a separation into the primary and
secondary effects. The secondary pyroelectric co-
efficient has a T2 dependence at low temperatures
because of the thermal-expansion coefficients. By
introducing a quantum-mechanical correction for
deformations of the electron clouds surrounding
the nuclei, he showed that the primary pyroelectric
moment (polarization) of an oscillator was propor -
tional, not to the energy of the oscillator, but to
the mean square of the amplitude of the oscillation:

®)

1
(A%~ ;?'(Eﬁ%%%jff) , (6)

where &, k, A, and v represent Planck’s constant,
Boltzmann’s constant, and the amplitude and fre-
quency of oscillation, respectively. Upon summing
these terms over the acoustical frequency spec-
trum, Born showed that the primary pyroelectric
moment is proportional to the function

2 ,op/T
< T D x dx 1)
Gp A ef-1"

where ® ; is the Debye characteristic temperature.

We first extend Born’s result by differentiating
Eq. (7) with respect to T [according to Eq. (1)] in
order to calculate the primary pyroelectric coeffi-
cient:

pt_2T (/T xdx __©p/T
pi - ®D o ex__l eQD/T_l
=p(8n
-B(T ). (8)

Several constants have been combined to form the
new proportionality constant p% . This function,
here referred to as the Born function (B), is
graphed with the Einstein and Debye functions in
Fig. 4. Note that the Born function becomes linear
in temperature as the temperature approaches zero.
In analogy to the temperature behavior of the heat
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capacity, we propose that the Born function, Eq.
(8), describes the primary pyroelectric coefficient
at temperatures sufficiently low that only acoustical
frequencies are excited. At higher temperatures
optical-frequency vibrations contribute Einstein
functions to the heat capacity.?® Therefore, we
propose that optical-frequency vibrations will con-
tribute terms similar to Eq. (6) to the pyroelectric
moment. However, the temperature-dependent
part of the temperature derivative of Eq. (6) is also
an Einstein function. Thus the primary pyroelectric
coefficient is given by

o= B(%—) +2 (o} E(Q%Lﬁ 9
i=1

in complete analogy to the heat capacity described
by
n
cv=D(@;—D> - ZE(—GE" ) :

i=1 T (10)

Note that the coefficients in Eq. (9), because they
are proportional to electric charges, can be either
positive or negative, whereas the terms in Eq. (10)
must always be positive.

The Debye and Einstein temperatures of LSM
were found by fitting the heat-capacity data in Fig.
2to Eq. (10). The experimental constant-pressure
heat-capacity data were corrected to constant vol-
ume data by means of Eq. (3). The number of os-
cillators N was set equal to 3, considering three
degrees of freedom for each of the two lithium ions
and one for the hydrated sulfate ion. Five Einstein
functions were required to describe the heat capac-
ity at 300°K. A Fibonacci search technique was
used to find first approximations to the six charac-
teristic temperatures, and a pattern search method
was used to converge to the final values.® Only
the value 265 °K for the Debye temperature would
give a good fit to the heat-capacity data, but a num-
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ber of combinations of Einstein temperatures
yielded satisfactory results. The best set of Ein-
stein temperatures is given in Table I.

The Debye temperature was also calculated from
elastic data using the equation®

B ON \/3
®0=7% (4171/1 ) (1)
and
w 31 49
I—/ i%{ VI 4 (12)
0

where V, represents the velocities of propagation
of the longitudinal and the two transverse acoustic
waves, and © is an element of solid angle. Wave
velocities were calculated from the Christoffel
equations.?* The integral in Eq. (12) was approxi-
mated by a summation over 2664 uniformly spaced
directions. The resulting Debye temperature,
303°K, was in good agreement with the value found
from heat-capacity data. Wave numbers corre-
sponding to the five Einstein characteristic tem-
peratures were calculated according to

v=(k/hc)® ,

where 7 is the wave number in cm™ and ¢ is the
velocity of light. Qualitative agreement was found
between these wave numbers and the wave numbers
of the ir absorption peaks® of LSM, as shown in
Table I.

The primary pyroelectric coefficients calculated

(13)

by means of Eq. (2) were fitted to Eq. (9) by least

squares, yielding the following equation:

p5= - 0.00001980 B(265/T)
~0. 00038739 E(589/7T)
+0.00980883 E(699/T)
-0.01088382 E(717/T)

+0.00174813 E(841/T)
~0.00027735 E(1103/7). (14)

TABLE I. Comparison of wave numbers from Einstein

temperatures and from ir spectra.

v (calculated

®f from @p) v (ir)* Intensity of
(°K) (cm™) (cm™) ir band*

se & e 322 very weak

589 409 367 strong

699 486 437 weak, broad

717 498 480 weak, broad

841 585 577 very weak, broad
1103 767 646 strong

2Reference 25.
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The average standard deviation of the experimen-
tal points from the theoretical line shown in Fig.

3 was 1.16uCm™ °K'1, signifying very good agree-
ment. We observed that small changes in the set
of Einstein temperatures markedly increased this
standard deviation, suggesting that'the form of

the equation does have theoretical significance. The
occurrence of some self-cancelling terms in Eq.
(14) is a result of the vanishing of p§ at 158 °K.

In summary, the same set of characteristic tem-
peratures derived from heat-capacity data describes
both the acoustic and optical spectra and the pri-
mary pyroelectric coefficient behavior reasonably
well. Thus the Born theory of the pyroelectric co-
efficient is substantiated. Unfortunately LSM is a
complex molecule which crystallizes in a very-low-
symmetry solid, the structure of which is not
readily amenable to theoretical calculations. It is
suggested that similar experimental measurements
and theoretical calculations be performed on a
simpler molecule with higher crystallographic sym-
metry. A material having the hexagonal wurtzite
structure, cadmium sulfide, for example, appears
to be an attractive choice.

CONCLUSIONS

The following results and conclusions were found
in this study:

1. The pyroelectric coefficient (at constant
stress) of lithium sulfate monohydrate was deter-
mined over the temperature range 4. 2-320°K. A
sign change in the coefficient occurred at 106 °K,

"as previously reported by Gladkii and Zheludev and
in disagreement with the results of Ackermann.

3609

The pyroelectric coefficient exhibited a broad ex-
tremum at 50 °K and had a minimum value of
-0.1uCm™?°K™ at 4.2°K.

2. The total pyroelectric coefficient (under the
constraint of constant stress) was resolved into the
primary effect (pyroelectric effect at constant
strain) and the secondary effect (piezoelectric ef-
fect caused by thermal strain).. The total effect
vanishes at 106 °K because the primary and sec-
ondary effects cancel at that temperature. The
secondary effect is positive at all temperatures and
the primary effect is positive above 158 °K.

3. The primary pyroelectric effect was inter-
preted theoretically by means of an extension of a
lattice-dynamical theory proposed by Born. The
primary pyroelectric moment (spontaneous polar-
ization) consists of a sum of terms, each one pro-
portional to the mean square amplitude of vibration
of an intramolecular or intermolecular oscillator.
The frequencies of the oscillators, expressed as
one characteristic Debye temperature and five
Einstein temperatures, were found from heat-
capacity data. Good agreement was found between
the primary pyroelectric coefficient data and a
fitted curve, the terms of which were functions of
the Debye and Einstein temperatures.
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