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The dielectric constant and the pyroelectric coefficient at constant stress of 1-lithium hydrogen
dimalate 1-Li® (OOCCHOHCH,COOH)® (HOOCCHOHCH,COOH), were investigated in the
temperature range 200 = 7/K = Ty (decomposition temperature) and 100 = 7/K = Ty, respec-
tively. The compound crystallizes in the space group P2;. In the directionof the 2, axis &%
increases with almost constant slope with increasing temperature from 7.32 (200 K) to 8.55
(360 K). The pyroelectric coefficient p, shows a maximum at 152 K and a minimum at 290 K;
P> lies between 15pCm~2K™! and 6 u.C m~2K~'. The contribution of the lattice to the polar-
1zation was calculated on the basis of a point charge model developed from a charge distribution
calculation on the INDO basis. Assuming certain lattice vibration frequencies and a harmonic

oscillator model, p, = f(T) was calculated.

Qualitatively the calculations are in satisfactory agreement with the experiment.

Introduction

Some time ago Traube [1] has studied a series of
salts of 1-malic acid 1-HOOCCH,CHOHCOOH
(preparation, optical measurements). The work
done before 1915 is reviewed by Groth [2]. Several
salts of malic acid crystallize in an acentric structure
and are therefore of interest because of their physi-
cal properties such as pyroelectricity, piezoelec-
tricity etc. For example pyroelectricity has found
more and more attention recently for thermal detec-
tors [3—5].

In this paper we report on the dielectric and pyro-
electric properties of a lithium salt of malic acid
which contains one lithium ion and two molecules
of 1-malic acid in the formula unit. The pyroelec-
tricity of this salt was qualitatively observed by
Traube [1], who has formulated the compound as
1-Li® (C,Hs05)® - 6 H,0. The salt was identified by
us by chemical analysis, mass density measurements
and crystal structure determination as 1-Li® (OOC-
CH,CHOHCOOH)® (HOOCCH,CHOHCOOH). In
the following this formula is abbreviated as
LiH;Mal,. The crystal structure of the compound
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was recently reported by Kirfel et al. [6]. Our refine-
ment is within the limits of error in complete agree-
ment with [6], and we shall give the details else-
where [7]. The space group of the title compound is
C%-P2,, with 2 formula units in the unit cell. The
polar axis 2, is choosen as the axis b (2nd setting).
Structure determinations on salts of malic acid
have been reported in recent years by Schmittler [8],
Kryger and Rasmussen [9], Reed and Karipides [10],
Lenstra and coworkers [11], and Seiler et al. [12].

Experimental

Preparation

LiH;Mal, was prepared from commercial com-
ponents (l-malic acid and lithium hydroxide) in
aqueous solution. Stoichiometric amounts were used
(LiOH: malic acid = 1:2). The composition of the
crystals determined by chemical analysis is (cal-
culated values in brackets): C: 34.81% (35.05%);
H: 3.87% (4.05%).

Large single crystals (15 x 8 x 6 mm) can be grown
by slow evaporation of H,O from aqueous solution
at 290 K. Identification of the crystal axes and faces
was made by comparison of the optical measure-
ments with the crystal structure data. The habitus of
the crystal is shown in Fig. 1; the finding is in good
agreement with the optical measurements of Traube
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Fi%. 1. Habitus of 1-lithium hydrogen dimalate,
Li®(°*OOCCHOHCH,COOH) (HOOCCHOHCH,COOH).

By differential thermal analysis, DTA, a decom-
position point, T4= 353K, was detected in the
range 77 = T/K = 400. No other thermal anomaly
was found in this temperature range.

For the measurements of the dielectric constant
and of the pyroelectric coefficient, plates of
LiH;Mal, were cut parallel to (010) with a wire saw.
The faces (010) and (010) were polished and paint-
ed with an air drying silver paste. In this way single
crystal capacitors with an area 12 = A/mm?= 35
and a thickness 0.5 =d/mm =1, filled with the
single crystal dielectricum LiH;Mal, were obtained.

Measurement of the Dielectric Properties

The impedance of the single crystal capacitor was
measured in the temperature range from 200 K to
the decomposition temperature 74, using a bridge
method (Wayne-Kerr Universal Bridge B224, ope-
rating at audio frequency, range 500 =/Hz
=20000). The temperature of the sample was
controlled by thermostates with methanol or oil
as carrier liquids. The measurement of the actual
temperature at the sample site by thermocouples
Cu/Constantan was accurate to £ 0.5 K. The dielec-
tric measurements were limited in accuracy by the
determination of the crystal area and its thickness
to = 3%.

Measurement of the Pyroelectric Coefficient
at Constant Stress

For the measurement of the pyroelectric coeffi-
cient at constant stress the single crystal capacitor
was inserted between silver electrodes into a cryostat
similar to that described by Lang etal. [13]. The
temperature at the site of the sample was deter-
mined by thermocouples, see above (accuracy *1K).
The pyroelectric voltage was measured using both
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the method of constant temperature change and the
method of sinusoidal temperature oscillation. The
experimental arrangements have been already de-
scribed [14]. The accuracy of the pyroelectric coeffi-
cient obtained is 10%. The measurements were
repeated in the temperature range 100 = 7/K = Ty
for several (010)-plates cutted from different single
crystals.

Theory

Quantummechanical Calculation of the Charge
Distribution in Crystalline LiHsMal,

In order to discuss the temperature dependence of
the pyroelectric coefficient in terms of microscopic
properties, it is necessary to calculate the magnitude
and the direction of the dipole moment. We have
studied the charge distribution and the electric
dipole moment of LiH;Mal, in the solid state. The
calculations are based on a semiempirical molecular
orbital model by linear combination of atomic
orbitals (MO-LCAO) in the version of intermediate
neglect of differential overlap (INDO) [15]. The
solid state effects have been simulated by a self
consistent electrostatic field approach (SCEF),
which leads to an approximate expression for the
interaction energy between a selected reference
molecule and its neighbours [16]. The employed
SCEF model is thus suitable for the investigation of
intermolecular interactions which are governed by
Coulomb forces. Such interactions are predominant
in LiH;Mal,, with strong hydrogen bonds in the
solid state and with isolated lithium ions. More
details of the used SCEF model will be published
separately.

In the numerical SCEF-INDO -calculations we
adopted the experimental crystal structure parame-
ters for the asymmetric unit (HOOCCH,CHOH-
COOH) Li® (°O0CCHOHCH,COOH), using the
atomic numbering scheme displayed in Figure 2.
Only such neighbouring asymmetric units (N) are
employed in the electrostatic field approach, which
are coupled to the reference system via hydrogen
bonds or via electrostatic contacts to Li®. Our cal-
culations are carried out with one reference unit and
six neighbouring ones which are treated as point
charge distributions to simulate the electrostatic
field.
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Fig. 2. Atomic numbering scheme of the asymmetric unit
in the elementary cell of LiH;Mal,.
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In Fig. 3 a projection of the crystal structure along
the [100]-axis is shown. The atoms of the reference
unit R are symbolized by filled circles and the six
neighbours considered in the SCEF are given by
shadowed atoms. The six neighbours considered are
held together by electrostatic interactions with the
Li® ions and by hydrogen bonds. Each Li® is
pentacoordinated by oxygen, where four oxygens of
the coordination sphere belong to the same asym-
metric unit and one belongs to a second. On the
level (0 = x/a = 1) the hydrogen bonds connect the
formula units preferentially in the direction of the
[010]-axis. A second set of hydrogen bonds connects
formula units preferentially within the plane (010).
The neighbouring molecules V and VI are above III
and below IV, respectively.

Temperature Dependence of the Pyroelectric
Coefficient

The temperature dependence of the pyroelectric
coefficient at constant stress can be calculated as a
function of the dielectric constant ¢ and the angle §

Fig. 3. Projection of the crystal
structure along the axis [100].
Fully drawn is the reference
molecule R. The shadowed mol-
ecules are the neighbours N con-
sidered in the INDO-SCEF cal-
culations (see text).
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between the direction of the polarization P and the
dipole moment u. Following Mopsik and Broad-
hurst [17], a dielectricum can be characterized by
dipoles with a permanent moment u and polariza-
bility «, librating with a temperature dependent
amplitude. Due to the polarizability the total mo-
ment m depends on the internal electric field E;:

m=pu+oE,, (1)

and the component of m in the direction of the
polarization, mp, is

mp=p-cosd+ o Ejp. 2)

The internal field, E;, is composed of different
parts. Those contributions to E; which come from
charges outside the crystal and from its surfaces,
cancel each other if we regard an electroded sample
with shortened electrodes. Another part of the
internal field is the so called Lorentz-field, E; [18].
It is the electric field arising from the polarization
charge on a spherical surface which is formed if a
spherical hole is carved out from a homogeneously
polarized dielectric medium. It can be described by
Lorentz’s equation

E =P, 3)
36‘0
where the permittivity constant &= 8.859-107'2
CV'm™!

For a cubic crystal, at the site of a given dipole R
the contributions to E; arising from dipoles N are
zero.

To treat noncubic crystals we extend the theory
and apply it to a monoclinic system, e.g. the
LiH;Mal, crystal which is studied here. In such a
case the field Ey of the neighbouring molecules N
has to be taken into account. Ey is calculated by a
model which treats the neighbouring molecules as
charge distributions based on the atomic net charges
found by the SCEF-INDO approach. The field of
the charge distribution at the center of the reference
molecule R (= asymmetric unit R) is found from

Eg A=

47[80 N j

Sy, 4
4re = @

where g; = charge at the atom j, r; = radius vector
from the atom j in the neighbouring unit N to the

center of the asymmetric unit R. The component of
Ey in the direction of the polarization, Eyp, is
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given by

Eyp= Sy

N,P 4z N cosf, (5)
with f = angle between P and Ey .

The internal field in the direction of the polariza-
tion, E; p, 1s

Ei‘p=EL+EN‘p=——P+

3¢ 4me

Sy-cospf. (6)

The total polarization P can be found from (2) by
multiplication with the number of molecules per
unit volume N4/ V as

N
P=—I7é (ucosd+oE;p), (7)

with N, = Avogadro number and V= molar volume.

LiH;Mal, crystallizes in the space group C3—P2,
and we choose here the setting of [010] as the axis
2,. In this case the direction of polarization is
uniquely the direction of the crystallographic b-axis.
The dielectric constant in the direction of the polar-
ization is then ep = &5,. We can calculate the polar-
izability from the dielectric constant by the Clausius-
Mossotti relation:

17 (6p—1)

a=—m-3¢" )
Na (ep+2)

®)

Combination of (6), (7), and (8) leads to

P—&( +2) 5+L( —1)Sy-cosp. (9
=37 &p 1L COS e &p N COSp. )

The pyroelectric coefficient at constant stress, p,, is
found by differentiation of (9) with respect to tem-
perature. This means that we have to take into
account:

1. Change of the polarization caused by changes of
the number of molecules per unit volume with
temperature,

2. changes of the internal electric field with tem-
perature resulting in a change of the induced
dipole moment, and

3. changes of cosd and cosf with temperature,
caused by librational motions.

This can be formulated as
(10)

e (o) (o) () ()
or or 8.B.¢ep oT V.B.ep oT V.o, ep orT V.é.ﬁ’
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oP Na ov
Y = ——3 72 (ep+2),ucosé—aT
Na 0cosd
— (ep+2
+3V(£P ) i oT

0 cosp
oT

1
+ — -DS
4n(£P ) Sw

(1)
NA 1 Oe

+|—2 pcosd+— Sy - —=F
(3V” 4n ”cosﬂ)ar'

In good approximation the first term in (11) may be
neglected since d¥7/0T should be continuous over
the whole temperature range studied (no phase
transition was observed) and 4 V/AT (4T ~ 200 K)
should be less than 1%. The other three terms in
(11) are numerically comparable and have to be
fully considered in an estimation of the pyroelectric
coefficient. In [14] we have made a more restricted
approximation to the problem.

Results

Our refinement of the crystal structure of
LiH;Mal, will not be reported here. For details see
[7]. The calculations of the pyroelectric coefficient
will be the same by using either the results of [6] or
of [7].

The Dielectric Constant &y,

The variation of the dielectric constant in the
direction of the polar axis 2, at a fixed frequency of
1.592 kHz is shown as a function of temperature in
Figure 4. Both components of ¢, = &5 —iey are
given. &5, increases almost linearly with increasing
temperature over the range from 200K to the
decomposition at 353 K. There is a very slight
change in slope near 300 K. The pronounced in-
crease of &5, above 380 K is due to the set in of
decomposition. €%, is very small, less than 0.1 below
350 K, and a strong increase is observed at T =
380 K, not unexpected for a decomposing solid.
Some numerical data are given in Table 1.

The Pyroelectric Coefficient p,

For the space group C3—P2,, 2, | b, the pyroelec-
tric coefficient has the form (0, p,,0). p, was mea-
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sured on crystal plates parallel to (010) as a function
of temperature and the results are shown in Figure 5.
Points marked by squares are measured with in-
creasing temperature; circles denote measurements
with falling temperature, while the triangles stand
for experiments with sinoidal temperature oscilla-
tion.

The complex dependence of p, on temperature
shows a maximum at 152 K followed by a decrease
in the range 150 = 7/K = 270 until a minimum at
~ 290K is reached. Thereafter a slight increase up
to 340 K is observed, which ends in sharp decrease
while decomposition starts.

Fig. 4. Dielectric constant &5, &% in the direction of the
polar axis 2, as function of temperature.

Table 1. Pyroelectric coefficient p, and dielectric constant
&1, of LiH3Mal, at different temperatures.

T/K p/(MCm~2K™) &y
100 13.0

120 13.6

140 14.0

160 13.9

180 12.7

200 11.2 7.32
220 9.6 7.46
240 8.1 7.63
260 6.9 7.77
280 6.1 7.94
300 6.1 8.08
320 6.6 8.24
340 7.0 8.40
360 29 8.57
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Fig. 5. Pyroelectric coefficient p; as function of temperature.
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Fig. 6. Calculated pyroelectric coefficients, p>(I), p(Il),
and p,(calc), as function of temperature, together with

P2 (exp).

Electric Dipole Moment and Net Charges
from the SCEF-INDO Calculations

The net charges resulting from the quantum
chemical calculations by application of the above
mentioned approach are given in Table 2. The
calculation of the resulting dipole moment gives
55.61-1073°C-m (16.66 D) with a component of
—51.94-107°C-m (- 15.36 D) in the [010]-direc-
tion. Because of the symmetry of the crystal there is
an overall compensation of components of u in the
(ac)-plane.

Discussion

The pronounced changes of the pyroelectric coef-
ficient p, with temperature are somewhat unusual

Table 2. Atomic net charges from SCEF-INDO.

c(1) 0.79 Li 0.18
o(l) ~-0.53 C(5) 0.86
0(2) - 0.58 0(6) - 0.70
H(02) 0.43 0(7) ~0.85
CQ) 0.22 C(6) 0.17
H(C2) 0.08 H(C6) 0.07
0(5) —0.45 0(10) — 048
H(05) 0.39 H(010) 0.35
C@3) - 0.20 C(7) -0.19
H(1,C3) 0.13 H(1,C7) 0.10
H(2,C3) 0.11 H(2,C7) 0.13
C(4) 0.81 C(8) 0.86
0(3) —0.58 0(8) - 0.63
H(03) 0.37 H(08) 0.46
0(4) - 0.61 0(9) = 71

for a solid without a phase transition in the tem-
perature range studied. The question arises about a
theoretical interpretation of the function p, = f(T).
In (11) the dependence of p, on the different tem-
perature sensitive parameters &, = ep, V, 6, and £ is
given.

The numerical value of Ny/V in (11) can easily
be obtained from the relation V= M/p, with
o=mass density =159 Mgm™* for LiH;Mal, at
room temperature and M = molar mass =274.113 g
“mol .

The permant dipole moment g was calculated by
SCEF-INDO to be —51.94 - 1073°C - m in the direc-
tion of the axis 2,. The electric field Ey p given by
(4) and (5) is gaind from the charge distribution
found by the SCEF-INDO calculations. Numbers
are given in Table2. To take the neighbouring
molecules into account, the point charges of 42
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neighbouring molecules were considered. A value
for (4m)~' Sycosp of 0.06242C - m~2 in the direc-
tion [010] is calculated.

In (11) there are two temperature dependent
quantities ¢ and 0¢,,/07. We have deduced these
quantities from Table 1 and Figure 4. Furthermore
we can assume that the change of cosf and the
change of cosd with temperature are coupled be-
cause the variation of the dipole moment u and of
the electric field of the neighbouring molecules Ey
has the same origin, namely the temperature depen-
dence of the atomic displacements; we can write
0 cosff/0T =—0cosd/0T.

Introducing all the relations discussed and the
numbers given above, (11) reduces to

0 cos o

oT
0
+0.001935 % =p,(D) + p, (D). (12)
According to [16] a reasonable evaluation of 0 cos ¢/
07, e.g. the variation of the angle 6 between the
molecular dipole direction and the polar axis of the
crystal with temperature is given by

0c0sd/0T =—cosd - J,(p) 0p/0T .

P2 = 1{0.06048 (¢35 + 2) — 0.06242 (e — 1)}

(13)

J1(p) is the Bessel function of first kind and first
order, and (p) is the amplitude of the dipole oscilla-
tions. For a classical harmonic oscillator the mean
squares amplitude of vibration is given by
o kT
)= 2n2v2 I
where I is the moment of inertia and v the frequen-
cy of the lattice vibrations in the Einstein model.
From (14) we find

LT NP N
or 0N gy - (9

(14)

No experimental data for the lattice vibrations of
LiH3;Mal, are known. However, for malic acid and
ammonium hydrogen malate Raman spectroscopical
investigations are found in [19] and [20], respective-
ly. In first approximation we can compare these
lattice vibration modes with the lattice frequencies
of LiH3;Mal,. For malic acid the lowest lattice
vibration frequency is given at 334cm™! [19] and
for ammonium hydrogen malate at 65cm™" [20].
We now assume that for lattice vibrations in
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LiH;Mal, the molecule HOOCCH,CHOHCOOH
and the ion (°OOCCHOHCH,COOH) are impor-
tant. The main principal axes of both the malic acid
molecule and the malate ion (1-) are nearly perpen-
dicular to the axis 2, (see Figure 3), the moment of
inertia around the 2, axis of the molecule or ion
being 9.33 - 10~* kg m2% We have calculated p; as a
function of temperature using the frequency, V=
65 cm™!, and the frequency model [17]. The calculat-
ed curves are shown in Fig. 6 together with the
experimental results.

It can be seen from (12) that the dielectric
constant ¢,, and its temperature dependence play an
important role in the temperature dependence of p,.
Figure 4 shows that &y, increases appreciably with
temperature. However, the change of ey, with T is
almost constant over a wide range of temperature.
The contribution of the second term in (12) which
introduces 0¢&5,/0T into p,(7T) is shown in Fig. 6 and
it is marked by p,(II). One can see a slight change
of p,(II) above 260 K which leads to a weak mini-
mum in p, (1) = (T).

The first term in (12) calculated with the ob-
served vibrational frequency is shown by p,(I).
Adding up terms I and II leads to the curve p;(calc).

Qualitative agreement between p,(exp)=f(T)
and p,(calc), which contains the vibrational fre-
quency 7(1) =65cm™! is given. We do not expect a
quantitative agreement because the constants given
in (12) are calculated from differences of large
numbers and therefore large uncertainties are intro-
duced. However, the slope of curves pj(calc) and
P> (exp) is, in comparison, satisfactory. In the experi-
ment we found a maximum of p, at £ 150 K and a
decrease of p, below this temperature. Unfortunate-
ly we do not have ¢,, data below 200 K. However,
one can speculate that &, should have a tempera-
ture coefficient decreasing with decreasing tempera-
ture below 200 K. This would lead via the term II in
(12) to a decrease in p;.
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