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The monograph reviews the author's work in the field of physics of 
molecular-ionic and molecular crystals, the emphasis being put on the 
crystals with polar structures. Three groups of crystals are 
investigated: organic-inorganic halides, acid phthalates and organie 
charge transfer complexes. Ferroeleetrie, pyroelectric, elastic, as 
well as electrooptic properties of several representatives of the 
mentioned groups are experimentally determined. Numerous phase 
transitions are studied using the Raman, Brillouin and IR 
spectroscopy as well as dielectric, calorimetric and X-ray 
technigues. Application perspectives for some of the studied 
materials are discussed.

Institute of Organie and Physical Chemistry, Technical University 
of Wrocław, Wybrzeże Wyspiańskiego 27, 50-370 Wrocław



INTR0DUCT10N

The concept proposed by Hans Kuhn in the early 1960’s, nowadays 
known as "molecular engineering" has succeeded in preparation of many 
purpose oriented materials. A definition of the molecular engineering was 
given by Kuhn [1] in 1985: "The design and construction of organized 
systems of raolecules that interlock and interact like the parts of a 
machinę is a great challenge. Materials thus obtained can have basically 
new properties depending on the exact localization of each component 
molecule. Tools to manipulate single molecules are of great interest. New 
fundamental physical and Chemical processes can be studied and 
bioprocesses can be simulated using man-made molecules as well as 
biomolecules as components. Molecular assemblies are of great interest in 
developing microelectronics, memories with much higher storage density 
than chips based on present day’s technology, microsensors of high 
specificity, new catalyst for complex reactions, and arrangements for 
solar energy conversion".

Such a challenge has been undertaken by scientists skilled in 
chemistry, physics, X-ray crystallography, crystal growth etc. bringing a 
wide rangę of new materials with fascinating properties e.g. , 
high-temperature superconductivity and high nonlinear optical properties. 
The former phenomenon has been found by Muller and Bednorz as a result of 
their studies on physical properties of inorganic perovskites (1987, 
Nobel Prize in physics), whereas the best nonlinear optical materials 
were found among molecular organie crystals basing on the theory of 
nonlinear optics developed by Bloembergen (1981, Nobel Prize in physics).

During recent decades it has been established that organie solids 
have an enormous rangę of interesting properties that are almost 
continuously "tunable". For the last 15 years some very interesting 
properties have been discovered in this class of materials: for example, 
superconductivity [2], spinless conductivity in "doped" conjugated 
polymers [3], and large nonlinear optical responses [4]. However, despite 
tremendous efforts such a phenomenon as ferroelectricity has been 
documented only for two low-molecular weight molecular crystals: thiourea 
[5] and tanane [6], whereas it is quite popular among inorganics.

The aim of this and many other basie studies is to search for 
materials which can be promising candidates for advanced device and 
system application with the emphasis put on to the field of nonlinear and 
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electrooptic technology. Developments in the field of nonlinear optics 
hołd promise for important applications in optical Information 
Processing, telecommunication, and integrated optics. Particularly 
important is the morę recent recognition that organie and polymeric 
materials with large delocalized n-electron Systems may exhibit extremely 
large nonlinear responses, in many cases much larger than their inorganic 
counterparts. Thin films of organie or polymeric materials with large 
second-order nonlinearities in combination with Si-based electronic 
circuitry offer the possibility of novel phenomena and devices for laser 
modulation and deflection, Information control in optical circuitry, 
light valves, optical bistability and all optical switches. However, as 
with any new class of materials, the existence of certain promising 
samples does not imply that real applications will necessarily be 
possible. Real optical materials must exhibit some basie properties, 
including optical clarity (very Iow scattering and absorption losses), 
fabricability, and the potential for mass production. These secondary 
properties are generally not addressed by fundamental research but they 
determine usability of materials.

This monograph describes the author’s effort to look for suitable 
classes of materials, growing single crystals, checking their polar 
properties and measuring various other physical effects necessary to 
characterize and understand diverse processes taking place in the studied 
crystals. Among many possible classes of materials, we focused our 
attention on the poorly recognized, in that respect, classes of 
organic-inorganic crystals and weak charge transfer complex crystals. In 
the class of organie salts the Van der Waals bonding, typical of pure 
organics, is replaced by the ionic bonding, and also partially by 
H-bonding, typical of inorganics. Such types of materials have already 
been known, but were not seriously studied as potential candidates for 
electrooptic devices.

By presenting this work we wish to contribute to the knowledge of 
the physical properties of ionic-molecular crystals e.g., phthalates and 
organic-inorganic halides, but also of organie charge transfer (CT) 
complexes, with the data obtained from several substances. The data węre 
analyzed having in mind the desire to understand the mechanisms 
underlying various polar properties of the crystals and the naturę, and 
structural aspects of phase transformations taking place in some of the 
materials. The latter seems to be very important on the ground of 
molecular engineering able to continuously or dramatically change the 
properties of respective materials.

The experimental results reviewed here represent a joint effort of 
our, and at least three other research groups from Institute of Chemistry 
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of University of Wrocław, Groupe de Physique Cristalline of University of 
Rennes I and Laboratoire de Dynamique des Cristaux Moleculaires of 
University of Lille I.

The materiał has bęen arranged into several parts. The first of them 
deals with a brief overview of problems and theories concerning 
investigations of various polar properties. This is followed by the 
presentation of experimental work, including a section reviewing the 
necessary formal background and a section with an appropriate discussion. 
Although no attempt is madę to provide a comprehensive literaturę data, 
the presentation is supplemented, whenever necessary, with relevant 
results taken from the literaturę. Since the literaturę on the subject is 
quite extensive, especially where experimental results are concerned, 
only selected original papers will be quoted.

1. POLAR PROPERTIES OF CRYSTALS

1.1 Definitions

Ali the properties which uniquely are characteristic of 
noncentrosymmet(ric solids are referred to as "polar properties". Because 
polar properties such as ferroelectricity, pyroelectricity and 
piezoelectricity are well recognized their definitions will be only 
shortly reminded here whereas nonlinear optical properties (NLO) will be 
described in morę detail.

Pyroelectric and piezoelectric crystals form a large class of 
materials whose electric polarization can be changed or produced by 
variation of temperaturę or stress, respectively.

A piezoelectric crystal when exposed to an electric field suffers a
deformation
field.

(strain j) or stress a. ., 1J both proportional to the applied
In a linear approximation the equations describing electrical and

mechanical state of the piezoelectric sample are

D. = d. a .. + c . .E . ,i ijk jk ij j

^ij " sijklakl + ^kijEk ’
(1)

D is the electric displacement, E is the electric field, d is the 
piezoelectric tensor, c is the dielectric tensor and s is the compliance 
tensor. It should be noted that the Einstein convention of summation over 
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repeated indices is used throughout the text. For further reading on this 
subject the reader is referred to [7]-[10].

The pyroelectric properties of a materiał are described by a 
pyroelectric coefficient p^ which relates the changes of the temperaturę 
of crystal, AT, with the electric polarization vector, APj ’ al°n8 the 
i-th polar axis

AP. = p. At . i i (2)

Strictly, the pyroelectric coefficient
constant electric field E is defined by

p^ at constant stress a and at

a _ f dpi-.
pi ” *• OT •'a.E * l dT ' a, E (3)

Here, and P^ , denote the components of the electric displacement and 
polarization vectors, respectively, and T is the temperaturę, p? is the 
sum of the primary pyroelectric coefficient p? defined at constant strain 

1 and constant E, and the piezoelectric effect due to the thermal strain 
(the secondary pyroelectric coefficient p!ec) . This relationship can be 
expressed by the tensor equation [11]

<7 F) ,T , E P. = p. + d. ., i i ijk
T , E O, E n sc . ,a, = p: + p.jklm Im i i (4)

TE TEwhere d^j^ and c^^^ denote, respectively, the tensor components of the 
piezoelectric and elastic stiffness modułi measured at constant T and E, 

O Ewhereas a is the thermal expansion tensor at constant a and E. The 

pyroelectric coefficient p = lpi'P2'p3^ defined above is a vector 
quantity.

Ferroelectric and ferroelastic crystals are the solids in which the 
spontaneous polarization P or spontaneous strain n can be reoriented in s s
an electric or stress field.

A ferroelectric crystal is defined as a crystal which bełongs to the 
pyroelectric family and in which the direction of spontaneous 
polarization P$ (a polarization at E = 0 and o = 0) can be reversed by ar. 
application of an external electric field, weakas compared to a local 
crystal field. There are many monographs on ferrbelectricity [12]—[15] 
and it is far beyond the scope of this monograph to give the survey of 
this large area of knowledge. However, basie theories of 
ferroelectric-to-paraelec.Łric phase transitions will be treated 
separateiy in the next section.

A crystal is ferroel_ą.stic if it has several "orientation States", 
identical or enantiomorphous in their crystal structure but different 
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with respect to their spontaneous strain [16]. Every orientation State 
can be considered as a tiny distortion, resulting from minutę 
displacements of the atoms of a certain ideał structure called its 
"prototype". The spontaneous strain occurs at nuli stress in the same way 
as the spontaneous polarization occurs in a ferroelectric materiał in the 
absence of an electric field. A ferroelastic crystal generally undergoes 
a phase transition at some temperaturę To. An appropriate mechanical 
stress can transform the crystal from one to another of the orientational 
States. Ferroelastic crystals are characterized by three parameters, the 
coercive stress reąuired for reorientation, the spontaneous strain 
0?j i and the atomie displacements A through which the atoms raove during 

reorientation [17]. The possible orientations of domain walls between 
orientational States in ferroelastic materials were investigated 
theoretically by Sapriel [18].

1.2. Phenomenological theory of phase transitions in ferroelectrics

Close to a phase transition various thermodynamical energies used to 
describe ferroelectric materiał can be expressed in a Taylor series, 
e.g. ,

2A = \ + (T-T ) + (3^)0 + (-H )P1 + | (^-]<T-To)2 
'1 j J i dT

* 1 ... ♦ (

+ higher order terms. (5)

Usually it is sufficient to consider the expansion up to the sixth order. 
Symmetry considerations allow one to reduce the number of expansion terms 
and to construct a correct, for a given symmetry, form of energy 
[19]—[21]. The theory of phase transitions based on the above expansion 
and employing symmetry rules is known as the Landau-Devonshire one.

Phase transitions usually observed are classified according to the 
Ehrenfest definition [22]. An n-th order transition is the transition 
where the (n-l)-th derivative of the Gibbs free energy G is continuous, 
while the n-th derivative shows discontinuity at the transition 
temperaturę T . Among several thermodynamic functions, the elastic Gibbs O
function Gj(T,o,P) is the most usefuł for discussion of the ferroelectric 
phase transition due to its relevance to ordinary experimental 
conditions, that is, under constant temperaturę and constant external
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forces. One can discuss the main results of Landau-Devonshire theory for 
a simplified case of ferroelectric having only one component of 
spontaneous polarization P. In such a case G^ is an even function of P, 
and its expansion in Taylor series leads to

G1 = G1 + 2 p2 + 4 p4 + 6 p6 ’ (6)

where the terms of higher orders of P are neglected. g” stands for the 
elastic Gibbs function for P = 0. X, 5 and C are, generally, functions of 
temperaturę but to sufficiently good approximation one usually assumes 5 
and C to be constant. In order to have a stable phase with the finite 
polarization we assume that C >0. For E = 0 one gets a solution of 
Equation (6) in the form

? - 5 ± (5Z - 4xC)'/Z
ps = —------------------and p;= °- (7)

A stable phase is obtained for positive P^ and G^ s G^. If 5 > 0 one 

deals with a second order phase transition and for 5 < 0 one deals with a 
first order phase transition.

(i) Second order phase transition (Z > 0)
2In this case P >0 only when X < 0, it is common to assume the s

temperaturę dependence of X as

X = P (T - T ) (8)
O

where P is a constant (P > 0) and T is the transition temperaturę, equal
O

to the Curie point T . In the vicinity of the phase transition the C
inverse susceptibility x’ = (ap)p-o is given for weak electric field by

X’ = X for T > T and
O

X’ = - 2 X for T < T . (9)
O

(The above equations are true only within a limited temperaturę rangę 
around T^.) The temperaturo dependence of the spontaneous polarization P$ 
is given by the equation

P = f f (T - T)] 1/2 for T < T
S ę O J o

(10)
P = 0 for T > T .s o
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In the above, we have discussed the case of E = 0, if E is not equal to 
zero, P depends on temperaturę smoothly, and there is no special 
temperaturę to be called a transition point.

(ii) First order phase transition (S < 0) 
2If ? >4x5 and X < 0 the solution of equation (7) has the form

•Rit /F - 4 X C 

2 C (U)

The spontaneous polarization suffers a discontinuity at the Curie point
T which now is given as c

3 F2
To = Tc + 16 P £ ' (12 >

r3!Eii1/z
and the value of Pa at Tc is equal to I ■ Just below the Curie 
point the inverse dielectric susceptibility X’ is approximately equal to

X’ = - 4 X (13) 

and thus it is about four times as large as t,hat just above the Curie 
point. The phenomenological theories of phase transitions were 
succćssfully applied to many ferroelectrics such as triglycine sulfate 
(TGS) [23], [24], NaNO„ [25], [26], Rochelle salt (NaKC.H.O„.4 H„O) [27], 
•^2^4 <KDP) [28], [29], BaTiO^ [30], [31] and to many other ones [15].

The Landau theory of phase transitions is now a serious tool for 
studying different types of transitions, not necessarily ferroelectric 
ones. The recent book by Toledano and Toledano [32] has been devoted to 
its fuli formulation and many applications. Of course, as no 
phenomenological approach is sufficient for a proper description of 
diverse details of physical properties of a ferroelectric crystal a 
number of molecular, statistical and dynamical theories were employed as 
well [33]-[36].

1.3. Nonlinear optical phenomena (NLO)

The NLO phenomena will be discussed in morę detail than the other 
polar properties, simply because they are much less recognized and rarely 
studied in Poland.

Nonlinear properties of Maxwell’s constitutive relations D = t(E)E 
and B = P(H)H are well known. The dielectric permittivity and magnetic
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permeability can be functions of the field strength. Nonlinear properties 
in optical region have been demonstrated by harmonie generation of light. 
As early as in 1961, Franken et al. [37] detected ultraviolet light (1 = 
347 nm) at twice the freąuency of a ruby laser beam (1 = 694 nł) when 
this beam traversed a ąuartz”crystal.

The nonlinear properties of the materiał are described by expanding 
the polarization in a power series in the electric field. This procedurę 
is useful because the optical nonlinearities are smali, and were 
discovered only after the development of powerful lasers. High electric 

g
fields with peak amplitudes of about 10 V/m, corresponding to a flux 

13 2density of about 10 W/m , are now available at optical freąuencies 
using Q-switched lasers.

1.3.1. Linear electrooptic effect

The first observed nonlinear optical phenomena were electrooptic 
effects (Kerr, 1875; Pockels, 1906) [38], [39]. The electrooptic effect 
is defined by the change in the electric impermeability induced by an 
applied electric field [40]

where B. . U

ij

= r . E, + t. . E, E. + . . ,ijk k i jkl k 1 (14)

is the impermeability tensor, e the dielectric tensor, and E^
the applied electric field;
coefficient, and t. , is the i jkl
The early discovery of these

r. is the linear electrooptic or Pockels i jk
ąuadratic electrooptic or Kerr coefficient.

two nonlinear optical effects is consistent
with the fact that laser light is not required, and that very smali
changes in the optical indicatrix can be readily observed through a phase
retardation between the two polarizations of light propagating in a
birefringent medium, 
first two indices, 
notation, r , [11 ] .uk

Notę that is symmetric with respect
and thus r.can be written in reduced i jk
Kleinman symmetry rules [41] do not apply

to the 
tensor 
to the

linear electrooptic effect.

Bij(E) - B..(0) =

With the advent of lasers, a host of other nonlinear optical 
phenomena was discovered [42]. These phenomena are defined by the 
electric polarization of the medium, and thus are described by so called 
nonlinear optical susceptibilities [43]

P. = P + X. /ł)E. + X. .. <2)E.E, + X. ..J^E.E.E. + 
i o Aij j ijk j k ijkl jkl (15)
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where P is the polarization induced in macroscopic medium under the 
influence of field E, and the X*"^ are the macroscopic coefficients 

(susceptibilities) that reflect the projection of the microscopic 
molecular tensors on an appropriate direction within the unit celi.

Within this formalism, the linear electrooptic effect is defined by 
the change in the optical susceptibility

A X!U
Ac.. = - e. . AB. .c . .

U 11 U JJ
(16)

Ac. . « c.. and c... The induced polarization is then given by 
ij ii JJ

P.(t) = c A X* ! * E . = - c c. .C. ,r. ., E . (t )E. (t) .
i' o Aij j o u jj ijk j' k

If the electric field is a periodic function of time, then

E.(t) = E.cos(o t + * ) = 1/2 Fe. (w )e.xp(-i<J t) 
J J “ “ L J " “

(17)

+ e*(-t»u) exp(iuot)J , (18)

with e^(w) being the Fourier amplitudes of the electric fields including 
the overall phase. Taking o = w, o being the optical freąuency, and 
w = 0 (for the applied dc field), then the polarization at the optical W
freąuency is

P^w)
. . , . <oocc.. (<o)c . ,(o)r. ., e .e. . o ii' jj' ijk j k (19)

If a similar analysis is carried out in the notation of a second 
order nonlinear optical susceptibility defined by

P.(t) = £„ EJt)E’(t) (20)
1 O 1J K J K

then the following relationship between the nonlinear susceptibility and 
the electrooptic coefficient is obtained

= -1/2 e (w)e (o)r (-<o;w,O) , 

IJK XX J J X J A

2
where - n^, n being the Principal indices of refraction
parentheses the output and input . freąuencies of the electric 
involved are given.

(21)

and in
f ields
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Fiquency dependence of a linear electrooptic effect

In generał, the electrooptic effect can depend on three distinct 
processes depending on the modulating freąuency. For the linear 
electrooptic effect, the modulating freąuency is lower than the 
freąuencies of acoustic and optical phonon modes, thus both of them will 
contribute to the electrooptic susceptibility. In the Born-Oppenheimer 
approximation, the responses of phonon and electronic modes are 

independent and can be expressed as

d X(“o) , (22)
r = d Efw*) = aEfwJJa-O + [ j£(w^«o)x dEfwJ

In the above expression, Q is a lattice displacement, is the
modulating field, and x(«o) is the linear susceptibility at optical 
freąuency o [44]. The first term is the primary electrooptic effect,

O

which is of purely electronic origin. The second term is the secondary 
effect, which arises from the action of the modulating field on the 
lattice, which is related to the piezoelectric effect, and from the 
change in the optical susceptibility due to the lattice deformation, 
which is related to the photoelastic effect. The freąuency dependence of 
the electrooptic coefficient is shown schematically in Fig. 1.

Fig. 1. General dispersion for the linear electrooptic coefficient 
including contributions from electronic modes, re^, optical phonon modes, 

r^, and acoustic phonon modes, r^. The term r is the unclamped and r 

the clamped electrooptic coefficient (after [45])
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At Iow freguencies, acoustic modes appear in the crystal showing 
characteristic freguencies determined by the size and shape of the 
particular sample. At these freguencies, the materiał will deform with 
the applied field, thus in experiment one determines the unclamped or 

T Tstress-free coefficient r . The coefficient r contains contributions due 
B Rto low-freguency acoustic modes, r , optical modes, r , and electronic 

elmodes, r . Above freguencies of the acoustic modes and up to the 
freguencies of optical phonon modes, the materiał strains are smali, 

s
yielding the clamped or strain-free coefficient r , with contributions 
from rR and re^. Above the optical phonon restrahl, only re^ is measured, 

and this is then considered in optical parametric process. It should be 
noted that the magnitude and sign of the various contributions are 
material-dependent.

The contribution of the electronic States to the electrooptic 
coefficient can be determined by measuring an optical parametric 
susceptibility, such as the second-harmonic generation (SHG) coefficient. 
( In the second order term of eguation (16), a polarization is induced 
proportionally to the sguare of the applied electric fięld, and the 

( 2)nonlinfear second order optical susceptibility X (-2w;o,ł>) is 
responsible for SHG of incoming light.) The residual electrooptic 
susceptibility is then due to the phonon modes. The contribution of the 
optical modes can be determined independently by Raman scattering, sińce 
it measures fluctuations in the refractive indices due to thermally 
excited optical phonons. Similarly, the acoustic phonon contribution can 
be obtained from Brillouin scattering, sińce it probes thermally excited 
acoustic phonon modes. The relative contributions of the acoustic and 
optical phonons can also be probed by measuring the clamped and unclamped 
electrooptic coefficient.

In order to assess the relative contributions of the electrons and 
phonons to the electrooptic effect, the electrooptic and the optical 
parametric susceptibilities can be compared [40].

1.3.2. Nonlinear optical properties of organie compounds

Holecular polarizability

The dipole moment of an isolated molecule in an external field 
is given by the eguation [46]

p. = p. + a. .E . + P. E .E, + T. 'E .E. E, + .... (23 )*1 i ij J ijk J k ijkl j k 1

where P^ is the permanent dipole moment, is the polarizability 
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tensor, 0ijlt, etc. are the hyperpolarizability tensora, and Ej is 
a component of the electric field acting on the molecule. Ali the tensors 
are frequency dependent and should be written as functions of the 
frequency of the fields and the polarization produced.

Molecular crystals are formed frcra individual molecules which 
interact through weak intermolecular forces (dispersion, dipole-dipole, 
etc.) and retain their individual identity to a high degree.

Molecules with low-lying charge-transfer States of appropriate 
symmetry are characterized by high 0 values. In generał, these molecules 
have the structure D-----©— -A where D and A are electron donating and 

electron accepting substituents that provide a substantial C-T resonance 
interactions through the n-electron system of the aromatic ring. Oudar 
[47], using the perturbation calculation method, obtained an approximated 
expression for 0, in which the dominant CT intramolecular component 0CT 
is given by

PCT "
3 e2 h2 W f Ap___________

2 m [W2-(2hw)2][W2-(ho)2] (24)

where 0CT is a function of the laser fundamental photon energy hu, the 
electron charge e and the mass m, W is the energy gap between the lowest 
excited and ground electronic States of the molecule, f is the oscillator 
strength of the CT transition in the molecule, and Au = u - u excited ground 
is the change in the dipole moment involved in that transition.

Crystal structure considerations

The search for an efficient nonlinear crystal is, in fact, the 
search for a "polar crystal” in which the macroscopic properties reflect 
asymmetric molecular properties. Since X<n> are tensorial quantities, the 

unit celi characteristics and the orientations of the molecules within 
the crystal lattice are of great importance, if the molecular properties 
are to manifest themselves fully. Among 32 unique point groups, there are 
18 useful for SHG, which are biaxial (triclinic l;monoclinic 2, m; 
orthorhombic 222, mm2), uniaxial (trigonal 3, 32, 3m; tetragonal 4, 4mm, 
4, 42m; hexagonal 6, 6, 6mm, 6m2); and cubic 23, 43m.

The important relationships between microscopic molecular 
hyperpolarizability and macroscopic crystal hyperpolarizability were 
neatly formalized by Zyss and Oudar [48] in a quantitative modę.

The other problem, the efficiency-transparency trade-off, occurs in 
conjugated and polar molecules possessing the CT characteristics needed 
for large hyperpolarizability (high 0 value means almost inevitable loss 
of transparency). For practical purposes the crystal should not absorb at 
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either fundamental or harmonie wavelengths, otherwise an optical damage 

is likely to occur.

Survey of extensively studied NLO organie Materials

Organie compounds extensively studied for their nonlinear optical 
properties can be grouped according to their Chemical formulae. An 
excellent review has been published by Nicoud and Twieg [49].

Among the best organics known until now there are: urea and its 
derivatives [50], [51], m-disubstituted benzene derivatives [52], [53], 
aromatic nitro-compounds [54]—[56], nitrobenzenes [49], nitropyridines 
[57], polar olefins [58] , carbohydrates and amino acids.

There is a large variety of novel compounds that have been studied 
by the SHG powder method and for which further efforts at molecular 
engineering should be attempted. The example is a class of organie salts. 
Although the organie salts are not formally molecular compounds in a 
structural sense, they bridge the covalent organics and fully ionic 
inorganic materials. The organie part of the salt may be an anion or a 
catión, and either of them may be optically active. Among the organie 
anions, simple carboxylic acids predominate (formate, propionate, 
oxalate, etc.) although morę complicated (phthalate) and optically active 
(tartarate) anions have also been employed. The organie cations are morę 
rare, but the amino acids (glutamic acid and arginine), in which the 
basie functionalities are protonated, are the examples. A few morę recent 
examples of organie salts are of particular interest: racemic potassium 
malate [59], yttrium formate [60] and L-arginine phosphate monohydrate 

(LAP) [61].
For other reviews on studies of inorganic crystals exhibiting NLO 

properties the reader is referred to the comprehensive works of Bechmann 
and Kurtz [62], Kurtz et al. [63] and Jerphagnon et al. [64].

1.4. Experimental methods

As this work presents an experimental approach, various experimental 
techniques are quoted throughout the text. In this chapter we wish to 
describe briefly techniques (methods) used in our experiments with a 
particular emphasis put on methods employed in the author*s laboratory.

The piezoelectricity can be probed by the method elaborated by the 
author in 1980 and called Thermally Induced Electric Oscillations method 
[65]—[68] as well as by the standard method based on piezoelectric 
resonance-antiresonance measurements of a plane-parallel sample [7],
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[10].
The pyroelectric coefficient can be determined by two complementary 

techniąues: a dynamical method of Chynoweth [69], [70] and a continuous 
current pyroelectric method [71].

In the former techniąue a HeNe (5mW) laser light chopped usually at 
75 Hz freąuency periodically heats a sample. The pyroelectric response is 
measured after a suitable amplification with a lock-in nanovoltmeter. The 
pyroelectric coefficient p can be calculated from

p - (2)3/2 V e (Q K p c) 1/2
p " ind (25)

where V is the measured pyroelectric voltage, 0 is the modulation 
freąuency; K, P and c are the thermal conductivity, density and heat 
capacity of the sample, respectively; I is the incident intensity of 
light; n is the emissivity of the blacking layer and d is a sample 
thickness [70] .

The continuous current method consists in the measurements of the 
pyroelectric current I flowing through a short-circuited sample while it 
is cooled or heated at a known ratę. The pyroelectric coefficient p can 
be calculated using a formula

(26)

where A is the area of electrodes, and r =(dT/dr) stands for the ratę of 
temperaturę changes. The absolute values of spontaneous polarization 
Ps(T) are evaluated by a graphic integration of pyroelectric coefficient 
p(T) curve.

For the investigations of the electrooptical properties of the 
crystals we have built a standard eąuipment to the Pockels effect 
measurements [72] and sińce 1989, an eąuipment to SHG measurements 
employing the pulsed YAG laser system.

The experimental determination of linear electrooptic coefficients r 
is based on the eąuation

An(E) = n3 r | (27)

where An(E) is the change in the refractive index n induced by an 
electric field (E) (tensor subscripts have been omitted for clarity). The 
morphology and orientation of the sample as well as the crystal symmetry 
determine the tensor components that can be identified in a particular 
experiment. Smali changes in the refractive index can be measured by
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detecting the phase shift of .light traversing the materiał (T)r = (-^4 An 1 > (28)

vzhere 1 is the optical path length. In order to detect the phase 
retardation due to the electrooptic effect, the phase must be fixed or 
referenced. In generał two methods can be employed. The first consists in 
fixing the phase by birefringent propagation in the crystal, i.e., the 
relative phase of the ordinary and extraordinary rays is fixed by the 
crystal boundary. The second method refers the phase to an external 
interfering beam. In both technigues either static or ac modulating 
electric fields can be applied.

The birefringent phase-retardation method (used in this work), is 
based on measurement of the materiał birefringence as a function of the 
applied modulating vołtage. The relationship between the induced 
birefringence and the electrooptic coefficient is given by the eguation 
[73]

U = i , <29>

where the change in dielectric impermeabili ty is related to the 
electrooptic coefficient r.^ (cf. also eguations (15) and (22))

A( -al . . = r. .. E. , (30)1 n 'ij ijk k 

resulting in

[ f -a) . . + r. .. E, ]x.x . » 1L L n 11j ijk k J i j (31)

The phase retardation r can be measured employing a S^narmont 
compensator [74] in which an incident polarizer, the crystal, a 
quarter-wave piąte, and an analyzer are arranged for extinction of the 
transmitted light. The term T is related to the angle between the 
incident. and analyzing polarizers. In another method, the phase 
modulation is converted to an amplitudę modulation by means of fixed 
orthogonal polarizers at the input and output..

The determination of the electrooptic coefficients of a crystal in a 
hi re f r i n e phase-ret a i dati on exper i went can be impi oved i f the 
inodulat i n-.’: field is applied at a nonzero freguency. Among the advantages 
cf t ho a ■ t eclm igut s thece are: high measurement sensiticity dut to the 
use of >|ticii de l oto: and het.erodyn i ng technigues, as well as the
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ability to vary the modulating frequency into both clamped and unclamped 
regions of the material’s freguency response, thereby probing the 
contributions of phonon structure to the electrooptic coefficient.In 
addition to direct methods described above, an indirect method has been 
reported [75] which consists in measurements of electroreflectance 
spectra (AR/R) versus photon energy.

Fig. 2. Experimental setup for the measurements of the linear
electrooptic coefficients

The experimental setup used by the author to measure the 
electrooptic effect is schematically shown in Fig. 2.

The 50 mW or 10 mW HeNe laser se.rved as a linearly polarized lighr 
source (632.8 nm). Rectangular pulses of voltage were supplied from the 
modified high voltage supply (0 - 1000 V) at frequency 10 kHz, and a fast 
photodiode served as a light intensity detector. The signals were 
monitored on the oscilloscope screen or measured by a lock-in 
nanovoltmeter.

Measurements of dielectric properties presented in this monograph 
were mostly carried out by R. Jakubas at the Ins^itute of Chemistry of 
the University of Wrocław. Measurements of the static electric 
permittivity were performed at 1 kHz (E = 500 V/m) with a Meratronic E 
315A automatic capacitance bridge. Some experiments were performed at 300 
Hz, 1 kHz and 10 kHz with a Tesla semi-automatic C bridge BM 484 (E = 
300 V/m). Cooling (and/or heating) rates were kept constant in the 
vicinity of phase transitions and usually amounted to ± 0.05 K/min.

The auxiliary measurements presented in this work such as IR, Raman 
and Brillouin spectroscopy, calorimetry, as well as X-ray structure 
determination were done mostly in collaboration with two French groups: 
Groupe de Physiąue Cristalline, Universitć de Rennes I, and Laboratoire 
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de Dynamiąue de Cristaux Molćculaires, U.R.F. de Physiąue, Universitć de 
Lille I, though some FTIR experiments were also done at NRC Canada.

Raman spectra measured in Rennes were excited with a Coherent 
Radiation krypton or argon ion laser operating at 647.1 and 514.5 nm, 
respectively. The Stokes Raman scattering at 90° was analyzed in the 
freąuency Shift rangę of 0 - 3500 cm 1 with a Coderg LRDH 800 Raman 

spectrometer. Spectral resolution was maintained in the rangę of 0.8 - 2 
cm depending on the spectral region studied. Raman scattering 
measurements in the temperaturę rangę of 90 - 295 K were performed using 
a cryostat eąuipped with a temperaturę controller enabling one to 
maintain the temperaturę constant within ± 0.1 K. Measurements at 
temperatures higher than room temperaturę were performed in a 
laboratory-msde furnace consisting of a copper błock inserted into a 
circular heater with appropriate glass Windows. The temperaturę stability 
in this case was ± 0.4 K. The Raman spectra measured in Lille excited 
using Spectra Physics 165 argon laser light (488.0 nm), were analyzed by 
means of a Coderg T880 triple monochromator. A Dilor data acąuisition 
system coupled with an Apple Ile microcomputer and MicroVax II Computer 
enabled recording and numerical fitting of experimental data. The 
crystals were mounted into a goniometer head, enabling a precise sample 
orientation with respect to the incident and scattered directions. In 
order to perform Iow temperaturę measurements the sample was cooled by 
the stream of gaseous nitrogen.

The Brillouin spectra measured in Rennes were taken using a Coherent 
laser operating at 514.5 nm and a piezoelectrically scanned multipass 
Fabry-Perrot interferometer (RC-22).

The Fourier transform infrared (FTIR) techniąue (NRC Canada) has 
been used to study the IR spectra of C-TNB complex within the rangę 700 - 
3800 cm 1. The spectra were recorded with a Digilab FTS-11 spectrometer 

eąuipped with a high sensitivity narrow rangę mercury cadmium telluride 
detector. Typically 100 interferograms were recorded, apodized with a 
triangular function and Fourier-transformed to give a spectral resolution 
of 0.9 cm 1.

Calorimetric experiments were madę with Perkin-Elmer DSC-2 and 
Setaram DSC-111 differential scanning calorimeters coupled with HP86 
microcomputers for data acąuisition and Processing.

The X-ray diffraction measurements were performed with an automatic 
Diffractometer Enraf-Nonius CAD-4 in Rennes and Lille.
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2. ORGANIC-INORGANIC HALIDES

2.1. Introduction

Organic-inorganic materials are the compounds in which crystal 
engineering can be approached through systematic modification of both 
types of constituents. Such an approach has been successfully realized ^y 
the team from the Institute of Chemistry of the Wrocław University headed 
by Professor L. Sobczyk. Jakubas [76] has found an interesting family of 
ferroelectric crystals which can be described by a generał formula 
[(CHO) NH. ]„XOY„ where X = Sb, Bi, and Y = Cl, Br and I [77]-[82]. 3 n 4-n 3 z 9

This newly discovered group of materials is a branch of a large 
family of organie salts known as organic-inorganic double halides widely 
studied in the last two decades. A short but excellent review on 
organic-inorganic halides has been published by Arend [83] in which a 
classification based on structural aspects has been proposed. The 
compounds of this type crystallize in perovskite-type layer structures 
[83]-[88] consisting of nearly isolated layers formed by octa- or 
tetrahedra of metal coordinated by halide atoms. The cavities between 
them contain various organie groups, whose aminę heads form NH...Y type 
hydrogen bonds with the halide atoms.

The group of (C H„ .NH,)„MC1. compounds, where M = Mn, Cd, Fe, Cu, 
... is among the most intensively studied; when 1 n s 4, the alkyl 
chains are arranged almost perpendicularly up and down apart from the 
octahedra layers, the interlayer distance varying regularly with n [89].

A well known subgroup is formed by the compounds of generał formula 
[(CHg>4N]gMX4 with X = Cl, Br. Within this group, a number of interesting 
sequences of phase transitions and in particular the occurrence of 
incommensurate phases and ferroelectricity were found [90]—[94]. 
[(CH„).N]„ZnCl . and [(CH-).N],CoCl . crystals show ferroelectricity [90], 
[95], [(CHgl^N]gCuCl^ crystal undergoes a ferroelastic phase transition 
at about 291 K [96], [97] and possesses an intermediate phase with an 
incommensurate structure [98]. [(CH>4N]gCuBr4 crystal was also found to 
be ferroelectric [92]. Zinc tetrachlorides containing primary alkyl 
ammonium ions with aliphatic chains are of interest because of their 
phase transition behaviour which is strongly dominated by the dynamics of 
the organie parts. Long chain compounds (n = 10 - 16) form intercalated 
structures bearing some resemblance to biomembranes.

AMX3 compounds with X = Cl, Br, I, whose structure consists of 
columns formed by face sharing octahedra, can form linear magnetic 
Systems [99], with large organie ammonium ions acting as suitable spacers



these columns. In these materials structural phase transitions 
are linked to order-disorder phenomena of the organie ammonium ions. A 
particular case of a complex phase sequence could be found in 
(C i3)^NHCdClg crystal, where the hydrogen bond can switch between columns 
of octahedra [100]. Ferroelectricity was also observed in (CH^l^NHHgl 
crystal [101] which is a rare example of one-dimensional compound with 
the polar direction perpendicular to the column axis.

Halide perovskites with aromatic rings, for example 
(C„H_CH„NH_)_CdCl., are piezoelectric in contrast to all studied o 5 Ł 3 2 4
aliphatic chain compounds. However, their physical properties have not 
been studied yet [83]. What is interesting and promising within this 
particular class is that nonsaturated hydrogen chains can be introduced 
with a parallel equldistant arrangement via aminę heads into the 
perovskite matrix. Distances between neighbouring chains can be adjusted 
by the size of metal cations and halogen anions. Cross-1inking of 
neighbouring chains can be induced by the 7 or UV irradiation. 
Polymerization of this type has been performed with diacetylenes and 
trans,trans-butadienes [83]. The polymers obtained have an extremely high 
thermal atability.

3-dimensional corner sharing compounds of the type (CH,). NH GeCl„ o 4— n n «j 
with n = 0...3 crystallize in a Pm3m high temperaturę structure. All of 
them have different phase sequences, the majority of which leads towards 
phases allowing' for ferroelectricity. A striking feature of their high 

-4 -2temperaturę phases is, however, a high ionic conductivity (10 -10
0 ^m 1) and activation energies between 0.29 and 0.6 eV [83].

Hybrid structures, when the columnar arrangement AMX$ is 
interpenetrated by A„MX. isolated tetrahedra, lead to a total composition ^4 4-
of A,MOX_. This is only possible at present, if A = (CH,),NH and M = J Z ( O w
Mn, Cu or Cd. Such compounds were first described in 1976 [102], and it 
was found that they are polar and exhibit triboluminescence.

Our interest in the described class of materials started in 1986 
when the first papers concerning ferroelectricity in crystals of 
[(CH-) NH. ]_X„Y_ compounds were published [79], [80], [103]. Having in o n 4-n j z y 
mind also the NLO properties we have been particularly interested in 
establishing whether polar materials or phases exist in this group.

The subsequent chapters wili contain description of numerous 
experimental results obtained on some of the compounds from the group 
mentioned above. The crystals for these studies were kindly supplied by 
Dr. R. Jakubas form the Institute of Chemistry of Wrccle.w University. All 
of the experiments aimed at understanding the specific naturę of the 
compounds by comparing the results obtained within the group with thosc 
obtained for other compounds of a similar type.
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2.2 Tris(trimethylammonium)nonachlorodiantimonate III (TMACA)

2.2.1. Structure description of TMACA and other early studies

The synthesis of [(CHg)jNH]3Sb2Clg and its preliminary X-ray 
structure was described by Kruger et al. £104]. The fuli structure of 
TMACA has been subsequently established by Kallel and Bats [105]. In this 
compound the metal shows a tendency towards distorted octahedral 
coordination with some relatively long Sb-Cl bonds, which is attributed 
to the aspherical distribution of lone-pair electrons at Sb(III). The 
structure of TMACA contains SbClg pyramids with Sb-Cl bonds ranging from 
2.401 to 2.473 X . The Cl anions interconnect the SbCl^ groups into a 
two-dimensional network by forming bridges with Sb-Cl of lengths ranging o _ 
from 2.383 to '3.318 X [105]. Then the distorted octahedra of SbClg are 

formed. The cavities between the octahedra contain three nonequivalent 
(CHgJjNH* cations, two of them forming N-H...C1 hydrogen bonds of 

intermediate strength with the bridge chlorine atoms (N...C1 distances 
being 3.220 and 3.254 X). The third cation which occuples a free space 
inside a twelve-membered (-Sb-Cl-)g ring in the (bę.) piane (cf. Fig. 3) 
is reportedly linked to the chlorine atoms with a very weak bifurcated 
hydrogen bond (the N...C1 distances being equal to 3.455 and 3.588 X in 

that case). Large thermal parameters show this cation to be disordered.

Fig. 3. Schemat i.' yin: of the structure along a-axis, showing the 
two-dimensional netwurk. The SbCl,. octahedra are represented by their f >
surfaces, the (CU , ) ,' H tetrahedra by their bonds (after [105])
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A coordination of Sb atom similar to that in TMACA was found in the 
crystal structure of a-CsQSb„ClQ [106] and P-Cs,Sb„ClQ [107].

At room temperaturę (T = 296 K) TMACA crystallizes in the monoclinic 
system, within Pc space group [104], [105]. Lattice parameters are: 
a = 10.085 X, b = 9.072 X, c = 15.495 X, 0 = 90.17°, Z =2, the density 

being Dc = 1.744 Mg/m .
Single crystals of TMACA were obtained by isothermal evaporation, at 

293 K, of ,aqueous Solutions of a stoichiometric mixture of (CHg)gNHCl and 
SbCl3 with an excess of HC1. Thick hexagonal shaped crystals of TMACA 
with a perfect cleavage piane (perpendicular to the a-axis) are 
transparent and colourless.

In the m point group, to which TMACA belongs, the occurrence of 
pyroelectricity, ferroelectricity as well as NLO properties is possible. 
Ferroelectricity of TMACA has been found by Jakubas et al. [80] who
observed a ferroelectric hysteresis loop. The spontaneous polarization 

-2 2measurements by the Sawyer-Tower method gave Pg = 1.3x10 C/m at 330 K, 
and revealed the transition to the paraelectric phase at about 367 K 
[80].

Preliminary differential scanning calorimetry measurements 
(hereafter abbreviated as DSC) revealed an anomaly at about 364 K with 
the transition entropy change of about 4 J/(mol K) [80].

The dielectric permittivity measurements reported in the same paper 
clearly indicated an existence of a first order phase transition at 367 K 
of a ferroelectric character with a e’ value (measured along the ę-axis) c 
reaching 750. An existence of a metastable phase between the 
ferroelectric and paraelectric phases was also pointed out.

Mrdz et al. reported in [103] on the pyroelectric coefficient 
measurements in TMACA over a much wider temperaturę rangę. The 
temperaturę dependence of spontaneous polarization gave the value of 

2 
about 1.6 C/m at 330 K, but also indicated some broad anomaly of Pg 
around 200 K. In the temperaturę rangę of 200 - 220 K a dielectric 
relaxation process has been found basing ón £^(T) and tan 6(T) 
measurements [103].

Proton magnetic resonance (NMR) studies of TMACA [108] revealed that 
the (CH3>3NH+ ions are relatively free exhibiting a rotation of methyl 

groups (Co) as well as a rotation of the whóle cation (Cl) around O o
respective three-fold molecular axes.
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2.2.2. Calorimetric measurements of TMACA [109], [110]*

Specific heat (cp) measurements performed on heating single 
crystalline samples of TMACA in the rangę of 355 - 375 K revealed two
distinct endotherms with the maxima at 365.6 K and 364.9 K (cf. Fig. 4).

Fig.4. Heat flow curves measured in TMACA single crystals upon heating 
(upper curve) and cooling (lower curve). Scanning ratę ± 2.5 K/min. 
Separation of the contributions 'due to the first and the second order 
phase transitions is schematically shown [109], [110.]

The existence of two peaks around the temperaturę of 365 K pointed 
out that there might occur two phase transitions in this region, and not 
a single one as reported earlier [80]. In order to check this hypothesis, 
several DSC experiments were performed on heating and cooling the 
samples, using various scanning rates (1 - 10 K/min). The exotherms 
recorded in the cooling runs showed two neatly separated peaks. One of 
them, rather narrow, shows characteristic features of a first order phase 
transition, the other, much broader, resembles a peak due to a second 
order transition (cf. Fig. 4). The apparent orders of the transitions 
were also deduced from the magnitudes of thermal hystereses measured for

The literaturę citations given in titles of sections refer the 
Reader to the present author’s work on the topie deser ibed in the 
respective section.
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both of them. From the DSC measurements performed at different scanning 
rates and then extrapolated to the zero scanning ratę, the temperaturę of 
second order transition was determined to amount to T = 363.7 K and the 
thermai hysteresis to 0 K. The temperaturę of the other phase transition 
extrapolated to the zero scanning ratę was found equal to T^ = 363.0 K or 
Tj = 364.2 K depending on whether it was determined from cooling or 
heating runs, respectively [110]. It is interesting to notę that on 
heating, the first order transition is observed above the second order 
one, whereas on cooling an inverse sequence is observed: the first order 
transition appears at lower temperaturę than the second order one.

The enthalpy of the first order phase transition amounts to 1.02 
kJ/mol, thus the entropy of the transition (AsJ. ) equals to 2.97 J/(mol 
K). The entropy of the second order phase transition (As^.1) was found to 

be equal to 1.67 J/(mol K). These values are likely to be charged with an 
error as large as 15%. The large values of As for the two transitions 
suggest that both of them are of the order-disorder character. The 
entropy change assigned to the first order transition As' comes very 

close to the value g R In 2 (= 2.88 J/(mol K)) which can be understood as 
a conformational entropy change of two entities in the unit celi, ordered 
below the phase transition point and disordered above it. A possible 
candidate might be reorientation of one among three nonequivalent 
(CHg)gNH+ cations. The value of transition assigned to the second order 

transition indicates that most probably we do not deal with a pure 
order-disorder case, but, on the other hand, AS^' value is too large to 

be connected with a pure transition of displacive type. The existence of 
these facts raises the question on the naturę of the considered 
transition, which seems to have a rather complex character.

The DSC measurements performed in the Iow temperaturę region (170 - 
260 K) on a virgin TMACA sample, showed also a thermai anomaly in the 
region 197 - 204 K, with enthalpy amounting to AU = 12.3 J/mol. Another 
measurement, when repeated immediately after the first one, showed no 
sign of any anomaly around 200 K. However, the samples were found to 
recover: the effect for the sample stored at ambient temperaturę over 30 
min amounted to about 30% of that observed on the virgin sample. Thus DSC 
measurements confirmed existence of anomalies in this region in TMACA 
reported earlier by Mróz et al. [103],

2.2.3. Dielectric and pyroelectric measurements of TMACA [109], [MO]

The temperaturę dependences of the electric permiltivity measured
quasi-staticallj along the ę-axis (rF ) both apon heating and cooling are
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shown in Fig.5.

Fig.5. Temperaturę dependence of static electric permittivity c’ for a c
TMACA single crystal along the ę-axis (heating- and cooling runs are 
indicated by the arrows). Insert: the phase transition region (after 
[110] )

The ę-axis is the one for which the highest values of the electric 
permittivity were observed. One can notice two anomalies at 363.4 and 
364.2 K on heating, and at 363.8 and 361.7 K on cooling the sample. The 
peak at 364 ± 0.2 K remains at a practically constant position 
irrespective of the direction of temperaturę changes. On the contrary, 
the other anomaly exhibits an appreciable thermal hysteresis. The large 
jump of dielectric constant for c-axis, r’ corresponds to the first order 
transition, whereas the subsequent maximum to the second order 
transition. The precise measurements of the electric permittivity along 
the a crystallogiaphic direction also confirmed the existence of two 
types of anomalies, observed in al.l series of measurements [109].

The Chynoweth method [69], [70] employed in studies of pyroelectric 
pruperties allowed us to measure pyroelectric response of materials under 
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influence of externally applied electric field and at arbitrarily Iow 
rates of temperaturę changes (the latter condition cannot be realized 
using the continuous current pyroelectric method). Neither a measurable 
effect on the behaviour and magnitude of the pyroelectric coefficient nor 
any shift of phase transition temperaturę under the influence of 
externally applied electric field were found up to the field strength 

5
7x10 V/m. An example of pyroelectric response obtained in TMACA on 
heating and cooling is shown in Fig.6.

The thermal hysteresis observed at the ratę of about 1 K/min 
amounted to 2.4 K. It is unusual that the pyroelectric response depends 
on the direction of temperaturę changes. The measurements of pyroelectric 
properties point out that the raise of the spontaneous polarization in 
TMACA is entirely associated with the first order transition, because 
Pg(T) follows the same thermal hysteresis on heating or cooling as the 
first order transition does. The pyroelectric response in the 
intermediary polar phase (on heating) can be influenced by the occurrence 
of the second order transition within this temperaturę rangę.

Fig. 6. Pyroelectric response obtained for TMACA along the c direction 
using the Chynoweth techniąue. The ratę of temperaturę changes amounted 
to ± 1 K/min. Heating and cooling runs are indicated by the arrows

Measurements of electric perroittivity performed in the rangę of 170
260 K at several freąuencies clearly enabled to establish the 

relaxational mechanism of the low-temperature anomaly (cf. Fig.7). The r" 
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maxima exhibit a distinct temperaturę shift towards lower temperatures on 
decreasing the measurement freguency. The activation energy determined 
from the In w versus 1/T plot amounts to ca. 30.6 kJ/mol. This value 
falls within the rangę of energies of weak hydrogen bonds [111]. Such a 
character of dielectric anomalies suggests that the process responsible 
for the observed features is most probably a freezing of motions of sonę 
molecular entities when decreasing.. the temperaturę.

Fig.7. e’(T) and r’’(T) dependences in TMACA in the Iow temperaturę 
region (after [110])

2.2.4. Raman and Brillouin scattering in TMACA [112], [113]

Light scattering technigues have been extensively used to study 
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lattice dynamics and structural phase transitions in perovskite 
layer-type compounds, and in particular in compounds belonging to the 
groups of (C H_- .NHj-MCi. [84], [114]-[116], (CH,).NMC1_ [117] orn Zn+1 3 2 4 343
(NHg(CHg)3NH3)MnCl^ [118] where interesting seąuences of phase
transitions were observed.

Until now, no Raman scattering studies in the group of 
[ (CH3have been published, except for those co-authored by 
the present author [112], [113].

As mentioned in Section 1.2.1. the crystal structure of TMACA 
consists of two [(CHg)^NH]gSbgClg formula units in a unit celi, and thus 
318 normal modes of vibration are predicted. A large difference between 
intramolecular (C-N, C-H, N-H, Sb-Cl) and intermolecular N-H...C1 force 
constants allows for the separation of the internal vibrations of 

+ 3-(CH3)gNH and SbClg ions from their external motions (librations and 
trahslations; R , R , R and T , T , T , respectively). In the rigid-body x y z x y z
approximation, one can assume that the corner-sharing SbCl- octahedra 

6 +
form an infinite two-dimensional layer, whereas the three (CHg)gNH 
cations located at symmetry sites can be treated as separate entities. 
With this simplification, one should expect 39 modes of lattice 
vibrations, decomposed into 18 A’ and 18 A’’ irreducible representations 
of the m (C) symmetry point group. The lattice modes should appear in 
the low-freąuency region (0 - 300 cm ^).

To assign the Raman modes the Iow temperaturę spectra have been 
analyzed [113]. Typical spectra of TMACA at 90 K within the spectral 
rangę of 5 - 340 cm are shown in Fig. 8. About 20 Raman bands can be 
observed for any Raman tensor component in this rangę. The large number 
and mixing of vibrational modes in the considered region make the band 
assignment difficult. Focusing attention on the most pronounced features 
of the spectra at 90 K, we assigned the Raman lines by comparing the 
spectra of TMACA with the spectra of other compounds with identical 
molecular (organie and inorganic) subgroups [104], [119]—[121]. The bands 
observed in TMACA at 90 K are listed and accompanied by their tentative 
assignments in [113]

It is worth noting that careful comparison of the two spectra 
belonging to the same Raman tensor element, but taken in different 
configurations (for example z(y,z)y and x(y,z)y ) show many minor 
differences. The shifts of band positions by 1 - 2 cm 1 can probably be 

connected with LO-TO differences. According to Kaminow and Johnston [122] 
high yalues of electrooptic coefficients might be expected in ionic 
crystals having large LO-TO splittings .
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Fig. 8. Low-freąuency polarized Raman spectra (10 - 350 cm') of

[(CH-),NH]„Sb„Clo at 90 K [113] ó o 3 z y

On increasing temperaturo the main feature of the evolution of Raman 
scattering spectra of TMACA is a considerable linę broadening accompanied 
by shifts of the bands. A typical example of such behaviour is shown in 
Fig.9. No dramatic changes in the spectra were observed while passing 
through temperatures 206 K and 364 K, where anomalies of other physical 
properties were reported. However, a single (well separated) band of 
freąuency 305 cm * at 90 K changed its intensity considerably between 90 

and 300 K. We performed careful measurements of its peak intensity, 
half-width and freąuency (cf. Fig. 10). A considerable broadening of the 
band at 305 cm and characteristic temperaturo changes of the peak 
intensity and freąuency (with angular points around 200 K) can be seen.

The band at 305 cm 1 has been assigned to the torsion of methyl 

group, and thus it represents an interna!, non-dispersive modę. The 
variations of half-width of a non-dispersive phonon associated with an 
order-disorder mechanism, as we assumed in our work [113], were derived 
from the Langevin formalism by Andrade et al. [ 123]-(125]. Over a wide 
temperaturo rangę, the temperaturę dependence of the linewidth of a 
phonon associated with a self diffusion process is a function of the 
correlation time i , and is given by
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Fig.9. Evolution of the « Raman spectra with temperaturę increase for

Fig. 10. Half-width (T), peak 
intensity (I) and freąuency (Au) 
variations of torsional vibrations 
of methyl group as a function of 
temperaturę [113]
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r = (a + b T) + [------- .
1+0 T

C

< 32 )

where o is the phonon pulsation. The time-dependent statistical behaviour 
of the disorder mechanism is described by a correlation time which 
usually is assumed to be of the form

t = r exp(E /kT), co a (33)

where Ea is an activation energy corresponding approximately to the 
height of the potential barrier between equivalent molecular positions 
governing the disorder mechanism. By fitting the equation (32) to 
experimental f(T) dependence we obtained activation energy Ea = 10.0 ± 
0.9 kJ/mol which is close to that estimated by Idziak et al. [108] (E = 

® + 
11.2 .± 1.7 kJ/mol) and linked with the rotation of a whole (CHg)gNH 
cation around its Cg axis. An assumption of the existence of a 
cooperative local motion of molecules or their parts with a coherence 
lengths of a few lattice periods is necessary to rationalize the 
collected data. This local ordering may concern only one among the three 
nonequivalent (CHg)gNH+ cations.

The evolution of the a Raman spectrum in the temperaturę rangę of 
294 - 400 K is shown in Fig. 11. One of the most characteristic features 
seen in the spectra is the raise of the background close to the Rayleigh 
linę on approaching the transition temperaturę (T = 364 K). In order to 
•visualize the character of this phenomenon morę clearly, we plotted the 
ratio of the scattered light intensity measured at 20 cm', where there 

is no Raman band, and the peak intensity of the 140 cm band against 
temperaturę (see Fig. 12). A similar behaviour has already been observed 
for many compounds in which transitions of an order-disorder type occur 
[126], [127]. A smali kink (the dotted linę) seen at the transition
temperaturę, T , may come from the first-order transition. Again, no 
dramatic changes occurred in the low-frequency region in the Raman 
spectra close to 364 K. However, a spectacular evidence of the existence 
of the phase transition has been found in the internal vibrations region, 
2800 - 3050 cm-1 (see Fig. 13).
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Fig. 11. Temperaturę evolution
of the a spectrum of TMACA yx
in the vicinity of 364 K phase
transition [113]

Fig. 12. Changes in background 
intensity at 20 cm*1 norma- 
lized to intensity of 140 cm 1 

Raman band as a function of 
temperaturę in the rangę of 

290 - 400 K [113]
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Fig. 13. Raman spectra in the region of symmetric and antisymmetric 
stretchings of CH3 at 295 K

One can observe evolution (convergence) of two bands at 3020 and 
3034 cm (cf. Fig. 14) while other bands in this region do not change.

Above the transition temperaturę, there is a single band of 
freąuency of 3035 cm which splits into two bands below Tc. Intensity 
and freąuency variations for these two lines are plotted as a function of 
temperaturę in Fig. 15a . The plot of logarit.hm of the magnitude of the 
splitting, In [ A (Au)] versus ln(T~-T), is a straight linę of the slope of 
0.47 (see Fig. 15b ). This value is close to that expected for mean field 
type transitions and we believe the observed splitting be indireetly 
connected with an order parameter governing the second-order phase 
transition in TMACA.

Auxiliary Brillouin scattering measurements were performed in the 
high temperaturę region [112]. However, close to the temperaturę of the 
transition (367 K) only minor deviations of LA phonon propagation were 
observed (cf. Fig. 16). Moreover, no soft-mode like behaviour of 
propagation of acoustic phonons has been found.
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3000 3020 3040 — W cm-1

Fig. 14. Evolution of the a Raman spectra in the 3000 - 3050 ° xz
region in the vicinity of 364 K phase transition region

-1 cm



37

Fig. 15. a) Intensity (I) and 
freąuency (Ap) variations of 
C H $ stretching bands in the 
proximity of the phase 
transition in TMACA at 364 K. 
b) Temperaturę dependence of 
the splitting

Fig. 16. Brillouin shifts of 
the two longii.udinal acoustic 
modes in the region of the 
phase transition in TMACA
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2.2.5- . On the phase transitions in TMACA

Basing on the experimental data presented above, one can establish a 
schematic seguence of phases in TMACA [109]:

Second order (?) First order Second order
203 K 363 K 364 K

Polar Ferroelectric Intermediate Paraelectric
phase IV phase III phase II phase I

The lack of crystallographic data (except for the room temperaturę 
structure) makes the analysis of the phase transitions difficult, 
especially of that around 203 K, whose naturę still remains unclear. An 
open guestion is the naturę of the intermediate phase II. It is known 
from the literaturę data that in compounds of similar type the disorder 
of the organie parts is involved in phase transitions [128]-[130], 
moreover some ferroelectric type transitions are followed by appearance 
of the commensurate or incommensurate structures, e.g_ in [(CH,).N]„CuBr. 
[131 ] , [132] or in [(CH3 )]gZnCl^ crystals [133]. Some features of
calorimetric and dielectric measurements data for TMACA resemble those 
found for RbLiSO^ where an incommensurate phase has been found between 
two closely lying phase transitions at 475 and 477 K [134]. One may only 
speculate that also in the case of TMACA the intermediate phase is of an 
incommensurate character.

When describing the naturę of transitions in TMACA one should 
realize that it is a system consisting of two sublattices: organie and 
inorganic ones, linked together by ionic and H-bond interactions. Then, 
for example, a disorder among (CH3>3NH+ cations can coexist with an 

ordered state of SbClg octahedra.
We tried to rationalize the ferroelectricity in TMACA by assuming 

that one among three nonequivalent (CH_)ąNH+ cations is responsible for 
O 0 

occurrence of the spontaneous polarization. It is possible that the 
cation reportedly linked to the two chlorine atoms, Cl(2 ) and Cl(4), by a 
bifurcated H-bond [105] at room temperaturę occupies, in reality, one of 
the two possible positions with proton situated along the directions of 
N(3)-H-C1(2) or N(3 )-H-Cl(4 ) . The disorder seen by X-ray analysis can be 
only statistical and not dynamical one. Following this hypothesis we 
tried to calculate by a semiempirical quantum mechanical (INDO) method 
[135], [136] the total electronic energy of the TMACA molecule during 
rotation of its disordered cation around the N( 3) atom in the 
N(3 )-Cl(2)-Cl(4) piane. This rotation (± 50° from the crystallo-
graphically determined position) simulated the proton movement in the 
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disordered cation. We have found an energy curve with two minima 
corresponding to the two linear H-bonds N(3)-H-C1(2) and N(3)-H-C1(4) 
[137], as is shown in Fig. 17.

This result obtained for an isolated molecule shows that the 
favourable energetically States are those with linear H-bonds and the 
energetic barrier between them is of the order of a few kT at 364 K. We 
think that this barrier can be easily cvercome (due to its apparent 
lowering) if the rotation of (CHg)gNH+ cations proceeds via coherent 

movements (domain wali movement) of its neighbours. Furthermore, we have 
tried to calculate the total electronic energy dependence on position of 
H-atom on the lines of N (3) - Cl (2) and N(3)-C1(4). The result of these 
calculations is shown in Fig. 18 [137].

17. INDO calculations' of total electronic energy ofFig.
[(CH,. ) ,NH],Sb„Cl„ molecule; one of the NHICH,), groups rotate in piane of ó ó ó j
the bifurcated H-bond. N-H distance is assumed to be equal to 1.1 X

What is interesting, these calculations locate the proton closer to 
the Cl atoms than to the N atom as the absolute minima occur for the 
distance N(3 J—H equal to 2.2 X. However, this highly unexpected result, 
cannot be considered as a finał one because in the course of the 
calculations the influence of the crystalline lattice has not been taken 
into account, as welJ as, all the molecular groups remained rigid and 
were described by structural parameters established at 294 K [105].



40

Fig. 18. Total electronic energy of an isolated TMACA molecule with 
straight H-bonds vs proton position along N(3)-C1(4) direction

Basing on the above remarks we do not claim that the results presented in 
Fig. 18 are not false. Nevertheless, the calculations do not contradict 
the' possibility tnat the ferroelectricity of TMACA is governed by the 
coherent movements of (CHo)gNH+ cations with the proton localized in one 

or another H-bond. This model will be confirmed if the temperaturę of the 
ferroelectric-paraelectric phase transition changes on deuteration (i.e., 
(CH2)jND+). It is obvious that disorder in the inorganic sublattice will 
influence the dynamics of the (CHq)gNH+ cations via the H-bonds and thus 

it is highly probable that both transitions are mutually dependent.
The Iow temperaturę dielectric anomalies observed at about 203 K 

when combined with the Raman scattering investigations can be understood 
on the basis of a relaxation process of one of three nonequivalent 
cations which gradually looses some of its degree of motions. The 
presently available data seem to point out that it can be either freezing 
of the hindered rotation of the (CH^J^NH group around the Cg axis or its 
localization in one of the several possible positions in the high 
temperaturę phase III. The Iow temperaturę phase can represent a kind of 
glass ordered only in a microscale but disordered in a macroscale. Then 
the observed anomalies not necessarily must indicate the presence of a 
structural phase transition.

2.2.6. Electrooptic measurements [138] 

As the Kleinman symmetry does not apply to the linear electrooptic
effect, one should expect for the m point group 10 nonzero Pockels
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coefficients. In the case when the t-axis is a unique one i.e., it is 
perpendicular to the symmetry piane m, these coefficients are: r^^

r21* r23’ r31’ r33* r42’ r51’ r53 and r62‘
Because of Iow crystal symmetry, finding out all of the coefficients 

is a difficult task. We restricted ourselves to determination of 
effective coefficients only, important for application of this materiał 
as a light modulator. Two different transverse electrooptic modulators 
were prepared:

(i) in the Ist configuration the laser light propagates along the 
a-axis and the modulating electric field is applied along thec-axis,

(ii) in the 2nd configuration the optical beam path is parallel to 
the ę-axis and the field is applied along the a-axis.

In the lst configuration we attained 100% modulation of the light 
intensity under influence of an electric field. Considering the equation 
(31) and neglecting second order terms connected with the compohents 
and Tgg, one can derive a formula describing the field induced phase 
retardation in this case

where V is the applied voltage, d is the distance between electrodes, 1 
is the length of crystal traversed by the light of the wavelength X. The 
magnitude of the voltage necessary to obtain 100% intensity modulation 
(under the condition 1 = d), corrected for the dimensions of the crystal, 
is called the reduced half-wave voltage Vn. For the geometry described 
above Vn = 1.2 kV for TMACA [138], which is much lower than that for ADP 
(14.8 kV) and KDP (8.5 kV) [72] or even LiNbOg (3 kV) [73]. The half-wave 
voltage obtained for TMACA is one of the łowest reported so far, although 
recently a crystal with lower VR was described: 3-(1,1-dicyano- 
ethenyl)-l-phenyl-4,5-dihydro-lH-pyrazole [139] ( Vn = 370 V).

Nevertheless, one can safely State that the electrooptic properties 
of TMACA are promising for applications. For the second configuration, 
the effective electrooptic coefficient of TMACA is lower than that for 
the first configuration by about two orders of magnitude, which', in our 
opinion reflects the anisotropy of the crystal along and perpendicularly 
to the ferroelectric axis ę.

Other electrooptic figurę of merit for this materiał, an effective 
o q 3 -12

coefficient r = (roono - r_,n, )/ n„ , is equal to 122x10 m/V. The C Z 3 Z 3 3 3 3
refractive indices necessary to estimate its va,lue were measured using 
the prism method: ng2 = 1-63 ± 0.01 and n^^ = 1.64 ± 0.01 [138].

The origin of such high nonlinearities in TMACA is still an open 
question and needs further measurements using a sophisticated
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experimental setup.

2.3 Tris(dimethylammonium)nonachlorodiantimonate (DMACA) and 
tris(dimethylammonium)nonabromodiantimonate (DMABA)

2.3.1. Structure descriptions and phase transitions.

[(CH3 )2NH2]3Sb2Cl9 (DMACA) and [(CH3)2NH2]3Sb2Brg (DMABA) will be 
presented together because, as the X-ray crystallographic studies have 
shown, the both compounds are isomorphous at room temperaturę [81], [140] 
and crystallize in the monoclinic system. The details of their structures 
at room temperaturę are given beIow:

DMACA: space group P2x/a, a = 14.045(4), b = 9.018(3), 
c = 9.670(2) X, P = 95.47(2)°, Z = 2, D = 1.89 Mg/m3, [142]. 

n

DMABA: space group P21/a, a = 14.612(8), b = 9.228(4), 
c = 10.005(8) X, P = 94.91(6)°, Z = 2, D = 2.72 Mg/m3 [81]. 

n

The crystals usually take the form of hexagonal plates and possess a 
perfect cleavage piane nearly perpendicular to the ę-axis. DMACA is 
colourless and DMABA is yellow. The methods of their syntheses are 
described by Whealy and Yeakley [141].

The projection of the structure of DMACA along the c-axis is shown 
in Fig. 19.

Fig. 19. Pu 
[142]

ion of the structure of DMACA (DMABA) along the c-axj«
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3-
As is seen in Fig.19 polyanions [(SbgCl$) ] form a two-dimensional 

network. The N-H...X hydrogen bonds connect the cations to the inorganic 
layers.

Jakubas [79] discovered that DMACA undergoes a second order phase 
transition at 242 K with a high dielectric anomaly along the a-axis (c1 

3 areached the value of 10 ). It has been established that this phase 
transition is of paraelectric-to-ferroelectric type. The hysteresis loops 
could be observed down to 186 K though at Iow temperatures electric 
fields as high as 1x10° V/m were necessary. Despite the similarity of 
DMACA and DMABA, it has been established [81] that DMABA undergoes two 
phase transitions at 228 K and 164 K. The transition at 228 K having a 
character of a second order transition and that at 164 K being of 
ferroelectric type with the Curie-Weiss law obeyed in a narrow 
temperaturę rangę, with the Curie constant C (as paraelectric) equal 2 para
to 1.28x10^ K. A continuous increase of the spontaneous polarization Pg 
below 164 K was observed but due to an abrupt increase of the coercive 
field could be traced to only 161.5 K.

2.3.2. Pyroelectric properties [142], [143]

The results of measurements of the temperaturę dependences of 
pyroelectric coefficient p and spontaneous polarization P along the a 

* s 
and ę directions in DMACA are presented in Fig. 20.

As it is shown in the Fig. 20 a distinct anomaly occur at 243 K,' 
confirming the existence of a ferroelectric type transition. The maximum 

a -3 2value of P at 210 K amounts to about 6.8x10 C/m . The pyroelectric s 
coefficient measured along the a-axis in the temperaturę rangę of 135 - 

-5 2200 K is approximately constant and amounts to 1.8x10 C/(Km ). The 
♦

pyroelectric coefficient measured along the ę direction was found to be 
16 times lower than that observed for the a direction. In the b direction 
Łhere is no pyroelectric response.

In order to correlate the temperaturę behaviour of Ps<T) with the 
known phenomenological theories we have plotted the results in the log Pg 
vs. log(Tc-T) coordinates. The result. shown in Fig. 21 yields a straight 
linę with a slope of 0.5 in the region of 0.5 to 10 K below Tc = 243 K. 
Such a result suggests a Landau type second order phase transition. The 
symmetry considerations for equitranslational, non-ferroelastic 
transitions from the paraelectric class 2/m predict only two possible 
classes of symmetry of the 1ow-temperature phase: m and 2 [144], [145]. 
However, the orientation of the spontaneous polarization vector suggests 
that the 1ow-temperaturę phase of DMACA belongs to the m class.



Fig. 20. Temperaturę dependences of the pyroelectric coefficient p and 
the spontaneous polarization Pg in the DMACA single crystal. The results 
were obtained: a) along the a crystallographic direction by the 
continuous pyroelectric method and b) along the g* direction by the 

Chynoweth technique [142]

Fig. 21. Temperaturę dependence of 
DMACA single crystal plotted in the 
= 243 K, biasing electric field E = 

the spontaneous polarization for the 
coordinates log Pa vs. log(T -T) , T

C SCC
2x10° V/m [142]
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Very interesting and different pyroelectric properties have been 
found in DMABA single crystal [143]. The pyroelectric responses were 
measured along three principal directions of the room temperaturę 
structure. No pyroelectric response was detected above the temperaturę of 
the paraelectric-ferroelectric phase transition at 164 K, but 
considerable signal was measured below it. Results of these measurements 
carried out in DMABA are presented in Fig. 22.

A large thermal hysteresis is an evidence of the first order 
character of the observed transition. As is shown in Fig. 23, the 
pyroelectric anomalies along the £ axis show an interesting behaviour: as 
temperaturę is lowered, Pg rises steeply at Tc and then slowly decreases 
with an approximately constant slope, becoming zero about 15 K below Tc 
and negative afterwards. Such a behaviour of Pg is quite unusual but a 
similar one was observed for (NH.)_SO. [146] and Rb_Cd„(SO.)„ [147], An 4 z 4 Ł i 4 J
absolute determination of P (T) using the current method revealed that 

s -5 2
the saturation value of P along the a~axis amounts to 4x10 C/m , the 

8 -4 2
maximum positive values along the £ and h-axes amount to 8x10 C/m and 

“6 25x10 C/m , respectively. It should be noted (cf.Fig.23) that along the 
-3 2c-axis the negative value of Pg is as high as 3.5x10 C/m at 110 K.

Fig. 22. Temperaturę dependences of the pyroelectric coefficients and 
spontaneous polarizations Pg measured along the b and £ directions of 
DMABA crystal using the Chynoweth technique. Scanning ratę amounted to 

5
1.5 K/min, biasing electric field equal to 1x10 V/m [143]
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We separated the observed P^(T) dependence into two parts as shown 

in Fig. 23 by the dashed lines. On the positive side of the vertical 
coordinate we observe a step-like rise of P^(T) on decreasing temperaturę 

This, we believe, is a manifestation of the first order phase transition. 
This part of P^ was most probably seen by Jakubas et al. [81] in his

Fig. 23. Temperaturę dependences of the pyroelectric coefficient p and 
c c

spontaneous polarization Pg measured along the c direction in DMABA using 
the continuous current technique [143]. For further explanations see the 
text

measurements of ferroelectric hysteresis loops. The saturation values of 
c — 3Ps established by these two techniąues are close to each other(1.3x10 

C/m^ [143] and 2x10 $ C/m^JlSl]. The other part of P^ linearly depending 

on temperaturę, cannot probably be switched by the 50 Hz ac electric
field but it can be switched by a constant electric field. Its 
temperaturę dependence can be understood on the basis of a detailed 
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discussion put forward for the CdS by Minkus [148], where the linear 
Pg(T) dependence is the result of dipole reorientations. The (CHgtgNHg* 

cations might be the species which undergo such reorientation, as they 
are located between the inorganic layers. Contraction along the c-axis 
can be the reason for their movement.

It should be mentioned that a model of a ferroelectric phase 
transition in DMABA has been postulated basing on the NMR spin-lattice 
relaxation studies [149]. In this model a 180° flips of the (CHgJgNHg* 

play an essential role, however, this hypothesis needs further 
experimental verificątion.

2.3.3. Light scattering experiments in DMABA and DMACA [150], [151]

Brillouin scattering in DMABA

The Brillouin light scattering experiment using a backscattering 
geometry [152] was employed to study temperaturę dependences of 
longitudinal acoustic (LA) phonon modes in DMABA [150], though using of 
the other geometries was also tried out. Sound velocities v were computed 
from the formula

. / v. , 2 2 _. 1/2Au = ± (r) ( n. + n - n.n cosO) a i s i s (35)

where Au is the Brillouin shift, X is the laser wavelength, n^ and ng are 
the refraction indices for the incident and scattered light.

The refractive indices were measured at room temperaturę using smali 
angle Brillouin scattering technique; at 647.1 nm they are as follows: 
n = 1.83, n. = 1.85 and n = 1.80 with an error of ± 0.02. a b c

The results of the measurements of the Brillouin frequency shifts Au 
eorresponding to LA phonon phase velocities in the rangę of 100 - 300 K 
are shown in Fig. 24.

In the direction perpendicular to the cleavage piane (II £ ) one can 
obserce a characteristic inverted S-like shape of the v^(T) curve with' 

the very large (of about 46%) changev in the sound velocity between room 
temperaturo and 100 K (vl(294 K) = 2.752 km/s and vL(100 K) = 4.031 

c c
km/s). Such a pronounced anomaly can be due to either an important 
thermal expansion of the crystal along the c* direction or to the effect

of dispersion of an acoustic wave in crystalline solid. One can 
distinguish betheen these two processes by measuring the Brillouin
nat ura1-phonon 1 i u. w i d t h ((/”I (Fuli Uidth at Half Maximum - FWHM) .
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Fig. 24. Temperaturę dependen- 
ce of the Brillouin shiftsof 
longitudinal phonon modes in 
DMABA. The solid lines serve 
as the guide for an eye [150]

Assuming that the phonon velocity dispersion is connected with the 
mechanism of attenuation due to a molecular relaxation, one can derive a 
formula for F/it

£ - 01 v - ’ T y2^) - v2(0) . .
n ” n ' " , za „ z / » *1 + o t 2n v (o)

where o = 2>tAp, v(0) and v(®) are the Iow- and high-freąuency limiting 
velocities, t is the molecular relaxation time and a - the attenuation 
coefficient. As can be derived from equation (36), the maximal value of 
the theoretical linewidth (FWHM), (i.e., the linewidth at the temperaturę 
T , for which wt(T ) = 1), is given by m m

r , _ i
ń 'nax “ 2 Ap(T ) m

(37)

Then one can calculate the maximal natural-phonon linewidth (r/n) maX
which amounts to 4.85 GHz. The experimental value of linewidth as a 
function of temperaturę, after deconvolution with an instrumental 
function, is presented in Fig. 25.
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Fig. 25. Temperaturę dependences of the Brillouin linewidths r/n. The 
circles represent experimentally observed Brillouin linę widths 
deconvoluted from the apparatus function, the solid linę serves as a 
guide for an eye. Instrumental linewidth (dashed linę) has to be 
subtracted from the observed linewidth in order to obtain the 
natural-phonon linewidth [150]

The natural-phonon linewidth is considerably lower than that 
resulting from a dispersion process at any temperaturę of interest. This 
clearly indicates that the origin of the S-like shape of the sound 
velocity curve along the ę*-axis in DMABA is not connected with any 

dispersion process but it is rather a conseguence of significant changes 
of crystal dimensions due to the thermal expansion in this particula^ 
di rection.

The data presented in Fig. 25 suggest the presence of two anomalies 
on the curve of temperaturę dependence of the Brillouin linewidth. It is 
elear that a sharp peak of T(T) at Tc =164 K is due to a coupling of a 
phonon with critical fluctuations of the order parameter [153]. The broad 
peak with maximum at <a. 210 K looks like the one due to a phonon 
dispersion process. Tin relaxing entities able to couple with the 
longitudinal phonons piopagating perpendicular to the inorganic layers 
could be (CH-jlgNH^ cations. The movements of these cations have recently 
been studied by Idziak et al. [149] in H1 NMR spin-lattice relaxation
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Fi?. 26. Real part- of Electric permittivity ałun? the c - di rect ion 
raeasured at 1 kHz and 100 MHz in the region of the phase transitions in 
DMABA [150] 

exper inients . Two different relaxation limes measured for DMABA have been 
attributed to rotations of gioups situated at two notxe<iui yalent
eations in the unit celi. The corn 1 uti on times and actication ener?ies 
quotęd in 1119] are: t'" = 1.9«10 ^s., E*'* - 7.1 kJ/mol and t*'1 = 

* 1 3 ( z) " 81.9»10 s, E = 7.1 k.l/mol for the two processes, respectively. t.'sing 
the E Valnes reported in ( 1 19 | and employin? our Brillonin data one can 
calculatc the vl • ment »ry icIaxali on times from the relation 
2xAU(T )t exp( E /RT 1 = l. old a i n i i = 2.I«1O-13 s and r = l^^io"13 s 

m o a . • ■ ** «•
fór the first and second protest, lespe. ticely. The Jatter value of t is 
the same' as the calue .>f elenw ntaty << la.ation time t<;? determined in O
NMR psperiment, sugcestiug the same <»rixin Lh*? •? ion proceśs. The
•para^eters of łhfs. pr<w-fss are < luse to ttio.se observc<l for 
( >oHnC I । by Br i ! loui n • rer h»h t’?chnique Hne can ł hen 

ttio.se
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conclude that the anomaly of F(T) around 210 K is connected with the 
internal rotations of CH^ groups.

Supplementary dielectric measurements performed for DMABA along the 
*

c - direction reveal a pronounced effect of the measuring freąuency on
, i.e., one observes a sharp peak on the curve of temperaturę

dependence of measured at 1 kHz and only a weak anomaly of at 100
MHz (cf. Fig. 26). This suggests the "order-disorder" character of the 
ferro-paraelectric phase transition at 164 K. These results are 
consistent with the cnes obtained by the Brillouin scattering method 
which also point out lack of any dispersion process at still higher 
freąuencies of an order of 10 GHz.

The LA phonons propagating within the (a b) layer are affected by 
the transition at 164 K (see Fig. 24). Below 164 K the temperaturę 
dependences of the sound velocities of these phonons change in a way which 
can be described as being due to a biąuadratic coupling between proper 
strain components ea and components of the order paraineter 0(0^, Dg )

Raman scattering in DMACA [151]

DMACA is the second compound of the group for which preliminary 
Raman scattering results are available [151].

Room temperaturę structure of DMACA is
should expect only
Typical polarized

A and B symmetry g g 
spectra observed

modes
above

P2j/a with Z - 2, hence one 
active in Raman scattering.
and below the transition

temperaturę 242 K are shown in Fig. 27. One can easily distinguish a 
group of bands at about 310 - 340 cm assigned to symmetric and 
asymmetric stretchings of SbCl„ octahedra, the bands being present also 

- b -1
in TMACA [113]. At about 300 cm , a CH_ torsional vibrations can be 

J -1
distinguished and a group cf bands at about 160 cm can be assigned to
asmmetric stretching deformations of SbCl„ octahedra. Howeyer, these o
assignments are only tentative.

The main goal of our Raman 
obsertation of changes in the 
transition. A retiew concerning 
Petzelt and Dvorśk [155], [156] for 

No soft modę type behaviour 
transition is not of a di?.plaeive

A numerical fitting of the 
illntor functions proted to 

temperaturc dependenies of Ramaa 
me present o.l in lig. 28.

scattering investigations of DMACA was 
spectra induced by a structural phase 

this subject has been published by 
various types of phase transitions.

has been noticed, suggesting that the 
character.
obserred spectra to a proper set of 

be necessary for the studies of 
bands. The resujts obtained for DMACA
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Fig. 27. Polarized ę (a,a)b (A ) Raman scattering spectra of DMACA in the 
-1 g 

rangę of 0 -420 cm at temperatures above and below the phase transition 
temperaturę (T = 242 K) [151]

According to their dependence on temperaturo two types of Raman 
bands can be distinguished in the spectra:

(i) lines of freguency slowly decreasing with increasing temperaturę. 
This behaviour is due to anharmonic effects (lattice expansion)

(ii) lines which freguency shows strong temperaturę dependence below 
the T„ temperaturę, and remains almost constant above it.

Similar dependences were also observed for ferroelectric TGS and 
TGSe crystals [157], and explained on the basis of the Mean Field 
Approximation and pseudospin-phonon interactions of the type other than 
the well known bilinear ones.

An analysis of temperaturę dependences of well separated bands
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located at 70, 93 and 222 cm ^ 

(at 110 K), which exhibit a 
"hardening" on approaching the 
temperaturę T from below, shows c
that they change the frequency 
in a manner siniJar to that 
observed in Brillouin experi- 
ments and explained on a basis 
of Landau and Khalatnikow theory 
[158]. O’Brien and Litowitz 
[159] applied this thecry to 
derive the temperaturę dependen- 
ce of relaxation time X (asso- 
ciated with the approach of

Fig. 28. Temperaturę depen- 
dence of the positions of maxima 
of the Raman bands observed in 
DMACA [151] 

long-range order to equi1ibrium) in TGS basing on the sound velocity 
dispersicn measurements. The relaxation time is given by the equation

T = ~T—^f~ (38)
c

Then, assuming that the temperaturę dependence of the frequencies of 
the optical phonons are rounded upward below T due to their interaction c
with fluctuations of an order parameter, one can derive a temperaturo 
dependence of t by determining the temperaturę and frequency at which the 
condition = 1 is fulfilled for each curve [160], i.e., where Ar 
Jasses through the midpoint of the dispersion curve. Taking our three 
experimental points (cf. Fig. 29) one can obtain the relaxation time of 
the order parameter depending on temperaturę as was predicted by Equation 
(38) with P = 5.0x10 1 ‘ s K. The relaxation time dependence on
temperaturę obtained by this way is not dramatically different from that 
obtained for TGS ( P = 2.25x10"’° s K [191] or P = 2.9xl0-11 s K [160]).
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Fig. 29. The temperaturę dependence of the rela:;ation time t of order 
parameter fluctuations in DMACA as obtain~d from Raman scattering 
experiment [151]

2.3.4. Ferroelasticity in DMABA [1G1J , [162]

Ferroelasticity in DMABA bas been discorered recently [IGIJ, [162]. 
This is the first report on tbe ferroelasticity within the whole 
[(CH„) NH. ],Y„XQ group of crystals. o n —n o 6 y

The observations of ferroelastic domain patterns kere performed 
using a polarizing microscope in the temperaturę rangę (291 - 130 K). At 
room temperaturę the ferroelastic dcmains can be seet, on platcs cleaved 

*
perpendicular to the ę - direction. A properly applied (smali) axial 
stress along some directions within the (ąb)- piane can induce, change or 
reverse the domain pattern. The observed ferroelastic domain walls are 
sharp and they form several characteristic, repeatable angles ( i . e., 
53.5 . 26.4 etc. ) which can be linked easily with the microscopic
structure of deformed hexagonal ring of (S1.C1) units. 6 diffcrert wali m
directions were observed on the (a.b)- piane. The forroelastie naturę of 
the crystal combined with the fact that the room temperaturo struciure is 
monoclinic (2/m point group) suggest that in .Huds terminology crystal 
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could be described either as a hexagonal 6/mF2/m or a trigonal 3mF2/m 
species. Only these two species are characterized, according to Sapriel 
[18], by three orientati. o States and six domain wali directions. The so 
called "permissible domain walls” are crystallographically prominent 
planes of fixed indices. Their orientation can be calculated on a basis 
of a strain tensor of the form

-a c
0
0

0 
aS =

with components a and c calculated on a basis of the monoclinic lattice 
parameters [66]. For DMABA a = 0.046 and c = 0.201 and for its analog 
DMACA a = 0.050 and c = 0.195. The characteristic domain pattern in DMABA 
observed along the c-axis is shown in Fig. 30.

Fig. 30. The single crystal of DMABA placed between two crossed
polarizers with its ferroelastic typical domain pattern [162]

The ferroelastic-paraelaslic phase transition temperaturę has not 
been reached sińce any optical observation turned to be impossible above 
398 K, due to the occurrence of another irrecersible . process 
(decomposition ?). Tt is highly probable that the isomorphous chlorine 
analog of DMABA also exhibits f e rroe1a^t i c i t y , evidently connected with 
the fxistence of inorganic sublattice of deformed pseudohexagonal or 
pseudot t structure.

2.1 Tris] methylamir.e [nonabromodiantimonate (MA BA) [163]

Crystals of (CH^NH . ) .tS)>9Brg (MABA) are isomorphous with those of 
< C HfNH ) ^Sb^Cl $ (MACA) where the first order phase transition at 208 K 
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was found [78]. In the bromine derivative the existence of two reversible 
(presumably of first order) phase transitions has been evidenced at 168 
and 131 K [77]. The room temperaturę phase of MABA belongs to the P3ml 
space group of trigonal symmetry.

The temperaturę dependence of electric permittivity measured along 
the a-axis at 100 MHz shows two distinct anomalies at the temperatures 
quoted above (cf. Fig. 31). Detailed studies in the rangę 0.3 kHz-100 MHz 
revealed the relaxational character of the dielectric dispersion in the 
vicinity of the 131 K transition with the macroscopic relaxation time of 
0.5x10 s at 130 K [163].

Fig. 31. Temperaturę dependence of electric permittivity ■’ measured at
100 MHz fcr (CH,NH_)„Sb„Bro single crystal [163] 0 o c y

The results of pyroelectric measurements porformed on plates cut 
perpendicularly to the ę-axis are shown in Fig. 32. No response was 
obtained for measurements on plates cut perpendicularly to the a-axis 
except noise-like currents in the region of 110-125 K.

The pronounced anomalies of pyroelectric coefficient p. (cf. Fic. 
32) with the maxima values of 2.4 pC/lm^K) at 148 K and 11.8 PC/im^K) at 

116 K are correlated with the temperatures of the reported transitions, 
though they occur at lower temperatures due to thermal hysteresis effect. 
The polarization changes Ap (T)Vere calculated by a graphic i ntegrati on 

s , -5,2of the pyroelectric coefficient. yielding the values AP = 1.4x10 C/m 
-5 2 sin the phase labelled as II and AP^ - 5.5x10 C/m in the phase labelled 

as III. We have also tried to check whether the constant field (5x10
V/m) applied parallelly to the c-axis is able to reverse the direction cl 
polar axis. However, no change in sign or value of the pyroelectric 
coefficient has been noticed, pointing out. that either both II and III 
phases of MABA are non-ferroelectric or the eoercive field is much higher 
than 5*10$ V/m. One should notę that in the described experiment the 
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field was applied at ca. 100 K and 130 K but not at the temperatures of 
the transition where the lowest coercive fields could be expected.

Fig. 32. Temperaturę dependences of the spontaneous polarization Pc and s 
pyroelectric coefficient p measured along the g-axis in (CH,NH,),Sb_BrQ C O O O £ y
single crystals on cooling [163]

The relatively long macroscopic relaxation time r measured in the 
vicinity of the II - III phase transition suggests an "order-disorder" 
mechanism, which is also supported. by results of calorimetric studies 
[77]. The tentative models of the phase transition put forward in [163] 
take into account changes of rotational freedom of ĆHjNHg* cations as 

well as a formation of weak N-H...Br hydrogen bonds.

2.5 Non-layered type compound (CH,NHO),Bi„Br,, 3 3 5 z 11

2.5.1. Structure deseription

The search for new crystals within the group of alkylammonium 
halogenoantimonates has recently led Jakubas [164] and Jakubas et al. 
[165] to the discovery of a new type compound of the formula 
(CH,NH-)_Bi„Br,,. The obtained new and rare stoichiometry of
halogenobismuthates points to the existence of the novel type of bonding 
and coordination number of the bismuth atom. Moreover, it opens a great 
variety of paths in search for new materials of practical importance. As 
follows from [165], (CH„NH„),Bi„Br,, crystallizes in the orthorhombic 3 3 5 Z 11
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symmetry: space group Pca2p a = 13.43(5) X, b = 14.468(9) X, c = 
16.033(7) X, Z = 4, D = 3.11 Mg/m^. Structural analysis shows that the 

5 ~ . +BigBr^j anions form bioctahedra joined via one bromine bridge. The CHgNHj 
cations are embedded between them and linked to the Br atoms by a weak 
H-bond system. A projection of the inorganic sublattice structure of 
(CH3NH3)gBigBr^i along the b-axis is shown in Fig. 33. The 
(CH3NH3)gBigCl1i crystal has the structure isomorphous to its bromine 
analogue.

Fig. 33. Projection of the inorganic sublattice structure of
(CHjNH3IgBigBrji along the b-axis [165]

2.5.2. Pyroelectric properties of (CH-NH,)-Bi„Br,, [166] o <5 3 ó 11

The space group of (CH-NH-)-Bi-Br, , is the polar (Pca2,l one, hence 
the crystal can possess polar properties. It was found by measurements of 
electric permittivities that this crystal is ferroelectric at room 
temperaturę and undergoes a second order ferroelectric phase transition 
at 312 K with maximum of electric permitticity reaching the value of 

3
5*10 along the polar c-axis [165J. In Fig. 31 results of f* <T) 
measurements in (CHgNHgIgBigBrjj crystal along the c-axis are presented.

As it is shown in Fig. 34 the temperaturę dependence of dielectric 
susceptibili ty X(T) = (e’ - 1) obeys the Curie-Weiss law, the constantr. 
being C,. = 750 K and C = 3880 K in the ferroelectric andferro para
paraelectric plwum-, re: .pec t ivel v • The ratio of thoso two conslants
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C ra/Cferro s 5 is too high as compared with the ratio predicted by the 
Landau-Devonshire theory for the second order phase transition equal to 
ca. 2.

Fig. 34. The plot of (e’ ) vs 
temperaturę for (CH,NH,)cBi„Br,, o o 0 Z 11 
crystal, e’ was measured along 
the c-direction at frequency of 
1 kHz. The calculated Curie- 
Weiss constants (C_ = C. and f ferro
C = C ) are quoted in the p para 
figurę [165]

Pyroelectric properties of the crystals were studied by the author 
employing both the dynamical Chynoweth method and the continuous current 
method [166]. The pyroelectric coefficient p°(T) and the spontaneous 

polarization PC(T) determined on cooling by the continuous current s 
technique are presented in Fig. 35.

The experimentally obtained value of spontaneous. polarization 
-2 2amounts to 1.46x10 C/m at 294 K. The fitting of Pg(T) curve in the 

temperaturę interval 310 K - 311.3 K according to formula (11) is shown 
in Fig. 35. The obvious discrepancy between calculated and measured Pg(T) 
values in the region below 309 K may be due to:

(i) non-pure second order character of the transition;
(ii) formation of the antiparallel domains in the absence of dc 

electric field;
(iii) other effects.
In order to resolve this problem we have employed the complementary 

pyroelectric method (Chynoweth) in which the sample during the 
measurements can be biased by externally applied electric field
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'E

Fig. 35. The temperaturę dependences of the pyroelectric coefficient 
pCT(T) (dashed linę) and the spontaneous polarization P (T) (circles), 

x s
measured for (CH-NH,)-Bi„Br1, crystal along the c direction. The solid 
linę repbesents the fit of the experimental data to the eąuation:
Pg(T) = Tc “ T)]1/Z in the region of 2 K below the transition

temperaturę Tc = 311.3 K. The fitting yielded the following parameters 
a = 1.29xl0-4 Vm/(KC) and B - 2.58 m5 V/C3 [166]

(cf. Fig. 36 where the results are' presented). From these results, as 
well as from the reasoning put forward in [166], it follows that the 
crystal is susceptible to form antiparallel domains able to change 
(diminish) the value of P measured by the continuous current method 

® 2
(under short-circuited conditions). The temperaturę dependence of P (T) 
basing on the results presented in Fig. 36 (curve 1) is shown in Fig. 37.
The obtained linear dependence suggests the second order phase
transition.

The ratio of the Curie-Weiss constant, C to T forpara c
(CH3NH3)gBigBr11 crystal is equal to a 12.5, then according to the 
Nakamura’s classification [167] this phase transition belongs to the II 
group of ferroelectric transitions. To this group belong also the well 
known order-disorder transitions in TGS and NaNOg crystals.
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Fig. 36. The dependences of spontaneous polarizations on temperaturę 
Pg(T) (solid lines) as obtained from the measurements of the pyroelectric 
responses by the dynamie Chynoweth method at various biasing fields, 
indicated in the figurę. The dashed lines represent the fit of the 
experimental data according to the equation (11) within the region of 2 K 
below T [166] c

2
Fig. 37. The temperaturę dependence of Pg(T) in the vicinity of the phase 
transition in the (CH„NH„)_Bi„Br,, crystal [166] o O 0 li



62

The value of the molar entropy of the second order transition AS11 a 

2.9 J/(mol K) evaluated from the results of calorimetric measurements 
[165] is close .to the values of molar entropies observed in NaNOg, TGS, 
NH.HSO. and (NH„CH„COOH„)HNO„ crystals [167] as well as to the value * • u b O
of R ln2 a 2.88 J/(mol K) of an order-disorder process. The possible 
candidates for disordered dipoles can be organie cations or protons in 
the H-bond system. From this point of view the most probable prototypie 
(high temperaturę) point group symmetry should be mu .

Being ferroelectric at room temperaturę, (CH„NH_)_Bi„Br., crystals 
may be used in pyroelectric devices. In order to evaluate their ability 
to serve as a pyroelectric detector we calculated the figures of merit 
P|/(Cp€’), Pj/Cp an<^ P|/(Cp(e") ] which yield Information about
voltage, current and detection of light sensitivities [168], and compared 
them with the values for commercially used pyroelectric active materials 
at room temperaturę (cf. Table 1).

Table 1

The merit factors for some commercially employed materials in 
pyroelectric devices [35]

Materiał pi

pC/m2K

"'/"o C €
P

3
MJ/(m K)

Pi/Cp

MAm/W

Pi/cpe-

2
Vm /kJ

Pi/cp(e")1/2

(m3/MJ)1/2

TGS + 360 27 2.1 0.08 171 710 0.203
alaninę
TGS 300 50 1.7 0.16 178 400 0.149
LiTaOg 190 46 3.19 0.16 60 147 0.050
PVF2 30 11 2.4 0.25 13 129 0.009

(CH?NH?) - 200. 60 0.67’ 1.2 299 563 0.07
Bi2Bru

« the value of c has been assumed to be equal to the mean value of
c determined for p other compounds of similar type [166].

As follows from the analysis of the presented data the 
(CH3NH3)gBigBru crystals competes well with other well known materials.
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2.5.3. Electrooptic properties of (CH„NHq)-Bi„Br,, crystals [169] o uD Z 11

Since the compound crystallizes under the mm2 point group there are
five nonzero Pockels coefficients: r, „, r__, r„o, r.„ and r-. . Solving IJ Zj oo 01
the Eouation (30) and Equation (31) for a given geometry, one can find 
explicit formulae for the Pockels coefficients.

For the light beam propagating along the a crystallographic 
direction and the electric field applied parallel to the ę-axis one finds 
for the change of index of refraction a following formula

13 3An = An3 - An2 = - § (n3 r33 - ng r23> E3 . (39)

For a wave propagating along the a-axis and the field E2 11 b one obtains

For a wave propagating 
ę-axis one gets

along the b-axis with the field applied along the

An = An3 - An^ = - 1/3 3 , -2 n3 r33 " nl r13 E3 ' (40)

tan 28 =
^_^42_^2_ 

1 z - 1 
n2 n3

(41)

where the compensation angle 9 can be measured using the Sónarmont 
compensator [168].
For a wave propagating along the tj-axis and the field Ej 11 a

tan 2® =
2 r51 E2

(42)

By measurements of modulation of light Al/I and employing theO
formula derived in [169]

Ą_I
I~

. 2 t AHE) i . 2 t Ar(O) i sin l——=—J - sin l—gJ—J , (43)

in which Al stands as modulation depth, I - the total signal intensity O
transiaitted through the crystal in the absence of an electric field and 
Ar - phase retardation, one obtains the Information about the nonlinear 
properties of the materiał

Af( E) - An( E I 1 + r.> (44 )
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where To is the zero voltage phase retardation due to intrinsic crystal
birefringence.

Electrooptic measurements in ,-BigBr[169]

The indices of refraction were measured using the prism method, and 
they are summarized below [169]:

nl n2 n3 X
(CH3NH3)5Bi2Bru 1.91 1.93 1.96 ±0.07 632.8 nm.

The crystals of (CHjNHg)gBi2Brgrown from solution appear yellow in 
colour. Their transparency region as well as short wavelength absorption 
edge have been determined using a sample-in sample-out technique using a 
Carl Zeiss Jena monochromator. The absorption edge is located at about 
483 na.

The electrooptic measurements were performed in the transverae 
configuration. The electric field was applied along the polar ę-axis 
while the 45 polarized light (with respect to the £-axis) propagated 
along either the a- or b-axes. The measurements of a phase retardation 
AT(V) for the two configurations (cf. Fig. 38) allowed us to determine 

13 3 13 3two figures of merit: g(n3 r33 - n* r13) and $(n3 r33 - n2 r23>. These 
figures of merit describe the crystal ability to serve as an electrooptic 
light modulator. From these measurements one can also calculate the 
reduced half-wave voltage, Vn<

Fig. 38. Field induced phase 
retardation AT(E) versus 
voltage for two transverse 
electrooptic modulators madę 
of (CH-NH,)_Bi„Br,, crystal

3 3 5 2 11
[169]

X =
The results obtained for (CHgNHgIgBigBrjcrystal at the wavelength

632.8 nm are summarized below [169]:
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1 q o _ 1 9
±(n, r,, - n. r,J = 13.3x10 m/V ± 1 and V * 23.8 kV
Z o o o 1 1 o ti

1 3 3 — 1 2i(n, r.„ - n„ r„_) = 21.9x10 m/V ± 2 and V„ a> 14.4 kV O O O w b O Tl

for light propagating along the b-axis and the a-axis, respectively.
The reported above Vn values are considerably higher than those 

obtained for TMACA [138], nevertheless the electrooptic properties of 
this compound are relatively good even when compared with the best known 
materials [40], [139], [170]. In applications, however, besides high 
values of electrooptic coefficients, the materiał must fulfill other 
reąuirements: transparency in visible light, mechanical and Chemical 
stability etc. Many of these reąuirements are met in the described 
substance, although the Chemical stability is not satisfactory.

The important ąuestion concerns the origin of such high nonlinea- 
rities, whether they are of electronic or lattice origin. The discovery 
of this type of organic-inorganic salts as the new optoelectronic 
materials is regarded by the author as one of the most valuable results 
reported in this monograph.

3. ACID PHTHALATES

3.1. Introduction and structure considerations

The crystals of acid phthalates . can be described by the generał 
formula (C„H,o7) Men+- m H„0 where Men+ is a cation.

8 5 4 n 2
The presence of ionic and weak Van der Waals interactions, as well 

as a network of relatively strong hydrogen 0-H...0 bonds in a compound 
creates an interesting field for molecular engineering. The phthalates 
are widely used in investigations of X-ray spectra of the Sun, where they 
serve as gratings for diffraction of high-energy electromagnetic 
radiation due to their optical perfectness and transparency. Moreover, 
some of the compounds crystallize in a polar symmetry group mm2 of 
orthorhombic system. We restrict our interest only to polar crystals of 
monovalent cations i.e., potassium acid phthalate (abbreviated as KAP), 
sodium acid phthalate (NaAP), and rubidium acid phthalate (RbAP).

The most thoroughly studied is potassium acid phthalate whose 
structure was determined by Okaya [171]. The crystal belongs to the 
orthorhombic system with the space group of P2jab, with a = 6.46 X, b =
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9.60 X and c = 13.85 X , and four Chemical units K+(C„H.<COOH•C00~ ) in a 
+ 6 4

unit celi. The ionic structure consists of K cations and the infinite 
network of CgH^COO-HCOO anions linked by short 0-H...0 hydrogen bonds. 
There exists a perfect cleavage piane perpendicular to the c-axis.

The structure of rubidium acid phthalate [172] is isomorphous with 
that of KAP, whereas the structure of NaAP [173] is slightly different. 

1 7The sodium acid phthalate crystallizes under the Aba2 (Cgv) space group. 
The orthorhombic celi, with lattice parameters: a = 9.308 X, b - 26.424 X 
and c = 6.770 X contains eight Chemical units of formula
Na+(CcH,COO-HCOO ) and four water molecules. 

O 4
The physical properties of this group are almost unknown, except for 

KAP. Piezoelectric, optical, dielectric and elastic properties of KAP 
were reported by Belyaev et al. [174]. Its electrooptical properties have 
been measured by Shaldin et al . [175 ], and elastooptic coefficients by 
Belikova et al. [176] and Shahabuddin Khan et al. [177]. Pyroelectric 
properties of KAP were studied down to 4 K by Poprawski et al. [178]. 
Raman scattering in the region of lattice modes has been investigated by 
Krishnamurthy et al. [179] and in the internal vibration region by Orel 
et al. [ 180].

Much less .is known about NaAP and RbAP for which only temperaturę 
dependences of the pyroelectric coefficients have been recently measured 
[178], [181].

Our interest in this particular group of compounds arises from the 
possibility of obtaining large single crystals of excellent optical 
ąuality by growth from solution. Their polar properties along with 
Chemical stability may lead to a much wider application of this group of 
materials.

3.2. Raman and Brillouin scattering studies of NaAP and
KAP [182], [183], [185]

Raman scattering studies

The Raman scattering studies in NaAP were aimed at understanding the 
lattice dynamics in the whole group of acid phthal]rtes and to allow for 
deeper explanation of their polar properties. Single crystals of NaAP 
were obtained due to kindness of Dr. R. Poprawski (Institute of Physics, 
Technical tiniversity of Wrocław).

Normal modę analysis of NaAP in the lattice region [182] predicts 15 
external eptic modes. Their dlstribution among^ the four irredtu ible 
representations of t he mm" point group ( the two-fold symmetry axis is
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along z-direction) is as follows:

F j = (4A. + 4AO + 5B, + 5B„ )lattice modes 121 2*libr. modes

+ (6A + 7A„ + 7B. + 7B„)1 Z 1 Z trans, modes
(45)

I N
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Fig. 39.

B2 295K

-----------------------------]-------------------------------r

B2 115 K

120 240 360
cm-1

Polarized Raman spectra of NaAP measured at 115 K and at room
temperaturę [182]

--------1------------------- r
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Ali the lattice modes are Raman active and Aj, Bj and Bg ones are polar 
along z, x and y directions, respectively. The polarized Raman spectra of 
NaAP, measured in the region 5 - 400 cm-1 at 115 and 295 K are shown in 

Fig. 39.
The fuli characteristics of the observed Raman bands were obtained 

using simultaneous numerical fitting of all lines to a set of an 
appropriate number of oscillator functions. Iterative minimization 
procedures using least-squares method have been employed.

In Fig. 40 we present Fourier Transform Infrared (FTIR) spectra of 
NaAP obtained at 295 K by the reflection technique with an electric field

Fig. 40. Polarized infrared spectra of NaAP obtained by reflection method
(T = 295 K) [182]

The assignment of the modes given in detail in [182] has been 
elaborated on a basis of comparison of the spectra of NaAP with those 
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measured for pure phthalic acid and KAP [179], [180]. We observed 9 A^ , 
11 Aj, 9 B] and 9 Bg lattice Raman bands.

Measurements of Raman spectra for different scattering geometries 
revealed considerable intensity changes of Raman bands belonging to a 
given representation. These changes were interpreted as arising from the 
crystal anisotropy. Significant intensity variations were found for 
vibrations of A, symmetry, i.e., for the three a , a and « Raman 1 xx yy zz
tensor elements. These spectra taken at room temperaturę are shown in 
Fig. 41. The largest and the most spectacular peak intensity changes were 
observed for the 52 cm phonon which dominates both the y(x,x)z and 
z(y,y)x spectra, and is of a medium intensity for the y(z,z)x 
configuration. Similar anisotropy effects have been also noticed for the 
156 cm 1 and 213 cm 1 bands. However, an opposite situation takes place 

for the 61 cm band which is well seen in y(z,z)x but absent in y(x,x)z 
and z(y,y)x configurations.

NaAP belongs to a noncentrosymmetric point group, then for the polar 
modes either the TO component or a "ąuasi-longitudinal" or a 
"quasi-transverse" modę can be observed by right angle Raman scattering. 
Only a smali number of bands exhibits a significant dispersion. For the 
Ą. modes, there are two bands (at 88.4 cm and 116.7 cm with

1 -1dispersion greater than 2 cm Generally, one can say that the LO-TO
splittings in NaAP are of the same order as those for KAP [179]. The Iow 
freąuency polarized Raman and infrared spectra of NaAP show sonie 
similarities to the spectra of KAP, although there are many differences, 
also due to the presence of a water molecules in the NaAP structure.

On the basis of Raman scattering experiment one can reveal that 
molecules of both acid phthalate and water are ordered in the crystal in 
the temperaturę rangę of 115 - 295 K.

KAP crystals of excellent ąuality (grown in this laboratory) madę it 
possible to measure polariton dispersion [183], an experiment rarely 
performed due to experimental difficulties. The forward Raman scattering 
techniąue, is the Łechniąue in which smali angles between the wave 
cectors of the incident photons kj and the scat.tered photons kg are 
employed, in order to obtain smali wave vectors k^ of the polaritons. The 
beam divergence of the exciting laser must be lower than 0.7 mrad.

The polariton dispersion of polar modes in any insulating biaxial 
crystal near the center of the first Brillouin zonę can be completely 
described by the generalized Fresnel eąuation [184]. The measurements of 
polariton dispersion in KAP were madę for the scattering in xy piane (for 
the axes convention applied cf. Ref. [218]), for which the Fresnel 
eąuation is simplified to the form
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Fig. 41. Aj symmetry Raman spectra of NaAP single crystal at 295 
different polarization States [182|

K f o r

2 o o o o
(n - c (u)){ c (w)(n - e (o))s4 + E (w)(n - e (w))s-) = 0.z x y x y x y

The are the components of the wave normal vector and the diel 
functions for the three Principal directions « = x, y, z are £iven

( 46 )
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Kurosawa relatior.s [184]

£ (w) a

ma
£“ n a

m2 o2

2 2o - o aTi
(47)

°«ii and °aTi are the freąuencies of a m-th longitudinal and transverse 
a 1/2

optic modes along the «-axis, respectively, and the (e^) = na denotes
the high frequency refractive index of the materiał.

2The Solutions of Eąuation (46) are as followś: n - e (w) describes Z
the dispersion of purely transverse Aj modes, whereas the zeros of the 
second bracket containing c and e describe mixed modes of the type B, + x y 1
&2 as well as TO + LO. Thus Aj (TO) modes can be observed for arbitrary 
wavevector dicections in the xy-plane, e.g., by the (z,z) - Raman tensor 
element. A pure polariton dispersion causes, for a decreasing magnitude 
of the wavevector, a lowering of the freąuency of the excitation from 
IJaLi to the next longitudinal freąuency Ł>aLj The polariton branch of 
the lowest freąuency reaches w = 0 for k = 0. The shift of the lowest 
Aj(TO) polariton, of freąuency = 69.5 cm was as large as about 20% 
of for internal scattering angles ranging from * = 2.13° to 0.76° (cf. 
Fig. 42).

Fig. 4x. Polariton dispersion curve for A.(TO) modę in KAP (y(z,z)y, 
-1 1scattering piane - ;y, Uj = 19438 cm 1. The dashed curves are calculated

from the kinematię condition k^c2 = [k. - k |2c2 = n2<J2 + n^o2 
P i s ii s s

2n.n w.u cos* [183]
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The polariton observed in Raman experiment is also well seen as a 
strong band at 69 cm in infrared absorption spectrum of KAP (cf. Fig. 
43).

Large LO-TO splittings and a considerable polariton dispersion 
observed in KAP may suggest, according to Kaminow et al. [122], that the 
contribution from lattice polar modes to the overall electrooptic effect 
in KAP is considerable. Attempts to measure the polariton dispersion in 
NaAP were unsuccessful, mainly due to inferior sample quality.

0 20 40 60 80 [cm'1]

Fig. 43. z-polarized FTIR absorption spectrum of KAP single crystal, 
measured on xz-cut piąte in the lattice region at room temperaturę [183]

Brillouin scattering studies [185]

In order to enlarge the knowledge about elast.ic properties of NaAP 
and KAP, necessary for evaluation of electrooptic coefficient, we have 
undertaken the Brillouin scattering studies of the mentioned crystals at 
room temperaturę. Right-angle, back and small-angle scattering techniques 
have been used in order to measure all necessary and some supplementary 
sound velocities. These measurements allowed us to calculate all the 
nonzero components of elastic stiffness tensor. As KAP and NaAP both 
belong to the mm2 point group, the elastic stiffness matrix c^ (a,,8 = 1, 
... 6) contains only nine nonzero independent components: c. . , c„„, c„„, 11 o OJ
c.., c,.,, c„o, c,„, c,, and c„,. The elastic constants measured by us44 55 ob 12 13 23
[18 5] at frequency about 15 GHz were calculated from sound velocity
values, measured for various crystallographic directions, using a 
least-square fitting procedurę. They are listed for both of the compounds 
in Table 2.
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Table 2

D 9 2Values of elastic constants c^ (10 N/m ) for KAP and NaAP single 
crystals at 295 K measured by Brillouin scattering technique [185]

C11 c22 c33 c44 c55 c66 c12 c13 c23

KAP 19.32 18.40 13.65 6.40 5.11 6.82 12.45 7.66 8.26
NaAP 22.19 18.37 15.73 7.95 8.06 10.56 12.94 10.19 5.50

Measurements of this type are very important for the description of 
the materiał behaviour at very high freguencies. Generally they can be 
slightly different from the elastic constants obtained by ultrasonic
technigues due to dispersion effects.

3.3. Electrooptic Pockels effect in KAP and NaAP [186], [187]

It was already stated that acid phthalate crystals can be easily 
grown in the form of optical guality boules. The materials are thus well 
suited to be model ionic-molecular electrooptic crystals.

Our studies of electrooptic properties of KAP at room temperaturę 
and some dielectric, piezoelectric and elastic properties in the 
temperaturę rangę of 100 - 400 K [186] were undertaken having in mind the 
fact that KAP seemed to be a promising materiał for application as 
nonlinear electrooptic crystal. These studies have shown that the crystal 
does not undergo any phase transition in the temperaturę rangę mentioned 
above.

We also measured the transverse Pockels effect in KAP [186] by 
determining the phase retardation of light propagating ałong the 
c-direction and with the electric field applied parallel to the a polar 
axis. As a result of the measurements a 5% modulation of 632.8 nm laser 
light at moderate fields and a 1inear dependence of the modulation on 
applied voltage has been established (cf. Fig. 44).

The merit factor for the geometry of transverse electrooptic shutter 
13 3 -11ę(n1r,1 - n,ro1) amounts to ca. 3x10 m/V. Then one can State that KAP 
4 111 4 4 1
crystals may be used as electrooptic modulators with an efficiency 
comparable to that of KDP crystals but without the necessity of 
protecting their surfaces.
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• phase retardation on voltage for
- .* KAP crystal. The ratio of crys-
. • tal length to width was appro-
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0 50 100 U[V] ximately equal to unity [186]

The electrooptic effect in KAP may arise from the contribution of 
both ionic and molecular mechanisms. The presence of well defined 
molecular nioieties (a benzene ring) can contribute to the nonlinear 
susceptibilities in a manner similar to that found in n-electron system 
molecular materials. However, the weak efficiency of the powder SHG and 
large polariton dispersion observed in this materiał suggest that the 
optical nonlinear)„y of KAP is mainly of ionic (lattice) origin.

Similar experiments were recently carried out for NaAP [187]. 
Preliminary results obtained so far, indicate that the merit factor for 
the t.ransverse modulation of light in NaAP is lower than that of KAP by 
morę than one order of magnitude. The lower value of the merit factor in 
this case can be rationalized by taking into account the influence of 
water molecules present in the structure of NaAP and different 
orientation of phthalic acid molecules.

4. ORGANIC CHARGE TRANSFER (CT) COMPLEXES

The molecular charge transfer <CT) complexes form an interesting 
class of materials. Among numerous charge transfer complexes there is a 
group of weak n-electron donur-acceptor eomplexes. Usually, aromatic 
donors and acceptors make either parał lei linear stacks of each 
Łndividual component (segregaied stacK luapleycs) or stacks ip which the 
individual aoleruks altcrnate ( mi wd stack ■fwmpleytcs ).

The autlioi’s iBlrrr.t in' this spimp of mat ci ia! .■, simę l')30, has 
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been due* to their interesting photoconduction properties [188]—[191] 
(which will not be described here) and a discovery of a 
noncentrosymmetric crystal, CT complex between carbazole and 
trinitrobenzcne [65]. This raised a hope, that within this group of 
materials cne can search for other polar crystals which can be good NLO 
active materials due to presence of intermolecular charge transfer with a 
large dipole change between ground and first excited electronic states 
leading to considerable molecular hyperpolarizability 0^^' As the whole 
effect of intermolecular charge transfer is of electronic naturę, such 
crystals, in principle, could compete with known one-component organie 
electrooptic crystals whose activity results from intramolecular charge 
transfer.

4.1. Carbazole - 1,3,5-trinitrobenzene (C-TNB)

4.1.1. Review of early studies

The group of sym-trinitrobenzene (TNB) complexes with various donor 
molecules has been extensively studied sińce the pioneering spectroscopic 
work of Briegleb et al. [192] and McGlynn et al. [193] on anthracene-TNB 
complex. Further structural studies of many TNB complexes were mostly 
devoted to investigations of the relationship between molecular 
conformation and electronic properties and structure [194]-[198J.

The rare example, the noncentrosymmetric CT complex of TNB with 
carbazole has been invesŁigated by Bechtel et al. [199] who established 
its structure at rcom temperaturę as being orthorhombic with the space 
group P2j2j2j. The complex consists of molecular stacks of alternating 
donor and acceptor molecules parallel to the c-axis. The neighbouring 
stacks are linked to each other by weak hydrogen bonds (O...H-N) formed 
between the carbazole and trinitrobenzene molecules.

Since C-TNB is one of the most chemically stable complex among 
aromatic hydrocarbon-trinitrobenzene series, we undertook the study of 
its physical properties. In the early work [200] we have established its 
piezoelectric, elastic and thermal expansion properties. The temperaturę 
dependence of Principal components of the tensor of thermal expansion 
(cf. Fig. 45) in C-TNB pointed out to the existence of a phase transition 
around 300 K.
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Fig. 45. Temperaturę dependence 
of principal components of the 
tensor of thermal expansion in 
C-TNB crystal [200]

Less pronounced anomalies were also found in the course of 
measurements of effective elastic coefficients [200], [201] which 
indicated the second order character of the observed transition. The 
existence of anomalies have been subseąuently confirmed by the dielectric 
permittivity measurements and calorimetric measurements of C-TNB [202]. 
It has been found that the thermal anomaly extends over region of 10 K 
with a maximum located around 304 K (cf. Fig. 46).

Fig. 46. The DSC measurements of 
C-TNB madę on heating around the 
phase transition temperaturę 
[202]

The overall transition enthalpy AH was determined to amount to 
135.1 J/mol and the transition entropy AS = 0.44 J/(K mol), respectively. 
A smali value of As for C-TNB may suggests that the transition should not 
be regarded as an order-disorder type.

In order to better understand the naturę of this transition, the 
electric permittivity e' and loss factor tan 6 were measured at 
freąuencies from 1 to 100 kHz [202], [203]. Around 300 K c’(T) changes 



77

smoothly from 2.8 at 270 K to 3.6 at 320 K, whereas the dielectric losses 
risę slightly at the same temperaturę region.

Moreover, the thermally stimulated depolarization (TSD) currents 
were also measured for C-TNB crystals. The TSD spectra taken for main 
crystallographic directions of the complex show maxima of current near 
300 K, their magnitude being proportional to the polarizing field. The 
results were interpreted [202] as originating from reorientation of 
molecular dipoles within the crystal.

4.1.2. Infrared spectroscopic measurements of C-TNB complex [*204]

The room temperaturę infrared absorption spectra of C-TNB are shown 
in Fig. 47 together with the spectra of both constituents [204].

In order to check whether the spectrum of the complex is a sum of 
the spectra of the individual components, we performed a Computer 
summation of the spectra of carbazole and TNB, from which we found that 
the effect of complex formation on the IR spectra is smali (cf. Fig. 3 in 
Ref. [204]). Such a procedurę allows us for assignment of the 
fundamentals in the complex spectrum. The largest observed shift of the 
IR band due to complex formation takes place for the N-H stretching of 
carbazole (3418.5 cm ). This shift, amounting to 18.5 cm , supports 
the crystallographic data pointing out the existence of a weak hydrogen 
bond in the C-TNB crystal.

The main subject of the presented investigation concerned the 
ąuestion whether there are some evidences of a phase transition around 
300 K. Precisely measured temperaturę dependences of the position, height 
and halfwidth of several IR bands revealed elear anomalies around this 
temperaturę (see Fig. 48).

It should be noted here that some bands are not influenced or weakly 
influenced by the existence of the transition. Thus these investigations 
did not supply conclusive Information about the naturę of the observed 
transition but confirmed its existence.



78

A
B

SO
R

B
A

N
C

E

Fig. 17. Room temperaturę FTIR spectra ( EBr pellets) o!’ the C-TNB comple.s 
and its constituents [204]
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4.1.3.

Fig. 48. Temperaturę dependences of the height. and the width at 0.75 of 
«aximum absorbance of the 1237 cm band of C-TNB [204]

Crystal1ographic characterization of C-TNB at 123, 293 and 323 K
[205]

In order to resolve the naturę of the anomalies observed in C-TNB 
around 300 K we performed detailed structural investigations of the 
Complex far below and above the phase transition temperaturo. The results 
of these incest i galions are reported in [205] together with all 
<;xper imenta 1 dctails. The main finding is that the structure is 
ossenti .il1\ the same at all studied temperatures ( 123, 293 and 323 K) :

’ CpH^lhO,)^ is orthorhombic , space group P2j2j2, (D* ), Z. = 4,

\ = 380.32, lat tLice parane te rs:
T = 123 K T = 293 K T = 323 K

a ( A ; 6.833(5) 6.941(4 ) 6.935(2)
। ■ ( x । 8.612(4) 8.72914) 8.734(2)
e 27.951(9) 28.0-53(9) 28.075(5)
v (X 11 1611.8 1699.7 1700.4
0cal(Mg/m'’)
R

1.536
0.060

1 . 486
0.057

1.486
0.074

R w O.OGG 0.049 0.067
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Fig. 49. Projection of a unit celi of C-TNB complex along the a-axis at 
123 K. The hydrogen bonds are marked by dashed lines. H atoms are omitted 
[205]

The- unit celi projection along the donor-acceptor stack axis 
(a~axis) is shown in Fig. 49. The analysis of temperaturę changes of sonę 
structural parameters such as unit celi dimensions, thermal ellipsoids 
(cf. Fig. 50) and 0-H and N-H bond length (cf. Fig. 51) reveal noticeable 
deviations from linear behaviour around 300 K (for atom enumeration see 
[205]). The distribution of the thermal factors in carbazole molecule 
suggests that the molecule librates as a rigid body, similarly the TNB 
molecule librates slightly around normal to its benzene ring. Looking at 
the temperaturę behaviour of the angle between H(N4)- N(4) bond and 
C(7)-N(4) or C(10)-N(4) bonds one can notice that only at 323 K the H(N4) 
hydrogen atom approaches its non distorted position (z 120°). It is 
interesting to notę that at 323 K both O(6)-H(N4) and O(5)-H(N4) 
distances decrease with respect to their room temperaturę values. It 
seems evident that all these effects are connected with changes of 
N(4)-H(N4)...0(5) hydrogen bond. This bond can be considered as a strong 
one at Iow temperatures but only of weak strength at 293 K. One can 
suppose that at 323 K this hydrogen bond does not exist at all.

The considerable loosening of a N(4)-H(N4)...0(5 ) hydrogen bond 
around the temperaturę of 300 K allows the carbazole molecule to maximize 
its CT interaction with TNB (it turns slightly and approaches the 
acceptor molecule). This effect produces a slight contraction along the 
donor-acceptor stack direction manifesting itself macroscopically in 
thermal expansion measurements [200] (one can observe a 0.1% contraction 
along the donor-acceptor stack direction).
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Both calorimetric and dielectric anomalies observed in C-TNB complex 
around the temperaturę of 300 K can be explained, in our opinion, by the 
loosening of the H-bond and slight changes of orientation of NOg groups. 
This slight rearrangements are possible within the P2^2121 space group 
because all the mclecules occupy sites of symmetry. However, it is 
difficult to regard these rearrangements as a. structural phase 
transition.

Fig. 50. Anisotropic thermal factors B(i,i) for 0(5) and 0(6) atoms of 
TNB crystal as a function of temperaturę. Insert: an ORTEP projection of 
TNB molecule at 323 K [205]
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Fig. 51. Characteristics of 

N(4)-H(N4)...0(5) interactions 
in C-TNB complex, together 
with the N(4 ) —H(N4 ) — 0(6 ) one 
given for comparison. (Distan- 
ces are given in X. )

4.1.4. Determination of elastic constants in C-TNB crystals [206]

The Brillouin scattering techniąue was used to study the elastic 
properties of the C-TNB complex [206]. Right-angle, back and small-angle 
scattering geometries were used.

The matrix of elastic stiffness coefficients c{rp contains only nine 
nonzero, independent components for orthorhombic symmetry .

Acoustic wave propagation in a piezoelectric solid is described by 
the modified Christoffel eąuation [9]

pv2
il

7i *1 
e 2,3 (48)

where p is the density of materiał, is sound velocity, u stands for a
component of the wave polarization
being elastic tensor component under

r, ru : 
constant

Ll.l with
field,

component of the unitary propagation vector
component of piezoelectric and

łi
, s

dielectric tensor under constant de format ion
being a component
Prino ipal refrad

indices, necessary
and are as follows:

were measured for C-TNB nm

nl 1.79 and n„ 1 . 78 0.01 )

The measurements of pure longitudinal

u .
1 i ,, k, 1

1 1. , where
1 .
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velocities along the Principal crystallographic axes can give directly 
.. E E E .. ... L . E . ,1/2, , E E E , T the c 1t c,„ and c,_ (in this case v. = (c../p) ) and c.., c.e, c_„ (v

E 11 1/2^ 1 11 ’’ 55 66 a 
- <caa/P) > values. The latter components can be slightly influenced by 
the piezoelectric coupling (usually the effect is less than a few percent 
of the value of a determined coefficient).

From the sound velocity measurements for various directions and 
polarizations of acoustic phonons for C-TNB single crystals, finał values 
of tensor of elastic constants were calculated using a least sguare 
fitting procedurę [206]. They are listed in the Table 3.

Using the presented values of elastic constants one can draw the 
diagrams of sound velocities in C-TNB (cf. Fig. 52).

Fig. 52. Sound velocity 
viewed along the t.hree 
velocity of longitudinal

diagrams for C-TNB single crystal at 293 K as 
Principal crystallographic directions. vl 

T
acoustic phonons, v - velocity of transverse 

acoustic phonons [206]
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Table 3

Values of elastic stiffness and elastic compliance s^ 

foi C-TNB single crystal at 293 K and at w 15 GHz [206]

D
CaP 
( 109 9 

N/nT )

C11
12.13

c22
9.52

c33
14.67

c44
3.92

“55
1.40

c66

2.16
c12
2.58

c13
2.97

c23
7.41

D 
Sa0 S11 s22 S33 s44 S55 s66 SJ2 s13 S23

( 10“ 11 2..., m /N) 8.83 17.63 11.13 25.53 71 . 33 46.30 -1.66 -0.95 -8.56

In the Fig. 52 the solid lines represent the calculated angular 
dependence of sound velocities whereas the pointa mark the experimentally 
obtained values, The longitudinal sound wave velocity does not show any 
pronounced anisotropy (= 2.78 km/s, = 2.484 km/s and = 3.048 
km/s).

4.2. CT complexes of 1,2,4,5-tetracyanobenzene (TCNB)

Among the charge transfer complexes of 1,2,4,5-tetracyanobenzene 
(hereafter referred to as TCNB) the most extensively studied were those 
with anthracene [2071-[209] and naphthalene [209], [210], though many 
other structures were established as well: biphenylene-TCNB [211], «- and 
P-naphthol-TCNB [212], fJuorene-TCNB [213], pyrene-TCNB [214] and 

phenanthrene-TCNB [215]. Ali those crystal structures exhibit 
quasi-one-dimensional stacking of alternating D-A-D-A molecules. In many 
structural studies an evidence of large anisotropic thermal motions 
and/or disorder has been found. The experimental and theoretical effort 
devoted to the complexes of TCNB [216]—[220] allowed for conclusion that 
the presence and naturę of the disorder depends on size and symmetry of 
the donors embedded in the orientationally ordered TCNB sublattice, The 
character of observed disorder may be dynamical (anthracene-TCNB) [216], 
[217] or static (naphthalene-TCNB) [218].

Our recent interest in this type of complexes is connected with the 
search of noncentrosymmetric structures. The structures can be formed 
when a noncentrosymmetric donor molecule substitutes the centrosymmetric 
molecule (such as anthracene or naphthalene) in the TCNB complex. Then if 
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this donor molecule can arrange itself in an ordered fashion, a polar 
structure may arise. and conseąuently NLO properties could be expected. 
The molecules of enough similar structure and size to replace anthracene 
or naphthalene in the crystal lattice can be their nitrogen analogues: 
acridine (Cj^H^N) and gumoline (CgH^N).

4.2.1. Structure of the 1:1 complex of acridine with TCNB [221]

3
Single crystals of acridine-TCNB complex, 1«2«3 mm in size, were 

obtained by a slow evaporation of equimolar acetone Solutions of donor 
and acceptor. TCNB was prepared by the method described by Lawton et al. 
[222], whereas commercially available acridine was purified by multiple 
vacuum sublimation and zonę melting.

The obtained structure can be characterized as follows: 
C13H9N-C10H2N4, triclinic, PI, Z = 1, M = 367.4, a = 7.447(4) X, b = 
7.885(5) X, c = 8.072(9) X , a = 73.93(9), (3 = 84.59(9), 7 = 85.85(6)°, 

3
Dc = 1.31 Mg/m , Rw = 0.042 for 1241 measured independent reflections 
[221 ] .

As it is shown in Fig. 53 and Fig. 54 the crystal of acridine-TCNB 
is built up of mixed-stacks extending along the ą-axis i.e., in a fashion 

* 
characteristic of n-n electron donor-acceptor complexes. The mean 
interplanar spacing between acridine and TCNB (3.48 X) is close to that 
encountered in other complexes of TCNB.

Fig. 53. Projection of the 
structure of acridine-TCNB 
complex along the b-axis [221]

Examination of the thermal ellipsoids for acridine, in the complex 
evidences a kind of disorder (cf. Fig. 54 ). Large anisotropic thermal 
parameters, especially for acridine might represent either an arrangement 
of statically disordered acridine molecules or an acridine molecule
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executing large thermal 1ibrations. The "static" disorder corresponds to

Fig. 54. a) Atom-numbering 
scheme and thermal ellipsoids 
for acridine and TCNB 
molecules. b) Perspective 
view of the complex with 80% 
van der Waals radii [221]

a W-shaped potential well with a barrier higher Łhan kT value at room 
temperaturę and the librations ("dynamie disorder") to a flat-bottomed 
potential well. The third possibility, a W-shaped well with a barrier 
lower than kT at room temperaturę, would lead to a dynamie situation at 
high temperaturę, which could be frozen at Iow temperaturę (as was 
predicted and observed for anthracene-TCNB complex [216]).

As follows from the presented data, the structure of acridine-TC\'B 
should be polar, however, no direct evidence of it has been found until 
now. Then one can suppose that we deal with the case similar to that 
described for fluorene-TCNB [213], whose space group is PI with Z = 1, 
i.e., the donor (fluorene) is disordered in either of two statistically 
possible sites related by a crystallographic centre of inversion.

In order to verify whether such a supposition can be true also for 
acridine-TCNB complex, and in order to establish the naturę of the 
disorder in the crystal at room temperaturę, the calculaticns of the 
lattice interactions between acridine and its near neighbours were 
performed using semi-empirical atom-atom potentials, and introducing 
statically disordered arrangements into the lattice. For the purpose of 
these investigations, only in-plane librations of the acridine molecule 
were considered.
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To a first approximation, the potential energy environment of a 
molecule in a nonionic lattice is described by intermolecular nonbonded 
Van der Waals interactions [223]. This can conveniently be modelled by 
summir.g all contributions from atomie pairs (i,j) at separation r^^ . , 
interacting according to a Buckingham potential

V(r) = 1 I (a..exp(-b. .r..) - cij/rij] ' (49)

The summation extended to 32 unit cells from the reference unit celi (and 
molecule) in all directions. The results of these calculations are shown 
in Fig.55.

The contributions to the overall potential (EA + ED) of librating 
acridine molecule from acceptors (EA) and donors (ED) are shown 
separately in Fig. 55. The calculations reflect the crystal packing and 
explain smali angle (± 10°) of librations of acridine. Turning the 
acridine in the lattice of by ca. 180° and performing similar 
calculations of single-particle potential one finds that the energy 
difference between acridine at its normal (0°) position and that at 180° 
is less than kT value (within the limit of our approximate calculations).

Fig. 55. Single-patticle potential for acridine molecule rotating around 
tlio normal to its piane in the complex acridine-TCNB [224]
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This allows us for conclusion that the structure PI with Z = 1 can also 
be true for acridine-TCNB complex (that means acridine is statically 
disordered). Indeed, the inversion center generated due to static 
disorder (0° and 180°) of acridine prevents observation of polar 

properties in this compound.
The structural investigations of the quinoline-TCNB complex [224] 

revealed that the quinoline is statically disordered in its site, then 
the solution of the structure needs difficult elaboration of a proper 
model of such a disorder.

Despite the difficulties encountered in our studies of the acridine 
and quinoiine complexes of TCNB we attempted to determine the structure 
of durene-TCNB complex cbtaining the following parameters [225];
ClnH,..ClnH„N. , M = 312.4, monoclinic, P2./a, Z = 2, a = 15.249(6] X, 1U 1U ó 4 Ł 1 _
b = 7.750(3) X, c = 7.520(2) X, P = 105.28°, D = 1.21 Mg/m .c

The space group of durene-TCNB crystal P2^/a, is the same as those 
of low-temperature phases of anthracene and naphthalene complexes of 
TCNB. The structure is ordered already at room temperaturę and no 
order-aisorder librational type phase transition can be expected in this 
complex at higher temperatures. Though the structure is centrosymmetric, 
there is a chance that the substitution of one methyl group by a similar 
size atom or other group can lead to an ordered CT complex with the polar 
structure imposed by packing.

Concluding .the data presented above, we can State that in the group 
of weak CT complexes of TCNB there is no, until now, suitable polar 
structure for observation of NLO properties, however the efforts in 
finding such a structure should be continued.

5. CONCLUSIONS

The investigations presented in this monograph were aimed to search 
for materials with interesting polar properties.

One of the most fundamental findings is that macroscopic properties of 
the materials can be tailored by proper substitutions. It has been shown 
that within any of the described groups crystals lacking a symmetry 
center have been found. Moreover, in the group of organie-inorganic 
halides a gentle substitution of atoms or organie groups led to materials
being ferroelectric at different temperatures, 
phase transitions, being ferroelastic or not. 
"molecular engineering".

undergoing one or morę
This is what one calls
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Another important finding is that the delicate balance of the forces 
leading to such a diverse phenomenon as ferroelectricity can be 
relatively easily found in the group of crystals containing perovskit.e 
type structure, but extremely difficult within organics. We believe that 
the new ferroelectric groups of crystals should be searched within mixed 
organic-inorganic compounds where the ionic forces are supplemented by 
dipolar, H-bond and van der Waals interactions.

The purpose oriented search for new polar materials is always 
time-consuming, and the finał result depends not only on the amount of 
effort devoted, but freąuently it is a matter of luck. However, or, the 
basis of presented above investigations, there is no doubt that further 
studies should be concentrated within the most fruitful group of 
organic-inorganic halides and not within organie charge transfer 
complexes. However, from the viewpoint of applications, the crystals 
belonging to the group of acid phthalates as being optically perfect, 
easy to grown, chemically and thermally stable are morę suitable to be 
exploited in electrooptic devices than some of the representatives cf 
other groups.

One should emphasize that the results of studies presented in this 
work do not close, but rather open a large field for other studies. It 
would be tempting, for instance, to try to prepare mixed compounds of the 
type ((CHO),NH)„Sb„Cl„ Br or (CH,NH_ ) _Bi„Br,, Cl for studying subtle 3 3 3 3 9-n n 3 3 o 3 11-n n
changes of pyroelectric or electrooptic properties. There is a 
possibility to use other organie groups for preparation new materials on 
the basis of the perovskite inorganic sublattice. The electrooptic 
crystals of acid phthalates can be properly doped in order to obtain new 
materials showing photorefractive effect. Besides, there is a need for 
basie studies, both experimental and theoretical, of phase transitions of 
the double naturę, such as that found in TMACA.

The most important from the practical point of view is the finding 
of good pyroelectric and electrooptic properties in (CHgNHg)gBigBr^and 
((CH,)„NH),Sb9ClQ compounds with some perspectives for their applications JO 0 ó <7 
in commercial devices. Also the studies of electrooptic and elastic 
properties of potassium, sodium and rubidium acid phthalates are of great 
importance as these crystals possess a potential value for application, 
too .

The most interesting from the point of view of fundamental research 
is the dynamics and interaction between two sublattices in the group of 
organic-inorganic halides. Our Raman, Brillouin and other studies in 
TMACA, DMACA, DMABA and similar crystals revealed the complex naturę of 
phase transitions in these compounds due to dimensionality of the 
transitions. Interesting is also the effect of organie moieties on the 



90

naturę of observed properties, especially the electrooptic activity of the 
crystals.

We believe that the goal of this work formalised in the Introduction 
has been fulfilled.
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W POSZUKIWANIU MOLEKULARNO-JONOWYCH I MOLEKULARNYCH KRYSZTAŁÓW 
WYKAZUJĄCYCH FERROELEKTRYCZNE I ELEKTROOPTYCZNE WŁAŚCIWOŚCI

Monografia zawiera opis wyników badań eksperymentalnych wybranych 
własności fizycznych kryształów, których strukturę scharakteryzować można 
istnieniem zarówno molekularnych jak i jonowych oddziaływań. Obiektem 
badań były związki z trzech grup: organiczno-nieorganicznych halidków, 
kwaśnych ftalanów i organicznych kompleksów z przeniesieniem ładunku 
(CT) .

Wstęp do pracy zawiera opis polarnych własności kryształów ze 
szczególnym: uwzględnieniem nieliniowych własności optycznych. Badania 
podstawowe prezentowane w tej monografii mają na celu zrozumienie 
mikroskopowych aspektów struktury materiałów i jej wpływu na własności 
makroskopowe. Autor poszukuje i bada zjawiska ferroelektryczności, 
piroelektryczności i nieliniowe efekty optyczne w wybranych związkach.

Opisano szczegółowo metody badania współczynnika piroelektrycznego i 
liniowego efektu elektrooptycznego (efektu Pockelsa). Inne techniki 
eksperymentalne, takie jak rozpraszanie Ramana, rozpraszanie Brillouina, 
spektroskopia w podczerwieni, kalorymetria, badania rentgenowskie 
struktury czy metody dielektryczne są omawiane przy okazji prezentacji 
wyników badań poszczególnych związków. Przejścia fazowe obserwowane w 
niektórych kryształach są dyskutowane w ramach istniejących teorii a 
mechanizmy tych przejść rozważane na poziomie molekularnym.

Najciekawsze wyniki uzyskano dla grupy soli organicznych, a w 
szczególności klasy organiczno-nieorganicznych halidków. Pokazano, że 
((CH,)_NH)_Sb_ClQ (TMACA) i (CH9NHQ)RBi9Br.., które są ferroelektrykami w 3 3 3 2 9 3352 11
temperaturze pokojowej, mogą być wykorzystane do budowy wydajnych 
detektorów piroelektrycznych. Oba te związki wykazują także własności 
elektrooptyczne. Badania mikroskopowe oraz badania rozpraszania Ramana i 
Brillouina dla dwóch izomorficznych kryształów ((CH^)_NH9)9 Sb9ClQ 
(DMACA) i ((CH_)-NH-)_Sb9BrQ (DMABA) wykazały istnienie interesujących 
ferroelektrycznych przejść fazowych.

Doskonałej jakości optycznej kryształy kwaśnych ftalanów hodowane z 
roztworu posiadają znaczące nieliniowe własności optyczne, co umożliwia 
ich zastosowanie jako modulatorów światła.

W grupie organicznych kompleksów CT tylko kryształ kompleksu 
karbazol-trinitrobenzen nie zawiera środka symetrii. Badania strukturalne 
w grupie kompleksów tetracyjanobenzenu wykazały istnienie kompleksu 
polarnego akrydyna-TCNB, ale ze względu na statystyczny nieporządek w 
podsieci akrydyny kryształ ten nie nadaje się do zastosowań.
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WICKU M0JIKKyJIHPH0-K0HHHX U MOHEKyJIHPHblX KPHCTAJUIOB 
KHTEPECHHX CEIWTOanEKTPMWKMK W 3JIEKTP0WłECKMX CBOMCTB

HacToamaa paóoia coflepsaT onacaHae peayjiŁTaTOB 3KcnepaMeHTaiiBHHX 
HOCHeflOBaHna pa3HHX JMSJTłeOKO CBOSOTB KpaCTMAOB, KOTOPHX CTpyKTypy 
mosho oxapaKTepn3OBaTŁ cymecTBOBaHHeM Kas MoneKy®ipHHX, TaK a kohhhx 
BsaaMoueScTBaa. OóteKTOM acoAe,noBaHnS Oma ooeuaHeHHH, npoacxoomae as 
Tpex rpynn: opraHn’łHo-HeopraHanecKax ranorenanoB, kboahx $TanaTOB a op- 
raHanecKax KOMnaeKOOB c nepenocoM sapała (CT). BBeonae conepsaT onaoa- 
aae noMpHHX cboUctb KpacTaooB o ocoÓeHHUM y^eTOM HenaHeftHHX onTanec- 
kbx oboSctb. Jem ochobhhx aconeHOBaHaił, npescTaBfleHHHX b HacTOHmeił 
paÓOTe, HBMeTCH kohhtł MBKpocKonnneoKae acneKTH CTpyKTypu MaTepaanoB a 
ee BMHHas na MBKpocKOimecKae oBoiioTBa. Abtop kokot a accztenyeT HBne- 
hmh cerHeToa^eKTpaHeoTBa, napoBAeKTpaaeoTBa a HenaHeaime onTaneokae 3$- 
$6KTH B M3ÓpaHHHX C0e.H3HeHKHX.

IIoApoÓHO onaoaHH motoułi accaeuoBaHas napoaneKTpBnecKoro ko3$$h- 
uneHTa a OHeanoro aneKTpoonTaneoKoro 3$$eKTa (IIoKeaBoa). Mnorae upyrae 
3KonepnMeHTa/iBHtie TexHBKH, Kas: KOMÓaHanaoHHoe a ópaoiooHOBOKoe paccen- 
hbh , cneKTpocKonaH b aH$paKpacHo2 oónacTH, km opawe Tpna, peHTreHOCTpyK— 
TypHue HCCKejiOBaHMH aua nasneKipaKecKae mstobh oÓoysnaKTCH no noBOny 
npencTaBJieHBH pesy^ŁTaTOB accKeaoBaHa3 .oh OTflenŁHHX accne.iiOBaHBS. $a- 
30Bne nepexonHf HaÓmonaeMHe b h6kotophx KpacTaoax, oócywaiOTCH b paM- 
xax cymecTBywix Teopnii, a Mexa«n3Ma othx nepexo,uoB paccysnaioTCH Ha mo- 
neKymipHOM ypoBHe.

CaMHe KHTepecHHe pesyntraTH ójmh nonyneHH b rpynne opraHanecKax 
conea, a b oooóeHHOCTa b oacce opraHanHO-HeopraHB'iecKBX ranoreHanos. 
Emo noKasaHo, kto ((ch ) NH),SbociQ (tmca) a , koto-
pae hbhhiotch cerHeT03neKTp3Kaf4n b KOMHaiHoa TeMnepaType, MoryT ołitb ac- 
n0HŁ30BaHH OH CTpoeHHH 3l)$eKTHBHHX napO3JieKTpnneCK3X OTOKTOPOB. Oóa 
3TB coeoHeHKH oóHapysHBaDT Taicse xopomae sneKTpoonTanecKae OBOiłcTBa. 
i/lHKpocKonaHecKae accjie.noBaHnH a accne.HOBaHaH paManoBCKoro a ópaJunoBHOB- 
CKoro paccenHaił b oyx 33omop$hhx KpjiCTaoax ((CH5)2NH2)2st>2Cig (dmaca) 
a ( (ch ) nk )„Sb„Bro (di>iaba ) oóHapysHBana cyiuecTBOBaHHe HHTepeoHHX $a- 
3obhx cerHeT09neKTpMHecKJix nepexonoB.

KpacTan/iM xopomero onTanecKoro KanecTBa kkczihx $TMaT0B, pa3B0.ua- 
mhx H3 pacTBopa, aweioT cyuiecTBeHHHe HenaHeitaie onTanecKae CBoiłOTBa, kto 
cnocoócTByeT ax npaMeHeHmo b KaaecTBe MOnyoTopoB cseia. ■

B rpynne oprananeoKaz KOMmeKOOB CT namt KOMnneKC KapfiasoTi-TpaHa- 
TpoóeH3on ne co.nepKiiT reHTpa aHBepcaa. CTpyKTypnue aconeiiOBaHafl b rpyn­
ne K0.7.inieKG0B TeTpamaHÓeHso/ia oÓHapysana cymecTBOBaHae nonapnoro ooe- 
HBHeHaa aKpanan-TCNB, ho M3-3a CTaTaneoKoro óecnopHHKa b nonceTa aupa- 
siiHa 3tot MaTepiian ?:e howit oh npaMeHeHaa b aaeKTpoonTHKe.
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