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Author

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 organic
charge transfer complexes. Ferroelectric, pyroelectric, elastic, as
well as electrooptic properties of several representatives of the
mentioned groups are experimentally determined. Numerous phase
transitions are studied wusing the Raman, Brillouin and IR
spectroscopy as well as dielectric, calorimetric and X-ray
techniques. Application perspectives for some of the studied
materials are discussed.

*Institute of Organic and Physical Chemistry, Technical University
of Wroctaw, Wybrzeze Wyspianskiego 27, 50-370 Wrocilaw



INTRODUCTION

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 molecules that interlock and interact like the parts of a
machine 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 range of new materials with fascinating properties e.g.,
high-temperature superconductivity and high nonlinear optical properties.
The former phenomenon has been found by Milller 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 organic crystals basing on the theory of
nonlinear optics developed by Bloembergen (1981, Nobel Prize in physics).

During recent decades it has been established that organic solids
have an enormous range 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 basic 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
hold promise for important applications in optical information
processing, telecommunication, and integrated optics. Particularly
important is the more recent recognition that organic and polymeric
materials with large delocalized m-electron systems may exhibit extremely
large nonlinear responses, in many cases much larger than their inorganic
counterparts. Thin films of organic 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 basic properties,
including optical clarity (very low 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 organic salts the Van der Waals bonding, typical of pure
organics, is replaced by the 1ionic 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 organic charge transfer (CT)
complexes, with the data obtained from several substances. The data were
analyzed having in mind the desire to wunderstand the mechanisms
underlying various polar properties of the crystals and the nature, 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



of University of Wroclaw, Groupe de Physique Cristalline of University of
Rennes I and Laboratoire de Dynamique des Cristaux Moleculaires of
University of Lille I.

The material has been 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 pf experimental work, including a section reviewing the
necessary formal background and a section with an appropriate discussion.
Although no attempt is made to provide a comprehensive literature data,
the presentation is supplemented, whenever necessary, with relevant
results taken from the literature. Since the literature on the subject is
quite extensive, especially where experimental results are concerned,

only sélected original papers will be quoted.

1. POLAR PROPERTIES OF CRYSTALS

1.1 Definitions

All the properties which uniquely are characteristic of
noncentrosymmetric 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 more detail.

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

A piezoelectric crystal when exposed to an electric field suffers a
deformation (strain nij) or stress aij’ both proportional to the applied
field. In a linear approximation the equations describing electrical and

mechanical state of the piezoelectric sample are

1 = 95%k * EisEj o
(1)

M35 % Si5k1%1 % %%i Bk o
D is the electric displacement, E is the electric field, d is the

piezoelectric tensor, € is the dielectric tensor and s is the compliance

tensor. It should be noted that the Einstein convention of summation over



repeated indices is used throughout the text. Fcr further reading on this
subject the reader is referred to [7]-[10].

The pyroelectric properties of a material are described by a
pyroelectric coefficient 1 which relates the changes of the temperature
of crystal, AT, with the electric polarization vector, APi. along the

i-th polar axis
APi = p, AT (2)

i i % el o
Strictly, the pyroelectric coefficient pi at constant stress 0 and at

constant electric field . E is defined by

g aDi _( 9Pi .
pi = [ aT—]O',E -[ 3T O,E . (3)

Here, Di and Pi' denote the components of the electric displacement and

polarization vectors, respectively, and T is the temperature. pg is the
n
i
N and constant E, and the piezoelectric effect due to the thermal strain

(the secondary pyroelectric coefficient p;°c

sum of the primary pyroelectric coefficient p, defined at constant strain

). This relationship can be

expressed by the tensor equation [11]

s _ 1 T,E T,E G,E _ M sec
Py S By $dioy Csiim 1w " Py YRy o (4)

T,E T,E
where dijk and cjklm
piezoelectric and elastic stiffness moduli measured at constant T and E,

denote, respectively, the tensor components of the

whereas GT;E is the thermal expansion tensor at constant ¢ and E. The
pyroelectric coefficient p = (pl,pz,pa) defined above is a vector
quantity.

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

A ferroelectric crystal is defined as a crystal which belongs to the
pyroelectric family and in which the direction of spontaneous
polarization PS (a polarization at E = 0 and 0 = 0) can be reversed by ar
application of an external electric field, weak -as compared to a local
crystal field. There are many monographs on ferroelectricity [12]-[15]
and it is far beyond the scope of this monograph to give the survey of
this larsge area of hnowledge. However, basic theories of
ferroelectric-to-paraelectric phase transitions will be treated
separately in the next section.

A crystal is ferroelastic 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 minute
displacements of the atoms of a certain ideal structure called its
"prototype". The spontaneous strain occurs at null stress in the same way
as the spontaneous polarization occurs in a ferroelectric material in the
absence of an electric field. A ferroelastic crystal generally undergoes
a phase transition at some temperature 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 Gij required for reorientation, the spontaneous strain
n?j' and the atomic displacements A through which the atoms move during
reorientation [i7]. 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 material can be expressed in a Taylor series,

e.g.,

_ aa aa A 1 . 9%a 2
A=A s [t ¢ mldn e (5 0e, ¢ g )T
1  d%A %A
* 2 [ Eixkanjl]n‘knjl+ o +[ anik PJ)n‘kPj
+ 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-1)-th derivative of the Gibbs free energy G is continuous,
while the n-th derivative shows discontinuity at the transition
temperature To. Among several thermodynamic functions, the elastic Gibbs
function GI(T,O,P) is the most useful for discussion of the ferroelectric
phase transition due to its relevance to ordinary experimental
conditions, that is,. under constant temperature and constant external



forces. One can discuss the main results of Landau-Devonshire theory for
a simplified case of ferroelectric having only one component of
spontaneous polarization F. In such a case G, is an even function of P,

1
and its expansion in Taylor series leads to

- X £ g
G, = G, + 5 P + i P’ + & P, (6)

o

where the terms of higher orders of P are neglected. 61 stands for the
elastic Gibbs function for P = 0. X, &€ and { are, generally, functions of
temperature but to sufficiently good approximation one usually assumes &
and T to be constant. In order to have a stable phase with the finite
polarization we assume that { > 0, For E = 0 one gets a solution of
Equation (6) in the form

1/2

, - & (5 - ax)
P, = S and P, = 0. (7)

A stable phase is obtained for positive Pz and G1 < G;. If € > 0 one

deals with a second order phase transition and for £ < 0 one deals with a

first order phase transition.

(i) Second order phase transition (§ > 0)

In this case Pi > 0 only when X < 0, it is common to assume the

temperature dependence of X as
X =8 (T-T) (8)

where B is a constant (B > 0) and To is the transition temperature, equal

to the Curie point Tc' In the vicinity of the phase transition the

inverse susceptibility X' = [g%)on is given for weak electric field by
x’ =X for T > T and
x' = - 21 for T < T_. (9)

(The above equations are true only within a limited temperature range
around To.) The temperature dependence of the spontaneous polarization PS
is given by the equation

13® for T < T
[+

P_ = [g(To—T)
(10)

P =0 for T > To .
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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 temperature smoothly, and there is no special

temperature to be called a transition point.

(ii) First order phase transition (E < 0)

If Ez >4 x £ and X < O the solution of equation (7) has the form
a 1/2
= €1 + v/ E -4x¢
PS-[ 2T v (11)

The spontaneous polarization suffers a discontinuity at the Curie point

TC which now is given as

2
T =7 + 3 E_ (12)

3 1/2
and the value of Ps at Tc is equal to [Z~§L . Just below the Curie

ﬁoint the inverse dielectric susceptibility X’ is approximately equal to
X o= - 4% (13)

and thus it is about four times as large as that just above the Curie
point. The phenomenoclogical theories of phase transitions were
succeéssfully applied to many ferroelectrics such as triglycine sulfate
(TGS) [23], [24], NaNO2 [25], [26], Rochelle salt (NaKC4H406.4 HZO) [27],
KH2P04 (KDP) [28]1, [29], BaTiO3 [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 full 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 emploved as
well [33]-[36].

1.3. Nonlinear optical phenomena (NLO)

The NLO phenomena will be discussed in more 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 = €(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 harmonic generaticn of light.
As early as in 1961, Franken et al. [37] detected ultraviolet 1l:ght (A =
347 nm) at twice the frequency of a ruby laser beam (A = 694 nm) when
this beam traversed a quartz crystal.

The nonlinear properties of the material are described by expanding
the polarization in a power series in the electric field. This procedure
is useful because the optical nonlinearities are small, and were
discovered only after the development of powerful lasers. High electric
fields with peak amplitudes of about 108
density of about 1013

V/m, corresponding to a flux
W/mz. are now available at optical frequencies

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]

1 1
By j{E] = Byyl0) = [ c(E)]ij - [ E(O)]ij

rijkEk + tijklEkEl (14)

where Bij is the impermeability tensor, € the dielectric tensor, and Em
the applied electric field; rijk is the linear electrooptic or Pockels

coefficient, and tijkl is the quadratic electrooptic or Kerr coefficient.

The early discovery of these two nonlinear optical effects is consistent
with the fact that laser light is not required, and that very small
changes in the optical indicatrix can be readily observed through a phase
retardation between the two polarizations of 1light propagating in a
birefringent medium. Note that L is symmetric with respect to the

Jjk

first two indices, and thus rijk can be written in reduced tensor

notation, S [11]. Kleinman symmetry rules [41] do not apply to the
linear electrooptic effect.

With the advent of lasers, a host of other nonlinear optical
rhenomena 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]

(3)

(1) (2)
E k * Xijk1

Pi = P° + xij i + xijk EJE EJ.EkE1 # 5w w0y (15)
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where P is the polarizaticn induced in macroscopic medium under the
influence of field E, and the x(n) are the macroscopic coefficients
(susceptibilities) that reflect the projection of the microscopic
molecular tensors on an appropriate direction within the unit cell.
Within this formalism, the linear electrooptic effect is defined by

the change in the optical susceptibility

(1) _ = _
A Xij = A By = eiiABijejj i (16)
for Aeij « Eii and cjj' The induced polarization is then given by
- (1) = _ .
P.(t) = €4 Xij0 Ej = - €.853%55 15k Ej(t)Ek(t) 5 (17)
If the electric field is a periodic function of time, then
Ej(t) =z chos(wut +0) = 1/2[ej(wu)exp(-iwut)
t(-0 1o t (18)
+ ej(-0,) exp(iot)] ,

with el(w) being the Fourier amplitudes of the electric fields including
the overall phase. Taking m“ = @, ® being the optical frequency, and
O 0 (for the applied dc field), then the polarization at the optical

frequency is

w 0
y = - 2 €. . 0 : . b2
Pl(w) eoall(w) JJ(w)rleeJek (19)

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

- (2) .’ i .
Pi(t) = € T Ej(t)Ek(t) A (20)

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

(2), _o. - - i
Xijk(—w,w.o) = -1/2 aii(w)ﬁjj(w)rijk( w;w,0) , (21)

where Ekk(w) = ni, n being the principal indices of refraction and in
parentheses the output and input  frequencies of the electric fields

involved are given.
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Frequency dependence of a linear electrooptic effect

In general, the electrooptic effect can depend on three distinct
processes depending on the modulating frequency. For the linear
electrooptic effect, the modulating frequency is 1lower than the
frequencies 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(w)) (w,) dx(w ) % (22)
d E(0]) = 3E(w_)ja=0 M ) £ _=0)" JE(G)

In the above expression, @ is a lattice displacement, E(w_) is the

r =

modulating field, and x(uo) is the linear susceptibility at optical
frequency o [44]. The first term is the primary electrooptic effect,
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 frequency dependence of

the electrooptic coefficient is shown schematically in Fig. 1.

T T T
acoustic phonons
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Fig. 1. General dispersion for the 1linear electrooptic ‘coefficient
including contributions from electronic modes, rel, optical phonon modes,
rR, and acoustic phonon modes, rB. The term rT is the unclamped and rs

the clamped electrooptic coefficient (after [45])
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At low frequencies, acoustic modes appear in the crystal showing
characteristic frequencies determined by the size and shape of the
particular sample. At these frequencies, the material will deform with
the applied field, thus in experiment one determines the unclamped or
stress-free coefficient rT. The coefficient rT contains contributions due
to low-frequency acoustic modes, rB. optical modes, rR, and electronic
modes, rEI. Above frequencies of the acoustic modes and up to the
frequencies of optical phonon modes, the material strains are small,
yielding the clamped or strain-free coefficient rs, with contributions
from rR and rel. Above the optical phonon restrahl, only rel 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) ccefficient.
( In the second order term of equation (16), a polarization is induced
proportionally to the square of the applied electric field, and the
nonlintar second order optical susceptibility (2)( ~20;0,0) is
responsible for SHG of incoming 1light.) The residual electrooptic
susceptibility is then due to the phonon modes. The contribution of the
optical modes can be determined independently by Raman scattering, since
it measures fluctuations in the refractive indices due to thermally
excited optical phonons. Similarly, the acoustic phonon ccntribution can
be obtained from Brillouin scattering, since 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 organic compounds

Molecular polarizability

The dipole moment of an isolated molecule in an external field

is given by the equation [46]

E.E E, +

Py My + & Bs + BB * VigiaBsBeEy * <00 (23)

where ui is the permanent dipole moment, “ij is the polarizability
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tensor, ﬁijk' 7ijk1’ etc. are the hyperpolarizability tensors, and Ej is
a component of the electric field acting on the molecule. All 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 frcem individual molecules which
interact through weak intermolecular forces (dispersion, dipole-dipole,
etc.) and retain their individual identity to a high degree.

Molecules with 1low-lying charge-transfer states of appropriate
symmetry are characterized by high B values. In general, these molecules
have the structure D --*C>*--A where D and A are electron donating and
electron accepting substituents that provide a substantial C-T resonance
interactions through the mn-electron system of the aromatic ring. Oudar
[47], using the perturbation caY¥culation method, obtained an approximated
expression for B, in which the dominant CT intramolecular component BCT
is given by
3 22 n? wrap

B =
2 m [W2-(2h0)2)[W2- (o) 2]

CT

(24)

where BCT is a function of the laser fundamental photon energy hw, 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 Ay = p

excited uground
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 cell 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 wuseful for SHG, which are biaxial (triclinic 1;monoclinic 2, m;
orthorhombic 222, mm2), uniaxial (trigonal 3, 32, 3m; tetragonal 4, 4mm,
i, 42m; hexagonal 6, §. 6mm, §m2); 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 mode.

The other problem, the efficiency-transparency trade-off, occurs in
conjugated and polar molecules possessing the CT characteristics needed
for large hyperpolarizability (high B value means almost inevitable loss

of transparency). For practical purposes the crystal should not absorb at
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either fundamental or harmonic wavelengths, otherwise an optical damage

is likely to occur.

Survey of extensively studied NLO organic materials

Organic 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
enZineering should be attempted. The example is a class of organic salts.
Although the organic salts are not formally molecular compounds in a
structural sense, they bridge the covalent organics and fully ionic
inorganic materials. The organic part of the salt may be an anion or a
catidn, and either of them may be optically active. Among the organic
anions, simple carboxylic acids predominate (formate, propionate,
oxalate, etc.) although more complicated (phthalate) and optically active
(tartarate) anions have also been employed. The organic cations are more
rare, but fhe amino acids (glutamic acid and arginine), in which the
basic functionalities are protonated, are the examples. A few more recent
examples of organic 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 p;obed 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
techniques: a dynamical method of Chynoweth [69], [70] and a continuous
current pyroelectric method [71].

In the former technique a HeNe (5mW) laser light chopped usually at
75 Hz frequency pericdically 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

(2)¥2 ve(QKpc)

P = Tnd ’

1/2

(25)

where V is thei measured pyroelectric voltage, Q is the modulation
frequenc&; K, ¢ 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 [701].

The continuous current method consists in the measurements of the
pyroelectric current Ip flowing through a short-circuited sample while it
is cooled or heated at a known rate. The pyroelectric coefficient p can

be calculated using a formula
p =R, (26)

where A is the area of electrodes, and r =(dT/dtr) stands for the rate of
temperature changes. The absolute values of spoﬁtanequs polarization
PS(T) are evaluated by a graphic integration of pyfoelectric coefficient
P(T) curve.

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

The experimental determination of linear electrooptic coefficients r

is based on the equation
tn(e) =n®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. Small changes in the refractive index can be measured by
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detecting the phase shift of .1ight traversing the material (T)

r=(%%)m1, (28)

vhere 1 1is the optical path 1length. In order to detect the phase
retardation due to the electrooptic effect, the phase must be fixed or
referenced. In general two methods cén 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 techniques 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 material,birefringence as a function of the
applied modulatiné voltage. The relationship between the induced
birefringence and the electrooptic coefficient is given by the equation
[731]

1 1 =
[( leij + A Ez]ij] xjx; =1 7 (29)

where the change in dielectric impermeability is related to the
electrooptic coefficient rijk (cf. also equations (15) and (22})

1 -
a{ Ez]ij = ik B oo (30)
resulting in

1
[ OR2)is % roji B Ixyxy =1 (3l

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

The determination of the electrouptic coefficients of a c¢irystal in a

birefringence phase-retardation experinent can be inipioved if the
modulatine {field is applied at a nonzero frequency. Among tLhe advantages
¢f the as techotgues there are: high measurement sensitivity due to the

tee of  cptical detectors and heterodyning techniques, as well as the
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ability to vary the modulating frequency into both clamped and unclamped
regions of the material’s frequency 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.

pulse voltage lock-in oscilloscope
supply amplifier

n —1 Nl

He Ne laser M,
N
U

U kl—_—i d
polarizer = analyzer  detector
Fig. e Experimental setup for the measurements of the 1linear

electrooptic coefficients

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

The 50 mW or 10 mW HeNe laser served as a linearly polarized light
source (632.8 nm). Rectangular pulses cf voltage were supplied from the
modified high voltage supply (0 - 1000 V) at frequency 10 kHz, and a fast
photodiode servgd as a 1light intensity detector. The signals were
monitored on the oscilloscope screen. or measured by a lock-in
nanovoltmeter.

Measurements c¢f dielectric properties presented in this monograph
were mostly carried out by R. Jakubas at the Institute of Chemistry of
the ©University of Wroclaw. 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 t 0.05 K/min.

The auxiliary measurements presented ir 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 Physique Cristalline, Université de Rennes I, and Laboratoire
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de Dynamique de Cristaux Moléculaires, U.R.F. de Physique, Université de
Lille I, though some FTIR exﬁeriments were also done at NRC Canada.

Raman spectra measured in Rennes were excited with a Coherent
Radiation kryptcn or argon ion laser operating at 647.1 and 514.5 nm,
respectively. The Stokes Raman scattering at 90° was analyzed in the
1 with a Coderg LRDH 800 Raman

spectrometer. Spectral resolution was maintained in the range of 0.8 - 2

frequency shift range of 0 - 3500 cm

cm-1 depending on the spectral region studied. Raman scattering
measurements in the temperature range of 90 - 295 K were performed using
a cryostat equipped with a temperature ccentroller enabling one to
maintain the temperature constant within £ 0.1 K. Measurements at
temperatures higher than room temperature were performed in a
laboratory-made furnace consisting of a copper block inserted into a
circular heeter with appropriate glass windows. The temperature 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 acquisition
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 low temperature 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) technique (NRC Canada) has
been used to study the IR spectra of C-TNB complex within the range 700 -
3800 cm-l. The spectra were recorded with a Digilab FTS-11 spectrometer
equipped with a high sensitivity narrow range 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_l.

Calorimetric experiments were made with Perkin-Elmer DSC-2 and
Setaram DSC-111 differential scanning calorimeters coupled with HP86
microcomputers for data acquisition 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 succeséfully realized by
the team from the Institute of Chemistry of the Wroctaw University headed
by Professor L. Sobczyk. Jakubas [76] has found an interesting family of
ferroelectric crystals which can be described by a general formula
[(CH3)nNH4_n]3X2Y9 where X = Sb, Bi, and Y = Cl, Br and I [77]-[82].

This newly discovered group of materials is a branch of a large
family of organic salts known as organic-inorganic double halides widely
studied in the 1last two decades. A short but excellent review on
organic-inorganic halides has been published by Arend [83] in which a
classificationA 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 organic groups, whose amine heads form NH...Y type
hydrogen bonds with the halide atoms.

The group of (CnH2n+1NH3)2MCI4 compounds, where M = Mn, Cd, Fe, Cu,
... is among the most intensively studied; when 1 S n < 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 general formula
[(CH3)4N]2MX4

sequences of phase transitions and in particular the occurrence of

with X = Cl, Br. Within this group, a number of interesting

incommensurate phases and ferroelectricity were found [901-[94].
[(CH3)4N]22nCI
[95], [(CH3)4
at about 291 K [96], [97] and possesses an intermediate phase with an

4 and [(CH3)4N]200014 crystals show ferroelectricity [90],

N]2Cu014 crystal undergoes a ferroelastic phase transition

incommensurate structure [98]. [(CH3)4N]2CuBr4 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 organic 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 organic ammonium ions acting as suitable spacers



tebween these columns. In these materials structural phase transitions

linked to order-disorder phenomena of the organic ammonium ions. A
particular case of a complex phase sequence could be found in
(¢

of octahedra [100]. Ferroelectricity was also observed in (CH

}ENHCdCl3 crystal, wﬁere the hydrogen bond can switch between columns
3)4NHH513
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
(CsﬂscHzNH3)20d014. are piezoelectric in contrast to all studied
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 equidistant arrangement via amine heads into the
perovskite matrix. Distances between neighbouring chains can be adjusted
by the size of metal cations and halogen anions. Cross-linking of
neighbouring chains can bLe induced by the ¥ 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 stability.

3-dimensional corner sharing compounds of the type (CH3)4_nNHnGeCl3
with n = 0...3 crystallize in a Pm3m high temperature structure. All of
them have different phase sequences, the majority of which leads towards

pnases allowing for ferroelectricity. A striking feature of their high

temperature phases is, however, a high ionic conductivity (10—4 -]0-2
Q‘lm-l) and activation energies between 0.29 and 0.6 eV [83].
Hybrid structures, when the columngr arrangement AMX3 is

interpenetrated by AZMX4 isolated tetrahedra, lead to a total composition
of AjM,X,. This is only possible at present, if A = (CH),NH' and M =
Mn, Cu cr 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
[(CHS)nNH4-n
mind also the NLO properties we have been particularly interested in

]3X2Y9 compounds were published {79], [80], [103]. Having in

establishing whether polar materials or phases exist in this group.

The subsequent chapters will 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 Wrcclaew University. All
of the experiments aimed at understanding the specific nature of the
compounds by comparing the results obtained within the group with those

obtained for other compounds of a similar type.



2.2 Tris(trimethylammonium)nonachlorodiantimonate III (TMACA)
2.2.1. Structure description of TMACA and other early studies

The synthesis of [(CH3)3
structure was described by Kruger et al. [104]). The full structure of
TMACA has been subsequently established by Kallel and Bats [105]. In this
compound the metal shows a tendency towards distorted octeahedral

NH]35b2019 and its preliminary X-ray

coordination with some relatively long Sb-Cl bonds, which is attributed
to the aspherical distribution af lone-pair electrons at Sb(III). The
structure of TMACA contains SbCl3 pyramids with Sb-Cl bonds ranging from
2.401 to 2.473 & . The €17 anions interconnect the SbCl3 groups into a
two~-dimensional network by forming bridges with Sb-Cl of lengths ranging
from 2.883 to "3.3186 2 [105]. Then the distorted octahedra of Sbclg- are
formed. The cavities between the octahedra contain three nonequivalent
(CH3)3NH+ cations, two of them forming N-H...Cl hydrogen bonds of
intermediate strength with the bridge chlorine atoms (N...Cl distances
being 3.220 and 3.254 2). The third cation which occupies a free space
inside a twelve-membered (—Sb»Cl—)s'ring in the (bg) plane (cf. Fig. 3)
is reportedly linked to the chlorine atoms with a very weak bifurcated
hydrogen bond (the N...Cl distances being equal to 3.455 and 3.588 % in
that case). Large thermal parameters show this cation to be disordered.

Fig. 3. Schemati. +vicw of the structure along a-axis, showing the
two~dimensional networi, The SbCl“ cctahedra are represented by their
surfaces, the (CH})@VH ietrahedra 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—Csasbzcl9 [106]) and B-CsastCl9 [107].

At room temperature_(T = 296 K) TMACA crystallizes in the monoclinic
system, within Pc space group [104], [105]. Lattice parameters are:

a = 10.085 &, b = 9.072 &, c = 15.495 &, B = 90.17°, Z =2, the density
being D_ = 1.744 Mg/m’.

Single crystals of TMACA were obtained by isothermal evaporation, at
293 K, of aqueous solutions of a stoichiometric mixture of (CH3)3NHCI and
SbCl3 with an excess of HCl. Thick hexagonal shaped crystals of TMACA
with a perfect cleavage plane (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 ¢/n? at 330 K,
and revealed the transition to the paraelectric phase at about 367 K
[80].

Preliminary differential scanning calorimetry measurements

measurements by the Sawyer-Tower method gave Ps = 1.3x10"

(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 indicatédyan existence of a first order phase transition at 367 K
of a ferroelectric character with a Eé value (measured along the c-axis)
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 temperature range. The
temperature dependence of spontaneous polarization gave the value of
about 1.6 C/m2 at 330 K, but also indicated some broad anomaly of Ps
around 200 K. In the temperature range of 200 - 220 K a dielectric
relaxation process has been found basing on e;(T) and tan &(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 (03) as well as a rotation of the whole cation (Cé) around

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 range of 355 - 375 K revealed two
distinct endotherms with the maxima at 365.6 K and 364.9 K (cf. Fig. 4).

v
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Fig.4. Heat flow curves measured in TMACA single crystals upon heating
(upper curve) and cooling (lower curve). Scanning rate %= 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 temperature 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 literature citations given in titles of sections refer the
Reader to the present author’s work on the topic described 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 zéro scanning rate, the temperature of
second order transition was determined to amount to T'l = 363.7 K and the
thermal hysteresis to 0 K. The temperature of the other phase transition
extrapolated to the zero scanning rate was found equal to Tf = 363.0 K or

Th = 364.2 K depending on whether it was determined from cooling or

h;ating runs, respectively [110]. It is interesting to note 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 temperature 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 (ASL ) equals to 2.97 J/(mol
K). The entropy of the second order phase transition (As;l) 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 ASi comes very
close to the value % R lIn 2 (= 2.88 J/(mol K)) which can be understood as
a conformational entropy change of two entities in the unit cell, ordered
below the phase transition point and disordered above it. A possible
candidate might be reorientation of one among three nonequivalent
(CH3)3NH+ 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. Asi_l value is too large to
be connected with a pure transition of displacive Lype. The existence of
these facts raises the question Von the nature of the considered
transition, which seems to have a rather complex character.

The DSC measurements performed in the low temperature region (170 -
260 K) on a virgin TMACA sample, showed also a thermal anomaly in the
region 197 - 204 K, with enthalpy amounting to AH = 12.3 J/hol. Another
measurement., when repeated immediately uafter 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 temperaiure over 30
min amounted to about 30% of that observed on the virgin sample. Thus DSC
measurements confirmed existence of anomalie§ in this region in TMAEA

reported earlier by Mréz et al. {103].
2.2.3. Dielectric and pyroelectric measurements of TMATA [109], [110]

The temperature dependences of the electric permiltivity measured

quasi-statically along the c¢-axis (f:l both awpon heating and cooling are
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shown in Fig.5.
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Fig.5. Temperature dependence of static electric permittivity C; for a
TMACA single crystal along the c¢-axis (heating and cooling runs are

indicated by the arrows). Insert: the phase transition region (after
[110])

The c-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
preak at 364 t 0.2 K remains at a practically constant position
irrespective of the direction of temperature changes. On the contrary,
the other anomaly exhibits an appreciable thermal hysteresis. The large
jump of dielectric constant for c-axis, E; 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 crystallographic direction also confirmed the existence of two
tyvpes of anomalies, observed in all series of measurements [109].

The Chynoweth method [69], [70] employved in studies of pyroelectric

properties allowed us Lo measure pyroelectric response of materials under
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influence of externally applied electric field and at arbitrarily low
rates of temperature 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 temperature wunder the influence of
externally applied electric field were found up to the field strength
7:105 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 rate of about 1 K/min
amounted to 2.4 K. It is unusual that the pyroelectric response depends
on the direction of temperature 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
PS(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 temperature range.

w
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Pyroelectric response /a.u.
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Fig. 6. Pyroelectric response obtained for TMACA along the ¢ direction
using the Chynoweth technique. The rate of temperature changes amounted

to t 1 K/min. Heating and cooling runs are indicated by the arrows

Measurements of electric permittivity performed in the range of 170
- 260 K at several frequencies clearly enabled to establish the

relaxational mechanism of the low-temperature anomaly (cf. Fig.7). The €"



maxima exhibit a distinct temperature shift
decreasing the measurement frequency. The
from the 1ln ® versus 1/T plot amounts to
falls within the range of energies of weak

character of dielectric anomalies suggests
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towards lower temperatures on
activation energy determined
ca. 30.6 kJ/mol. This value
hydrogen bonds [111]. Such a
that the process responsible

for the observed features is most probably a freezing of motions of some

molecular entities when decreasing the temperature.
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Fig.7. €'(T) and €'’'(T) dependences in TMACA in the low temperature

region (after [110])

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

Light scattering techniques 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
2h+1NH3)2MCL4 [84], [(114]1-[116], (CH3)4NMC13 [117] or
NHa)MnCl4 [118] where interesting sequences of phase

groups of (CnH
(NH3(CH2)3
transitions were observed.

Until now, no Raman scattering studies in the group of
[(CHa)nNH4_n]3Y2X9 have 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 [(CH3)3NH]3szcl9 formula units in a unit cell, 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...Cl force
constants allows for the separation of the internal vibrations of
(CH3)3NH+ and SbClg— ions from their external motions (librations and
“translations; Rx’ Ry, RZ and Tx’ Ty. Tz' respectively). In the rigid-body
approximation, one can assume that the corner-sharing SbCl6 octahedra
form an infinite two-dimensional layer, whereas the three (CH3)3NH+

cations located at C, symmetry sites can be treated as separate entities.

1
With this simplification, one should expect 39 modes of lattice
vibrations, decomposed into 18 A’ and 18 A’’ irreducible representations

of the m (Clh) symmetry point group. The lattice modes should appear in
1
).

To assign the Raman modes the low temperature spectra have been
analyzed [113]. Typical spectra of TMACA at 90 K within the spectral

the low—frequency region (0 - 300 cm

range of 5 - 340 cm_1 are shown in Fig. 8. About 20 Raman bands can be
observed for any Raman tensor component in this range. 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 (organic 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 values of electrooptic coefficients might be expected in ionic

crystals having large LO-TO splittings
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Fig. 8. Low-frequency polarized Raman spectra (10 - 350 cm-l) of
[(CH3)3NH]3Sb2019 at 90 K [113]

On increasing temperature the main feature of the evolution of Raman
scattering spectra of TMACA is a considerable line broadening accompanied
by shifts of the bands. A typical example of such behavicur 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
frequency 305 o::m_1 at 90 K changed its intensity considerably between 90
and 300 K. We performed careful measurements of its peak intensity,
half-width and frequency (cf. Fig. 10). A considerable broadening of the
band at 305 cm_I and characteristic temperature changes of . the peak
intensity and frequency (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 internal, non-dispersive mode. The
variatians 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
temperature range,. the temperature dependence of the linewidth of a
phonon associated with a self diffusion process is a function of the

correlation time Ic‘ and is given by
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Fig.9. Evolution of the L Raman spectra with temperature increase for
TMACA (90 - 293 K) (after [113])
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T
T=(a+bT) + [—— (32)

) ’
2 _2
1 +0 rc

where @ 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, =T exp(Ea/kT), (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 I'(T) dependence we obtained activation energy Ea = 10.0 =
0.9 kJ/mol which is close to that estimated by Idziak et al. [108] (Ea =
11.2 .+ 1.7 kJ/mol) and linked with the rotation of a whole (CH3)3NH+
cation around its Cé 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 (CH3)3NH+ cations.

The evolution of the ayx Raman spectrum in the temperature range 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
line on approaching the transition temperature (To = 364 K). In order to
'visualize the character of this phenomenon more clearly, we plotted the
ratio of the scattered light intensity measured at 20 cm-l, where there
is no Raman band, and the peak intensity of the 140 cm_1 band against
temperature (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 small kink (the dotted line) seen at the transition
temperature, To, 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 | (see Fig. 13).
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Fig. 11. Temperature evolution

: 1
300 200 100 0

1 of the ayx spectrum of TMACA
in the vicinity of 364 K phase
transition [113]
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Fig. 12. Changes in background
intensity at 20 c::m.1 norma-
lized to intensity of 140 cm_1

Raman band as a function of

\ { temperature in the range of
100 200 300 L00 230 - 490 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-1 (cf. Fig. 14) while other bands in this region dc not change.

Above the transition temperature, there is a single band of
frequency of 3035 cm_l which splits into two bands below TC. Intensity
and frequency variations for these two lines are piotted as a function of
temperature in Fig. 15a . The plot of logarithm of the magnitude of the
splitting, 1ln [A(Av)] versus ln(TA-T). is a straight line of the slope of
0.47 (see Fig. 15b ). This value Es close to that expected for mean field
type transitions and we believe the observed splitting be indirectly
connected with an order parameter 3Zoverning the second-order phase
transition in TMACA.

Auxiliary Brillouin scattering measurements were performed in the
high temperature region [112]. However, close to the temperature of the
transition (367 K) only minor deviations of LA phonon propagation were
observed (cf. Fig. 16). Moreover, no soft-mode 1like behaviour of

propagation of acoustic phonons has been found.
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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 sequence of phases in TMACA [109]:

Second order (?) First order Second order
203 K 363 K 364 K
Polar Ferroelectric Intermediate Paraelectric
phase 1V phase III phase 11 phase 1

The lack of crystallographic data (except for the room temperature
structure) makes the analysis of the phase transitions difficult,
especially of that around 203 K, whose nature still remains unclear. An
open question is the nature of the intermediate phase II. It is known
from the literature data that in compounds of similar type the disorder
of the organic parts 1is involved in phase transitions [128]-[130],
moreover some ferroelectric type transitions are followed by appearance
of the commensurate or incommensurate structures, e.g4 1n [(‘CH3)4N]2CuBr4
[131], [132] or in [(CH3)4N]ZZnCl4 crystals [133]. Some features of
calorimetric and dielectric measurements data for TMACA resemble those
found for RbLiSO4 where an incommensurate phase has been found between
two closely lying phase transitions at 475 and 477 K [134]. Cne may only
speculaté that also in the case of TMACA the intermediate phase is of an
incommensurate character.

When describing the nature of transitions in TMACA one should
realize that it is a system consisting of two sublattices: organic 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 SbCl6 octahedra.

We tried to rationalize the ferroelectricity in TMACA by assuming
that one among three nonequivalent (CH3)3NH+ cations is responsible for
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 temperature occupies, in reality, one of
the two possiblé 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 mechanrical (INDO) method
[135], [136] the total electronic energy of the TMACA molecule during
rotatiorn of its disordered <cation around the N(3) atom in the
N(3)-C1(2)-Cl(4) plane. This rotation (t 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-Cl1(2) and N(3)-H-Cl(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 (CH3)3NH+ cations proceeds via coherent
movements (domain wall 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)-Cl(4). The result of these

calculations is shown in Fig. 18 [137].

(eV]

-4332.05

TOTAL ENERGY

-4332.15 | | | 1 1 | 1 1 1 1 1
-4° 200 0° 20° 40°
ROTATION ANGLE

Fig. 17. INDO calculations’ of total electronic energy of
[(CH3)3NH]3Sb2Clq molecule; one of the NH(CH3)3 groups rotate in plane of
the bifurcated H-bond. N-H distance is assumed to be equal to 1.1 R

What is interesting, these calculations locate the proton closer to
the Cl1 atoms than to the N atom as the absolute minima occur for the
distance N(3)-H equal to 2.2 X. However, this highly unexpected result,
cannot be considered as a final one because in the course qf the
calculations the influence of the crystalline lattice has not been taken
into account, as well as, all the molecular groups remained rigid and

were described by structural parameters established at 294 K (105].
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Fig. 18. Total electronic energy of an isclated TMACA molecule with
straight H-bonds vs proton position along N(3)-Cl(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 nct contradict
the' possibility that the ferroelectricity of TMACA is governed by the
coherent movements of (CH3)3NH+ cations with the proton localized in one
or another H-bond. This model will be confirmed if the temperature of the
ferroelectric-paraelectric phase transition changes on deuteration (i.e.,
(CH3)3ND+$. It is cbvious that disorder in the inorganic sublattice wilil
influence the dynamics of the (CH3)3NH+ cations via the H-bonds and thus
it is highly probable that both transitions are mutually dependent.

The low temperature 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 1looses 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 (CH3)3NH group around the Cé axis or its
localization in one of the several possible positions in the high
temperature phase III. The low temperature 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 te the linear electrooptic
effect, one should expect for the m point group 10 nonzero Pockels



41

coefficients. In the case when the b-axis is a unigque one i.e., it is
perpendicular to the symmetry plane m, these coefficients.are: Ty r13,
T21* T23* Ta1* Tazr Tez0 Tp1c Fps ond Ty

Because of low 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 material
as a light modulator. Two different transverse electrooptic modulators
were prepared:

(i) in the 1st configuration the laser light propagates along the
a-axis and the modulating electric field is applied along the ‘c-axis,

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

In the 1st configuration we attained 100% modulation of the 1light
intensity under influence of an electric field. Considering the equation
(31) and neglecting second or@er terms connected with the compo‘hentsA;s51
and rgqs oOne can derive a formula describing the field induced phase

retardation in this case
21 03 03y _1
T=5-[35 (ry(ny)” - rga(nl)” ) 51 v, (34)

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 A, The
magnitude of the voltage necessary to obtain 100% intensity modulation
(under the condition 1 = d), corrected for the dimehsions of the crystal,
is called the reduced half-wave voltage Vn. For the geometry described
abové Vg = 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 LiNbO3 (3 kv) [73]. The half-wave
voltage obtained for TMACA is one of the lowest reported so far, although
recently a crystal with lower Vn was described: 3-(1.1-dicyéno;
ethenyl )-1-phenyl-4,5-dihydro-1H-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 c.

Other electrooptic figure of merit for this material, an effective
=12 L/V. The
refractive indices necessary to estimate its value were measured using
the prism method: Nyy = 1.63 £ 0.01 and Naq = 1.64 £ 0.01 [138].

The origin of such high nonlinearities in TMACA is still an open

. _ 3 _ 3 3
coefficient r_ = (r23n2 raany )/ ng,” , is equal to 122x10

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]35bZCl9 (DMACA) and [(CH3)2NH2]35b2Br9 (DMABA) will be
presented together because, as the X-ray crystallographic studies have
shown, the both compounds are isomorphous at room temperature [81], [140]
and crystallize in the monoclinic system. The details of their structures
at room temperature are given below:

DMACA: space group P2,/a, a = 14.045(4), b = 9,018(3),
c= 9,670(2) X. B = 95.47(2)0, zZ =2, D. = 1.89 Mg/m3, [142].

DMABA: space group P21/a, a = 14,612(8), b = 9.228(4),
¢ = 10.005(8) &, B = 94.91(8)°, z = 2, D, = 2.72 Mg/m® [81].

The crystals usually take the form of hexagonal »lates and possess a
perfect cleavage plane nearly perpendicular to the c¢c-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. Proeicotion of the structure of DMACA (DMABA) along the c-axis

t142]
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As is seen in Fig.19 polyanions [(szclg)a-]n 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 (C;
reached the value of 103). 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 low temﬁeratures electric
fields as high as 1x106 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

temperature range, with the Curie constant Cp (as paraelectric) equal

ara
to 1.28x102 K. A continuous increase of the spontaneous polarization Ps
below 164 K was observed but due to an abrupt increase of the coercive

field cculd be traced to only 161.5 K.
2.3.2. Pyroelectric properties [142], [143]

The results of measurements of the temperature dependences of
pyroelectric coefficient p and spontaneous polarization Ps along the a
and g* 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
value of Pz at 210 K amounts to about 6.8x10-30/m2. The pyroelectric
coefficient measured along the g—axis in the temperature range of 135 -
200 K is approximately constant and amounts to 1.8x10-5C/(Km2). The
pyroelectric coefficient measured along the g* direction was found to be
16 times lower than that observed for the a direction. In the b direction
there is no pyroelectric response.

In order_to correlaté the temperature behaviour of PS(T) with the
known phenomenological theories we have plotted the results in the log P:
vs. Iog(TC—T) coordinates. The result shown in Fig. 21 yields a straight
line 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 low-temperature phase: m and 2 [144], [145].
However, the orientation of the spontaneous polarization vector suggests

that the low-temperature phase of DMACA belongs to the m class.
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Fig. 20. Temperature dependences of the pyroelectric coefficient p and
the spontaneous polarization Ps 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]
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Fig. 21. Temperature dependence of the spontaneous polarization for the
DMACA single crystal plotted in the coordinates log P: Vs, log(TC—T) , T

C
= 243 K, biasing electric field E = 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 temperature
structure. No pyroelectric response was detected above the temperature of
the paraelectric-ferroelectric phase transition at 164 K, but
considerable signal was measufed 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
temperature is lowered, P: rises steeply at 'l'c and then slowly decreases
with an approximately constant slope, becoming zero about 15 K below Tc
and negative afterwards. Such a behaviour of P8 is quite unusual but a
4)250, [146] and Rb,Cd,(S0,), [147]. An
absolute determination of Ps(T) using the current method re;ealeg that

Cc/m”, the
maximum positive values along the ¢ and b-axes amount to 8x10" C/mz and
5x10-60/m2, respectively. It should be noted (cf.Fig.23) that along the
c-axis the negative value of Ps is as high as 3.5:‘10-3 C/m2 at 110 K.

similar one was observed for (NH

the saturation value of Ps along the a-axis amounts to 4x10"
4
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Fig. 22. Temperature dependences of the pyroelectric ccefficients and
spontaneous polarizations PS measured along the b and c¢ directions of

DMABA crystal using the Chynoweth technique. Scanning rate amounted to
1.5 K/min, biasing electric field equal to 1x105 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 PZ(T) on decreasing temperature.
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

\,

1 1 i | n 1
10 80 1, 180

1
120

Fig. 23. Temperature dependences of the pyroelectric coefficient 1 and
spontaneous polarization P: measured along the ¢ direction in DMABA using
the continuous current technique [143]). For further explanations see the
text

measurements of ferroelectric hysteresis loops. The saturation values of
Pz established by these two techniques are close to each other(l.(ixlO-3
C/m2 [143] and 2):10-3 C/mz)[81]. The other part of Pg linearly depending
on temperature, cannot probably be switched by the 50 Hz ac electric
field but it can be switched by a constant electric field. Its

temperature 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
PS(T) dependence is the result of dipole reorientations. The (CHs)zNHZ+
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 1H NMR spin-lattice
relaxation studies [149]. In this model a 180° flips of the (CHS)ZNHZ+
play an essential role, Lhowever, this hypothesis needs further

experimental verification.
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 temperature 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 = (%) ( n;" + ns2 - nimscos@)“2 s (35)
where AV is the Brillouin shift, A is the laser wavelength, n; and n, are
the refraction indices for the incident and scattered light.

The refractive indices were measured at room temperature using small
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.

The results of the measurements of the Brillouin frequency shifts Av
corresponding to LA phonon phase velocities in the range of 100 - 300 K
are shown in Fig. 24.

In the direction perpendicular to the cleavage plane (|| g*) one can
observe a characteristic inverted S-like shape of the v;(T) curve with
the very large (of about 46%) change” in the sound velocity between room
temperature and 100 K (vi(294 K) = 2.752 km/s and v (100 K) = 4.031
km/s). Such a pronounced anomaly can be due to either an important
thermal expansion of the crystal along the g* direction or to the effect
of dispersion of an acoustic wave in crystalline solid. One can
distinguish between these two processes by measuring . the Brillouin
natural-phonon liuwewidth (I'/m) (Full Width at Half Maximum - FWHM).
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Assuming that the phonon velocity dispersion is connected with the
mechanism of attenuation due to a molecular relaxation, one can derive a
formula for I'/x

r av et viml - vz(o)
T Tw T 2 2 2 ' (36)
1 + w7 2n°v (W)
where © = 2nA, v(0) and v(®) are the low- and high-frequency 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 temperature
Tm' for which wT(Tm) = 1), is given by

(w,)? - (v )?
r 1 ® o
[ n ]max =2 AD(Tm) * (37)

Then one can calculate the maxihal natural-phonon linewidth (I‘/n)max
which amounts to 4.85 GHz. The experimental value of linewidth as a
function of temperature, after deconvolution with an instrumental

function, is presented in Fig. 25.
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Fig. 25. Temperature dependences of the Brillouin linewidths I/r, The
circles represent experimentally observed Brillouin line widths
deconvoluted from the apparatus function, the solid line serves as a
guide for an eye. Instrumental 1linewidth (dashed 1line) has to be
subtracted from the observed 1linewidth 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 temperature of interest. This
clearly indicates that the origin of the S-like shape of the sound
velocity curve along the g*—axis in DMABA is not connected with any
dispersion process but it is rather a consequence of significant changes
of crvstal dimensions due to the thermal expansion in this particular
direction.

The data presented in Fig. 25 suggest the presence of two anomalies
on the curve of temperature dependence of the Brillouin linewidth. It is
clear 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 al «a. 210 K looks like the one due to a phonon
dispersion process. The relaxing entities able to couple with the
longitudinal phonons propagating perpendicular to the inorganic layers
could be (CH3)2NH2+ cations. The movements of these cations have recently

been studied by Idziak et al. [1491]1 in H1 NMR spin-lattice relaxation
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experiments . Two different relaxation times measured for DMABA have beon
attributed to rotations of (7H3 groups  situated at  two nohequivalent
cations in the unit ceil. The correlation times and activation enerdgies
quoted. in [149] are: s 1.9-1()‘l25,. 'Y o= 1a kJ/mol and t‘,m
<13 L " . v

1.9x10 S, }-.ﬂ =7.1 kJ/mol for the two processes, respectlively. Using

the E,] values veported in {119] and employing our Brillowin data one can

‘(.rultu],nt_c the wlement ary relaxation times _!’x*nm the relation
2RI Nt enp(E,/RT) = 1, obtaining 1 = 2.4x1071% « ana 0 = vaeao”!? o
“for the {'irst, and sccond processi, respe tively, The latter value of t is
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conclude that the anomaly of T(T) around 210 K is connected with the
internal rotations of CH3 groups.

Supplementary dielectric measurements performed for DMABA along the
&*— direction reveal & pronounced effect of the measuring frequency on
Eé ,' i.e., one observes a sharp peak on the curve of temperature
dependence of Eé measured at 1 kHz and only a weak anomaly of Eé 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 c¢nes c¢btained by the Brillouin scattering method
which also point out lack of any dispersion process at still higher
frequencies 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 temperature
dependénces of the sound velocities of these phonons change in a way which
can be described as being due to a biquadratic coupling between proper
strain ;ogponents e, and components of the order parameter n(nl, nz)

ne,

1sewy ey

Raman scattering in DMACA [151]

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

Room temperature structure of DMACA is le/a with Z = 2, hence one
should expect only Ag and Bg symmetry modes active in Raman scattering.
Typical polarized spectra observed above and below the transition

temperature 212 K are shown in Fig. 27. One can easily distinguish a

group of bands at about 310 - 340 cm-1 assigned to symmétric and
asymmetric stretchings of SbCl6 octahedra, the bands being present also
in TMACA [113). At about 300 cm_l. a CH torsional vibrations can be

3
distinguished and a group of bands at about 160 cm_1 can be assigned to

asymmetric stretching deformations of SbCl6 octahedra. However, these
assignments are only tentative.

The main goal of our Raman scattering investigations of DMACA was
observation of changes in the spectra induced by a structural pﬁase
transition. A review concerning this subject has been published by
Petzelt and Dvorik {155), [158] for various types of phase transitions.

No soft mode type behaviour has been noticed, suggesting that the
transition is not of a di-placive character,

A numerical fitting of the obscrved épcctra tc a proper set of
oscillator funwtioﬁﬁ proved to bhe necessary for the studies of
temperature dependences of Raman bands. The results obtained for DMAGA

arve presented in Fig. 28,
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Fig. 27. Polarized
range of 0 -420 cm at temperatures above and below the phase transition

temperature (TC = 242 K) [151]

*x
c (a,al)b (Ag) Raman scattering spectra of DMACA in the
-1

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

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

(ii) lines which frequency shows strong temperature dependence belcw
the Tc temperature, 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 Mecan Field
Approximatiqn and pseudospin-phonon interactions of the type other than
the well known bilinear ones.

An analysis of temperature dependences of well separated bands
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located at 70, 93 and 222 cm_1

T
L
¥ (at 110 K), which exhibit a
: "hardening” on approaching the

300 ——m ™
_— temperature Tc from below, shows
— | that they change the frequency

| in a manner similar to that
-—_—_________”,;k’rﬂ—_—"’ﬂ observed in Brillouin experi-
|

ments and explained on a basis

-1
o V/cm

} of Landau and Khalatnikow theory
| [158]. O’Brien and Litowitz
| [{159] applied this thecry to
I

derive the temperature dependen-

| ce of relaxation time T (asso-

A_—/;g}———_____ ciated with the approach of
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Fig. 28. Temperature depen-

dence of the positions of maxima

100 260 T 1Y 300 ©of the Raman bands observed in
¢ K DMACA [151]

long-range order to equilibrium) in TGS basing on the sound velocity

dispersicn measurements. The relaxation time is given by the equation

'K:—T——_;r— (38)

Then, assuming that the temperature dependence of the frequencies of
the optical phonons are rounded upward below TC due to their interaction
with fluctuations of an order parameter, one can desrive a temperature
dependence of T by determining the temperature and fréquency at which the
condition wet = 1 is fulfilled for each curve [160], i.e., where Av
casses through the midpoint of the dispersion curve. Taking our three
experimental points (cf. Fig. 29) one can obtain the relaxatiocn time of
the order parameter depending on temperature as was predicted by Equation
(38) with B = 5.0x10-12 s K. The relaxation time dependence on
temperature obtained by this way is not dramatically different from that

obtained for TGS ( R = 2.25x10 /7 s K [191] or B = 2.9x10" 1! s K [160]).
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Fig. 29. The temperature dependence of the relaxation time t of order
parameter fluctuations in DMACA as obtain~d from Raman scattering

experiment [151]

2.3.4, Ferroelasticity in DMABA [161], [162]

Ferroelasticity in DMABA has been discovered recently (161), [162].
This 1is the first report on the ferroelasticity within the whole
[(CHa)nNH4_n]3Y2X9 group of crystals.

The observations of ferroelastic domain patterns were performed
using a polarizing microscope in the temperature range (291 - 130 K). At
room temperature the ferroelastic demains can be seen on plates cleaved
perpendicular to the g*- direction. A properly applied (small) axial
stress along some directions within the {ab)- plane can induce, change or
reverse the docmain 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 (ShCl)m units, 6 different wall
directions were observed on the (abl)- plane. The ferroelastic nature of
the crystal combined with the fact that the room temperature stpraclare is

monoclinic (2/m point group) suggest that in Aizu's 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.u states and six domain wall 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 0
S = | a

oon

with components a and c calculated on a basis of the monoclinic lattice
parameters [66]. For DMABA a = 0.046 and ¢ = 0.201 and for its analog
DMACA a = 0.050 and ¢ = 0.195. The characteristic domain pattern in DMABA

observed along the c-axis is shown in Fig. 30.

Fig. 30. The single c¢rystal of DMABA placed between two crossed

polarizers with its ferroelastic typical domain pattern [162]

The ferroelastic-paraelastic phase transition temperature has not
been reached since any optical observation tprned to be impossible above
398 K, duwe to the occurrence of another . irreversible . process
(decomposition ?). Tt is hiﬁﬁly provable that the isomorphous chlorine
analog of DMiBA al:=:o exhibits ferroolga&irity. evidently connected with
the existence of inurganic sublattice of deformed . pseudohexagonal or

pscadotrigonal structure.

2.3 Tris(methylamine Ynonabromodiantimonate (MABA) [163}

Crystals of ({(CH,NH ). 5h,Brg (MABA) are isomorphous with those of

(FHWNH3)3SLNCIQ (MACA) where the first order phase transition at 208 K
e o B & - 5
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was found [78]. In the bromine derivative the existence of two reversible
(presumably of first order) phase transitions has been eviderced at 168
and 131 X [77). The room temperature phase of MABA belongs to the P3ml
space group of trigonal symmetry.

The temperature 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 range 0.3 kHz-100 MHz
revealed the relaxationa! 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].

‘
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]y
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20+
I I

1 1 1
150 200 250 T/K
Fig. 31. Temperature dependence of electric permittivity i; measured at
it ) < 1 ' >
100 MHz fecr (LHsNﬂg)auszrg single crystal [163]

The results of pyroelectric measurements poerformed on plates cut
perpendicularly to the c-axis are shown in Fig. 232. 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 c¢f pyroelectric coefficient B (cf. Fig.
32) with the maxima values of 2.4 uC/(mZK) at 148 K and 11.8 MC/(mZK) 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 APS(T)«Were calculated by a sgraphic inLef:atiog
of the pyroelectric coefficient yielding the’values APb = 1.4x10 7 o/m”
in the phase labelled as II and APS = 5.5x10°" C/m2 in the phase Iaholleg
as III. We have also tried tc check whether the constant field (SxIOD
V/m) applied parallelly to the c-axi: is able to reverse the direction of
polar axis. However, no change in sign or value of the pyvroelectric
coefficient has been noticed, pointing out that either both I1 and III
phases of MABA are non-ferroelectric or the coercive ficld is much higher

than 5x105 V/m. One should note that in the described experiment the



57

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.
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Fig. 32. Temperature dependences of the spontaneous polarization P: and
pyroelectric coefficient pc measured along the c-axis in (CH3NH3)SszBr9

single crystals on cooling [163]

The relatively long macroscopic relaxation time T measured in the
vicinity of the II - III phase transition suggests an "order-disorder"
mechanism, which is also suppérted 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 CH3NH3+ cations as
well as a formgtion of weak N-H...Br hydrogen bonds.

2.5 Non-layered type compound (CHaNH3)5Bi2Br

11

2.5.1. Structure description

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
(CHSNH3)SBiZBr11' The obtained new and rare stoichiometry of
halcgenobismuthates 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], (CHaNH3)5BizBr11 crystallizes in the orthorhombic
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symmetry: space group Pca21. a = 13.43(5) X, b = 14.468(9) K, c =
16.033(7) X, Z = 4, Dc = 3.11 Mg/m . Structural analysis shows that the
BiZBriz anions form bioctahedra joined via one bromine bridge. The CH3NH;
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
(CH NH3)531 Br11 along the b-axis is shown in Fig. 33. The
(CH NH3)531 Cl11 crystal has the structure isomorphous to its bromine

analogue.

© Br bridging
QO Br terminal
® Bi ‘

Fig. 33. Projection of the inorganic sublattice structure of

(CﬂaNﬂs)sBlzBrll along the b-axis [165]

2.5.2. Pyroelectric properties of (CHSNHa)SBiZBrll [166]

The space group of (CH3NH ) 81 Brll is the polar (Pcazl) one, hen?e
the crystal can possess polar propertles. It was found by measurements of
electric permittivities that this c¢rystal 1is ferroelectric at room
temperature and undergoes a second order ferroelectric phase transition
at 312 K with maximum of electric permittivity reaching the value of
5:103 along the polar c-axis [165]. In Fig. 3! results of €"(T)
measurements in (CHSNHS)sBiZBrlI crystal along the c-axis are presented.

As it is shown in Fig. 34 the temperature dependence of dielectric
susceptibility X(T) = (&' = l)_1 obeys the Curie-Weiss law, the constants
being Croarre = 750 K and FDHPA = 3880 K in the ferroelectric and
paraelectric  phase:s, respectively. The ratio of these two constants
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Landau-Devonshire theory for the second order phase transition equal to

x 5 is too high as compared with the ratio predicted by the

ca. 2.

Ce=075x10%

Fig. 34. The plot of (€’) ! vs

temperature for (CHsNﬂa)sBlzBrl1
crystal, €’ was measured along
Cp=3.88x103K the c-direction at frequency of
1 kHz. The calculated Curie-

Weiss constants (Cf = and

Cferro

| 1 i e
308 310 312 T/K 314 C = C ) are quoted in the
P para

figure [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 po(T) and the spontaneous
polarization PZ(T) determined on cooling by the continuous current
technique are presented in Fig. 35.

The experimentally obtained value of spontaneous polarization
amounts to 1.46x1072 C/m® at 294 K. The fitting of P_(T) curve in the
temperature interval 310 K - 311.3 K according to formula (11) is shown
in Fig. 35. The obvious discrepancy between calculated and measured PS(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 protlem 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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Fig. 35. The temperature dependences of the pyroelectric coefficient
pa(T)\ (dashed line) and the spontaneous polarization PS(T) (circles),
measured for (CH3NH3)5BizBrll crystal along the ¢ direction. The solid

line represents the fit of the experimental data to the equation:
Ps(T) = (Egﬁ T, = T)]”2 in the region of 2 K below the transition
temperature Tc = 311.3 K. The fitting yielded the following parameters

a =1.29x10"% Vm/(KC) and B = 2.58 m® v/c° [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 PS measured by the continuous current method
(under short-circuited conditions). The temperature dependence of PE(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 for

para c
(CH3NH3)SBizBr11 crystal is equal to = 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 NaNO2 crystals.
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Fig. 36. The dependences of spontaneous polarizations on temperature
PS(T) (solid lines) as obtained from the measurements of the pyroelectric
responses by the dynamic Chynoweth method at various biasing fields,
indicated in the figure. The dashed lines represent the fit of the
experimental data according to the equation (11) within the region of 2 K
below TC [166]

— P 10%Cm?

0.5

306 308 30 ¢ 3N

Fig. 37. The temperature dependence of Pi(T) in the vicinity of the phase
transition in the (CHSNHS)SBiZBrll crystal [166]
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The value of the molar entropy of the second order transition ASlx x
2.9 J/(mol K) evaluated frcm the results of calorimetric measurements
[165] is c;ose,to the values of molar entropies observed in NaNOz, TGS,
NH4HS04 and (NHZCHZCOOHz)HNO3 crystals [167] as well as to the value
of % R 1n2 = 2,88 J/(mol K) of an order-disorder process. The possible
candidates for disordered dipoles can be organic cations or protons in
the H-bond system. From this point of view the most probable prototypic
(high temperature) point group symmetry should be mmm .

Being ferroelectric at room temperature, (CH3NH3)5}312B1~11 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

")112] which yield information about

L
pi/(cpe Yy pi/cl> and pi/[cp(e
voltage, current and detection of light sensitivities [168], and compared
them with the values for commercially used pyroelectric active materials

at room temperature (cf. Table 1).

Table 1

The merit factors for some commercially employed materials in

pyroelectric devices [35]

’ " ’ ” 1'12

Material Py € /Co cp € /Eo pi/cP pi/cpe pi/cp(e )

uC/m°K MJ/(m°K) pAm/W vm®/kJ (m>/M3) "2
TGS + 360 27 2.1 0.08 171 710 0.203
alanine
TGS 300 50 1.7 0.16 178 400 0.149
LiTa0, 190 46 3.19 0.16 60 147 0.050
PVF, 30 11 2.4 0.25 13 129 0.009
(CHgNH,) . 200 60 0.67° 1.2 299 563 0.07
Bi,Br ,

* the value of cp has been assumed to be equal to the mean value of

cP determined for other dompounds of similar type [166].

As follows from the analysis of the presented data the

(CHaNH3)5BizBr11 crystals competes well with other well known materials.
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Br crystals [169]

2.5.3. Electrooptic properties of (CH3NH3)5Bi2 11

Since the compound crystallizes under the mm2 point group there are
five nonzero Pockels coeff1c1ents: r13, r23, r33, r42 and r51. Sclving
the Eguation (30) and Equation (31) for a given geometry, one can find
explicit formulae for the Pockels coefficients.

For the 1light beam propagating along the a crystallographic

direction and the electric field applied parallel to the c-axis one finds

for the change of index of refraction a following formula

3

- _ | -3
An = An An, = 3 (n3 Tag n, r23) E, . (39)

3 2

For a wave propagating along the b-axis with the field applied along the

c-axis one gets

3

- N = = b -3
An = An An, = 5 (n3 raq n, r13) E3 . (40)

3 1

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

2 r E
tan 20 = —T—ig——%——— . (41)
=2 - =2
n, ng

where the compensation angle ©® can be measured using the Sénarmont
compensator [168].
For a wave propagating along the b-axis and the field El'” a

(42)

By measurements of modulation of 1light AI/I° and employing the
formula derived in [169]

AL . .in? [—A%LEL—] - sin? [—A%Lgl-] ' (43)

in which AI stands as modulation depth, I° - the total signal intensity
transmitted through the crystal in the absence of an electric fieid and
Al - phase retardation, one obtains the information about the nonlinear

properties of the material

Ar(EY = =X AncE) 14 Do (44)
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where TFo is the zero voltage phase retardation due to intrinsic crystal
birefringence.

Electrooptic measurements in (GH3NH3)5BiZBr11 [169]

The indices of refraction were measured using the prism method, and

they are summarized below [169]:

ny n, ng, A

(CHsNﬂa)sBizBr11 1.91 1.93 1.96 +£0.07 632.8 nm.
The crystals of (CH3NH3)5BiZBr11 grown 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 nm.

The electrooptic measurements were performed in the transverse
configuration. The electric field was applied along the polar c-axis
while the 45° polarized light (with respect to the c-axis) propagated
along either the a- or b-axes. The measurements of a phase retardation
AT'(V) f3r the two configurations (cf. Fig. 38) allowed us to determine
two figures of merit: %(nas’ra3 - n13r13) and %(nsar33 - n23r23)' These
figures of merit describe the crystal ability to serve as an electrooptic
light modulatpr. From these measurements one can also calculate the

reduced half-wave voltage, Voo

-
~
1

allradians

Fig. 38. Field induced phase

-
-
T

2 retardation AT'(E) versus

g voltage for two transverse

electrooptic modulators made

1 i
) 200 L00 600 of (CH3NH3)5812Br11 crystal
APPLIED VOLTAGE/V [169]

1

-

The results obtained for (CH3NH3)5 crystal at the wavelength

A = 632.8 nm are summarized below [169]:

BiZBrll
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) = 13.3x10 ' 2m/v £ 1 and V, % 23.8 kv

1,3 3
3'hg Lag

~
n"

21.9x10"%n/v £ 2 and v, = 14.4 kv

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 material must fulfill other
requirements: transparency in visible 1light, mechanical and chemical
stability etc. Many of these requirements are met in the described
substénce, although the chemical stability is not satisfactory.

The important question 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 general
formula (CgH5O;)nMen+'m HZO where Me"' is a cation.

The presence of ionic and weak Van der Waals interactions, as well
as a network of relatively strong hydrogen O-H...O 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 cf 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 phthalaté (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 leab, with a = 6.46 X, b =
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9.60 % and ¢ = 13.85 , and four chemical units K+(CGH4-COOH-COO-) in a
unit cell. The ionic structure consists of K+ cations and the infinite
network of CGH4COO-HCOO— anions linked by short O-H...0 hydrogen bonds.
There exists a perfect cleavage plane 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.
The sodium acid phthalate crystallizes under the Aba2 (CéZ) space group.
The orthorhombic cell, with lattice parameters: a = 9.308 K. b = 26.424 }
and c = 6.770 R contains eight chemical units of formula
Na+(C6H4COO-HCOO-) and four water molecules.

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. [1781}.
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 temperature
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
guality 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 phthalwtes and to allow for
deeper explanation of their polar properties. Single c¢rystals of NaAP
were obtained due to kindness of Dr. R. Poprawski (Institute of Physics,
Technical University of Wroclaw).

Normal mode analysis of NaAP in the lJattice region [182] predicts 15
external eptic modes. Their distributiqn amonyg~ the four irreducible

representations of the mmZ point group {(the two-fold symmetry axis is
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along z-direction) is as follows:

=(4A1+4A,,+5B + 5B,)
&
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Fig., 39. Polarized Raman spectra of NaAP measured at 115 K and at room

temperature [182]
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All the lattice modes are Raman .active and AI’ B1 and B2 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 full 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

vector parallel to z direction (A1 modes) and x direction (B1 modes) .
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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 Az, 9 B1 and 9 B2 lattice Raman bands.
Measurements of Raman spectra for different scattering geometries

1 )

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 A1 symmetry, i.e., for the three axx’ uyy and “zz Raman
tensor elements. These spectra taken at room temperature are shown in
Fig. 41. The largest and the most spectacular peak intensity changes were
observed for the 52 cm_1 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—l and 213 cm_1 bands. However, an opposite situation takes place
for the 61 cm-1 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 '"quasi-longitudinal" or a
"quasi-transverse" mode can be observed by right angle Raman scattering.
Only a small number of bands exhibits a significant dispersion. For the
&1 modes, there are two bands (at 88.4 cm—1 and, 116.7 cm-l) with
dispersion greater than 2 cm—1 'Generally, one can say that the LO-TO
splittings in NaAP are of the same order as those for KAP [179]. The low
frequency polarized Raman and infrared spectra of NaAP show some
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 temperature range of 115 - 295 K.

KAP crystals of excellent quality (grown in this laboratory) made it
possible to measure polariton dispersion [183], an experiment rarely
performed due to experimental difficulties. The forward Raman scattering
technique, is the technique in which small angles between the wave
vectors of the incident photons ki and the scattered photons ks are
¢mployed, in order to obtain small wave vectors kp 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 zone can be completely
described by the generalized Fresnel ‘equation [184]. The measurements of
polariton dispersion in KAP were made for the scattering in xy plane (for
the axes convention applied cf. Ref. [218]), for which the Fresnel

equation is simplified to the form
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Fig. 41. A1 symmetry Raman spectra of NaAP single crystal at 295 K for

different polarization states [1382]

(n® - € (0)){ £ (0)(n% - ¢ (0182 + € (0)(n? - € (w))s?) = 0. (46)
z x y x y x y

The s, are the components of the wave normal vector and the dielcctric

functions for the three principal directions « = x, y, 2 are civen by the
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Kurosawa relations [184]

Mo 2 2
Cari
e 0) = e T > 5 , (47)
i =1 [A) -
aTi
Vi and wdTi are the frequencies of a m-th longitudinal and transverse
1/2
optic modes along the a-axis, respectively, and the (Ca) = n, denotes

the high frequency refractive index of the material.

The solutions of Equation (46) are as follows: n2 = Ez(w) describes
the dispersion of purely transverse A1 modes, whereas the zeros of the
second bracket containing cx and Ey describe mixed modes of the type B1 +
Bz as well as TO + LO. Thus AI(TO) modes can be observed for arbitrary
wavevector directions 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 frequency of the excitation from

g“i to the next longitudinal frequency 0&“-1. The polariton branch of
the lowest frequency reaches ® = 0 for k = 0. The shift of the lowest
AI(TO) polariton, of frequency I 69.5 cm_l, was as large as about 20%
of w for internal scattering angles ranging from ¢ = 2.13° to 0.76° (cf.
Fig., 42).

[enih | |

4y

60

1 1
2000 4000 Kolca™]
Fig. 42. Polariton Jispersion curve for AI(TO) mode in KAP (y(z,z)y,
scattering plane - v, @, = 19138 cm_l). The dashed curves are calculated
. 2 2 2 2 2,2 2.2
from the Kkinematic condition kpc g lki - ksl c = njo] + "sws -

2.')]. r)stoi(.)scos¢ [183]
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The polariton observed in Raman experiment is also well seen as a
strong band at 69 cm-l 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.

transmission (a.u)

1 1 1 1

0 20 40 60 80 [cmf

Fig. 43. 2z-polarized FTIR absorption spectrum of KAP single crystal,

measured on xz-cut plate in the lattice region at room temperature [183]

Brillouin scattering studies [185]

In order to enlarge the knowledge about elastic properties of NaAP
and KAP, necessary for evaluation of electrooptic coefficient, we have
undertaken the Brillouin scattering studies of the mentioned crystals at
room temperature. 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 pdint group, the elastic stiffness matrix CGB (x,B = 1,
... 6) contains only nine nonzero independent components: €11’ Cog Cg330
€44 ©55' Cgg' S12' C13 and Coq: The elastic constants measured by us
[185] at frequency about 15 GHz were calculated from sound velocity
values, measured for various «crystallographic directions, using a
least-square fitting procedure. They are listed for both of the compounds
in Table 2.
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Table 2

Values of elastic constants C;B (109 N/mz) for KAP and NaAP single
crystals at 295 K measured by Brillouin scattering technique [185]

11 C22 €33 €44 €55 66 €12 €13 €23

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 material behaviour at very high frequencies. Generally they can be
slightly different from the elastic constants obtained by ultrasonic

techniques due to dispersion effects.

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

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

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

We also measured the transverse Pockels effect in KAP [186] by
determining the phase retardation of 1light propagating along 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 linear dependence of the modulation on
applied voltage has been established (cf. Fig. 44).

The merit factor for the geometry of transverse electrooptic shutter
%(n?rll - ngr21) amounts to ca. 3::10"11 m/V. Then one can state that KAP
crystals may be used as electrooptic modulators with an efficiency
comparable tc that of KDP crystals but without the necessity of

protecting their surfaces.
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2 . Fig. 44, The dependence of the
. " phase retardation on voltage for
- ..' KAP crystal. The ratio of crys-
0 “" . \ tal length to width was appro-
0 . 50 100 U{V]) Xximately equal to unity [186]

The electrooptic effect in KAP may arise from the contribution of
both icnic and molecular mechanisms. The presence of well defined
molecular moieties (a benzene ring) can contribute to the nonlinear
susceptibilities in a manner similar to that found in 7m-electron systea
molecular materials. However, the weak efficiency of the powder SHG and
large polariton dispersion observed in this material suggest that the
optical nonlineari.y of KAP is mainly of ionic {lattice) origin.

Similar experiments were recently carried out for NaAP [187}.
Preliminary results obtained so far, indicate ihat the merit factor for
the transverse modulation of light in NaAP is lower than that of KAP by
mcre 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 inteﬁesting
class 6f materials. Among numerous charge transfer complexes there is a
group of weak N-electros dounvr-acceptor complexes. Usually, aromatic
donors and acceptors make cither varallel  linear stacks - of  cach
individual component {segresdated stack compleves) or sbtacks in which the
individual moleculss alternats (mised stack cumplexes).

The authos’'s Joplervea! in’ this group of matcriala, since 1930, has
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been due’ to their interesting photoconduction properties [1881-[1911}
{which will not be described here) and a discovery of &
noncentrosymmetric crystal, CT complex between carbazole and
trinitrobenzene [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 ﬂijk' As the whole
effect of intermolecular charge transfer is of electronic nature, such
crystals, in principle, could compete with known one-component organic
electrooptic crystals whose activity results frbm 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 since the pioneering spectroscopic
work of Briegleb et al. [192] and McGlynn et al. [193] on anthracene-TNB
complex., Further structural studiazs of many TNB complexes were mostly
devoted to investigations of the relationship Dbetween molecular
conformation and electronic properties.and structure [194]-[198].

The rare example, the noncentrosymmetric CT complex of TNB with
carbazole has been investigated by Bechtel et al. {199].who established
ite structure at rcom temperature as being orthorhombic with the space
group P212121. The complex consists of mblecular 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. I[n the early work [200] we have established its
piezoelectric, elastic and thermal expansion properties. The temperature
dependence of principal componenis of the tensor of thermal expansion
(cf. Fig. 45) in C-TNB pointed out to the existence of a phase transition
around 300 K.



76

Fig. 45. Temperature dependence

J DO ) [ (O | I P}
of principal components of the
%0 180 220 260 30 T /K ) .
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 subsequently confirmed by the dielectric
permittivity me&suremeﬂts and calorimetric measurements of C-TNR [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).
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302 06 30 TI/K L

phase transition temperature
[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 small 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 nature of this transition, the
electric permittivity €' and 1loss factor tan & were ~measured at

frequencies from 1 to 100 kHz [202], [203]}. Around 300 K €'{(T) changes
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smoothly from 2.8 at 270 K to 3.6 at 320 K, whereas the dielectric losses
rise slightly at the same temperature 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 temperature 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 complek 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 small - (cf. Fig. 3 in
Ref. [204]). Such a procedure 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-1
the crystallographic data pointing out the existence of a weak hydrogen
bond in the C-TNB crystal.

3 Al)' This shift, amounting to 18.5 cm_l, supports

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

It should be noted here that some bands are not influenced of weakly
influenced by the existence of the transition. Thus these investigations
did not supply conclusive information about the nature of the observed

transition but confirmed its existence.



78

CARBAZOLE

CARBAZOLE-TNB COMPLEX

ABSORBANCE

TRINITROBENZENE

~———

WA

1 1 1 1 1 1
3200 2800 2400 2000 1606 1200 300
WAVENUMBERS [ecm™1)

L

Fig. 47. Room temperature FTIR spectra (EBr pellets) of the C-TNB complex

and its constituents [204]
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Fig. 49. Projection of a unit cell 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 cell projection along the donor-acceptor stack axis
(a~axis) is shown in Fig. 49. The analysis of temperature changes of some
structural parameters such as unit cell dimensions, thermal ellipsoids
(cf. Fig. 50) and O-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 temperature 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 (= 1200). It is
interesting to note that at 323 K both O0O(6)-H(N4) and O(5)-H(N4)
distances decrease with respect to their room temperature 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 low 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 1loosening of a N(4)-H(N4)...0(5) hydrogen bond
around the temperature 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 temperature of 300 K can be explained, in our opinion, by the
loosening of the H-bond and slight changes of orientation of NO2 groups.
This slight rearrangements are possible within the P212121 space group
because all the molecules occupy sites of C1 symmetry. However, it is
difficult to regard these rearrangements as & structural phase

transition.

B(i,i)

A? J/B(1,1)
15 / «~B(1,1)

101
- B(3,3)
/ —"‘_8(272)

//A

«—n-B(2,2)

5 —
__+B(3,3)

| |

100 200 300 T/K

Fig. 50. Anisctropic thermal factors B(i,i) for O(5) and 0O(6) atoms of
TNB crystal as & function of temperature. Insert: an ORTEP projection of
TNB molecule at 323 K [205]
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Fig. b51. 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 technique 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 Cup contains only nine
nonzero, independent components for_orthorhombic symmetry

Acoustic wave propagation in & piezoelectric solid is described by
the modified Christoffel equation [9] '

2 - i1 =1
pvioug = (T4 - ) ony ivjuk,l = 1,2,3 (18)

where p is the density of material, v is sound velocity, u, stands for a

. . . _ E . . £
component of the wave polarization vector, ril = ‘\jnljlu' with €
being elastic tensor component under constant electric field, 1.

component of the unitary propagation vector, 73 ekij}j]h, where eklj -

component of piezoelectric tensor and ¢ = 'ik being a component of
dielectric tensor under constant deformatioh. Principal refractive
indices, necessary for calculation, were measured for C-TNB at 417.1 nm
and are as follows: n, = 1.52, hy = 1.79 and n, = 1.78 (£ 0.01).

The measurements of pure longitudinal and pure transverse sound wuve
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velocities along the principal crystallographic axes can give directly
1/2

the 551,1322 and cgs (in this case v; = (cii/p) ) and ci4, c§5’ CZG (v;
= (cau/p) ) values. The latter compornents 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, final values
of tensor of elastic constants were calculated using a least square
fitting procedure [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).

e T4\\

-t

V(km/s)

W a
! ! b----F
V(km/s)

cpemmeHecep-

Fig. 52. Sound velocity diagrams for C-TNB single crystal at 293 K as

viewed along the three principal crystallographic directions. v -
T :

velocity of longitudinal acoustic phonons, v - velocity of transverse

acoustic phonons [206]
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Table 3
i 3 e D s . D
Values of elastic stiffness c“ﬁ and elastic compliance Saﬂ
for C-TNB single crystal at 293 K and at = 15 GHz [206]
D ~ C -~ .
Cap ‘11 C22 “33 “i4 °55 ‘&6 €12 €13 €23

(109 N/mz) 12.13 9.52 14.67 3.92 1.40 2.16 2.58 2.97 7.41

D

SaB S11 S22 533 S4q S55 S6g =12 S13 823
(1071192 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 1lines represent the calculated angular

dependence of sound velocities wheress the points mark the experimentally
obtained values. The longitudinal scund wave velocity does not show any
pronounced anisotropy (v; = 2.78 km/s, v; = 2.484 km/s and vg = 3.048
km/s).

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

Among the charge transter complexes of 1,2,4,5-tetracvanobenzene
(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], o~ and
B-naphthol-TCNB {212]), fluorene-TCNB [213], pyrene-TCNB [214] and
phenanthrene-TCNB [215]. All those crvstal structures exhibit
quasi-one-dimensional stacking of alternating D-A-D-A molecules. In many
structural studies an evidence of large anisotropic thermai 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 nature of the disorder depends on size and symmetry cof
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 consequently 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 (C],HQN) and quinoline (C9H7N).
4.2.1. Structure of the 1:1 complex of acridine with TCNB [221]

Single crystals of acridine-TCNB complex, 1x2x3 mm3 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 zone melting.

The obtained structure can be characterized as follows:
CigHgN-C HpN,,  triclinic, P1, Z = 1, M_ = 367.4, a = 7.447(4) &, b =
7.885(5) &, ¢ = 8.072(9) & , « = 73.93(9), B = 84.59(9), ¥ = 85.85(6)°,
DC = 1.31 Mg/ma, 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 alcng the a-axis i.e., in a fashion
characteristic of "—"* electron donor-acceptor complexes. The mean
interplanar spacing between acridine and TCNB (3.48 &) 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 librations. The "static" disorder corresponds to

Fig. 54. a) Atom-numbering

scheme and thermal ellipsoids

for acridine and TCNB
molecules. b) Perspective
b view of the complex with 80%

van der Waals radii [221]

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

As follows from the presented data, the structure of acridine-TCNB
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 Pl with Z = E,
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 nature of the
disorder in the crystal at room temperature, 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

summirg all contributions from atomic pairs (i,j) at separation r.

ij
interacting according to a Buckingham potential
Vir) = : z [a. .exp(-b,.r..) - c../r§ 1. (49)
2 ij i1 ij' 13

The summation extended to 32 unit cells from the reference unit cell (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 small 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).
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Fig., 55. Single-particle potential for acridine mclecule rotating around

the normal to its plane 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 guinoline 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 ocur studies of the acridine
and quinoline ccmplexes of TCNB we attempted to determine the structure
of durene-TCNB c¢omplex cbtaining the following parameters [225]:
CIOH14'CIOH2N4' Mr = 312.4, moncclinic, P21/a, Z =2, a = 15.249(6) },

b = 7.750(3) &, ¢ = 7.520(2) %, B = 105.28°, D, = 1.21 Mg/m°.

The space group of durene-TCNB crystal le/a, is the same as those
of low-temperature phases of anthracene and naphthalene complexes of
TCNB. The structure is ordered already at room temperature and no
order-disorder librational type phase transition can be expected in this
complex at higher temperatures. Though the structure is centrosymmetric,
there is ; 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 cohtinped.

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 organic-inorganic
halides a gentle substitution of atoms or organic groups led to materials
being ferroelectric at different temperatures, undergoing one or more
phase transitions, being ferroelastic or not. This is what one calls

"molecular engineering".
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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 perovskite

type structure, but extremely difficult within organics. We belisve that
the new ferroelectric groups of crystals should be searched within mixed
organic-inorganic compounds where the ionic forces are supplementsd by

dipolar, H-bond and van der Waals interactions.

The purpose oriented search for new polar materials is always
time-consuming, and the final result depends not only on the amocunt of
effort devoted, but frequently it is a matter of luck. However, on 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 organic charge transfer
complexeé. 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 more suitable to be
exploited in electrooptic devices than some of the representatives of
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 ((CH3)3NH)3SbZClg_nBrn or.(CH3NH3)5BizBr11_nCIn for studying subtle
changes of pyroelectric or electrooptic properties. There is a
possibility to use other organic 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, theré is a need for
basic studies, both experimental and theoretical, of phase transitions of
the double nature, such as that found in TMACA,

The most important from the practical point of view 1is the finding
of good pyroelectric and electrooptic properties in (CHSNHS)SBiZBrll and
((CH3)3NH)3Sb2

in commercial devices. Also the studies of electrooptic and elastic

Cl9 compounds with some perspectives for their applications

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 nature of
phase transitions in these compounds due to dimensionality of the

transitions. Interesting is also the effect of organic moieties on the
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nature 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 KRYSZTALOW
WYKAZUJACYCH FERROELEKTRYCZNE I ELEKTROOPTYCZNE WEASCIWOSCI

Monografia zawiera opis wynikéw badan eksperymentalnych wybranych
wtasnosci fizycznych krysztatdow, ktorych strukture scharakteryzowa¢ mo2na
istnieniem zaréwno molekularnych jak i Jjonowych oddziatywan. Obiektem
badan byty zwigzki z trzech grup: organiczno—nieorganicznych halidkow,
kwasnych ftalanow i1 organicznych komplekséw 2 przeniesieniem tadunku
(CT) -

Wstep do pracy =zawiera opis polarnych wtasnosci Kkrysztaiow ze
szczegdlnym uwzglednieniem nieliniowych wtasnogci optycznych. Badania
podstawowe ;rezentowane w tej monografii wmajg na celu =zrozumienie
mikroskopowych aspektéw struktury materiaicw i jej wplywu na witasnosci
makroskopowe. Autor poszukuje 1 bada zjawiska ferroelektrycznosci,
piroelektrycznosci i nieliniowe efekty optyczne w wybranych zwigzkach.

‘ Opisano szczeg6towo metody badania wspéiczynnika 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 sg omawiane przy okazji prezentacji
wynikoéw badan poszczegdélnych zwiagzkow. Przejscia fazowe obserwowane w
niektérych krysztatach sg dyskutowane w ramach istniejgcych teorii a
mechanizmy tych przejs¢ rozwazane na poziomie molekularnym.

Najciekawsze wyniki wuzyskano dla grupy soli organicznych, a w
szczegdlnosci klasy organiczno—nieorganicznych halidkéw. Pokazano, 2e
((CH3)3NH)3Sb2C19 (TMACA) i (CHBNHB)SBiZBrll, ktore sg ferroelektrykami w
temperaturze pokojowej, mogga by¢ wykorzystane do budowy wydajnych
detektoroéw pirocelektrycznych. Oba te 2zwigzki wykazujg takz2e wtasnosci
elektrooptyczne. Badania mikroskopowe oraz badania rozpraszania Ramana i
Brillouina dla dwoéch izomorficznych krysztaiow ((CH3)2NH2)2 Sb2C19
(DMACA) i ((CH3)2NH2)ZSb2Br9 (DMABA) wykazaty istnienie interesujgcych
ferroelektrycznych przejs¢ fazowych.

Doskonalej jakosci optycznej krysztaly kwasnych ftalanow hodowane =z
roztworu posiadaja znaczgce nieliniowe wtasnosci optyczne, <co umozliwia
ich zastosowanie jako modulatoréw swiatta.

W grupie organicznych komplekséw CT tylko Kkrysztat komp leksu
karbazol-trinitrobenzen nie zawiera srodka symetrii. Badania strukturalne
Ww grupie kompleksow tetracyjanobenzenu wykazaty istnienie Xkompleksu
polarnego akrydyna-TCNB, ale ze wzgledu na statystyczny nieporzadek w
podsieci akrydyny krysztal ten nie nadaje sie do zastosowan.
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[I04CKY MOIEXYJIFIPHO~/OHHNX M MOMEKYJIAPHHX KPUCTAJIOB
VHTEPECHHX CETHETOIEKTPUYECKUX ¥ AEXTPOHVYECKUX CBO/CTB

Hacrosmas padoTa COLEPRAT ONNCAHHE PE3yNBTATOB SKCIEPAMEHTANBHHX
ACCNeNORaHN# pa3HHX JM3MYECKHX CBOACTB KPUCTAINOB, KOTOPHX CTPYKTYDPY
MOXHO OXQpPaKTEpPM30BATE CYLECTBOBAHMEM KAK MONEKYIAPHHX, TaK A HOHHHX
B3aumoneitcTenit, O6BEKTOM MCCNeLOBAaHAR OHIM COEeNMHEHMA, OPOACXONAWME A3
TpEX TPynId: OPTAaHWYHO-HEOPI'QHAYECKAX TIOI'E€HMNOB, KACAHX HTanaTos A op-
raHAYeCKAX KOMIVIEKCOB C HepeHocoM 3apsna (CT). BBemeHme COmEpXRAT OmHCA-
Hie NONADHHX CBO{CTB KPHCTANIOB C OCOCEHHHM ydJeTOM HelnHeAHHX omTAYec-
KRX CBOKCTB. enbl OCHOBHHX MCCHAENOBAHM#, NpeNCTABAECHHHX B HacToAmei
padore, ABIAETCA NOHATE MUKPOCKONNUECKAE ACHEKTH CTPYKTYDH MaTepraioB #
ee BIAAHASA Ha MHKDOCKONWYECKAE CBOHGCTBA. ABTOD HCUET M HCCAENyeT ABIe-
HAA CelHETORNEKTPAYECTBA, NMPOINEKTPUUECTBA I HenmHe#HHe onTmdeckme 3p-
ferTH B M3GDAHHHX COENUHEHMAX.

[ompoGHO ONMGAHH METONH HNCCIENOBAHAS NMDOBIEKTPHIECKOr0 Ko3pda-
[MeHTa X NMHeZHOTO SIEKTPOONTRYECKOro 3dppexra (Mloxensca). MHOrME Ipyrme
SKCIEPAMEHTIBHHE TEXHMKH, KAaK: KOMOMHAUMOHHOE M GPAIINIHOBGKOE pacces-
HWd, CHOEKTPOCKONMA B WHPpakpacHo o0nacTd, KalopuMeTpMd, DEHTIE€HOCTDPYK-
TYDHHE HCCJIELOBAHUAA MJIA IABNIEeKTPRAYECKAE METOIH OCCYXIAnTCA IO IOBOLY
IPeNCTARNEHAA De3yNbTATOB ACCNEIOBAHAR I OTHENBHHX MccaenmopaHait, da-
30BHE [IEPEXONH, HAONDIAEMHE B HEKOTODHX KpACTANNaX, OOCYXIAWTCA B DaM-

KaX CyWecTBybUMX Teopdit, a MeXaH#3MH STHX [EpPEeXOIN0B DACCYKIANTCA HA MO-
JEeKyNLAPDHOM yDOBHE.

CamHe MHTepeCHHe De3y/JbTAaTH OWIM OOLYyYEHH B Ipylle OPraHNIECKHX
coneil, a B OCOGEHHOCTA B KIACCE OPTaHMYHO-HEOPTaHMYEeCKAX TalOreHANOB.
Buno mokasaHo, 4To ((CH3)3NH)3Sb2019 (TMACA) m (CH NH3) Bi, Br,,, KOTO-
pHE ARISOTCA CErHeTODNEKTPAKAMHE B XOMHATHOX Temneparype, MOILYT OHTB HC—-
INONB303aHH IJIA CTpoeHMA 3DPeKTUBHHX HNAPODIEKTPAYECKAX KeTeKTopoB. 00a
STH COEIAHEHAA OCHADYXMBAKT TAKKE XOPOWME BJIeKTPOONTAYECKAE CBOCTBA.
{lMKDOCKONAYECKAS MCCNENOB3HUA M WCCHENOBAHAA DAMAHOBCKOI'O A GPRIIN3HOB—
GKOTO PACCEAHMA B IBYX M30MODIHHX KpHCTALIAX ((Ch ) NH, ) 550,014 (pMaca)

((CH ) o NE, ) Sb,Brg (DMABA ) 0oGHADPYRABLIN CymeCTBOEaHEe WHTEpeCHHX (a-
30BHX CePHeT09H°WTqueGKMX Nepexonos.

XDpUCTALIH XOpOUEro ONTAYECKOI'0 KAYEeCcTBA KACAHX HTANATOB, DIA3BOLM~
MHX ¥3 D3ACTEOpa, AMENT CYLeCTESHHHe HelWHeAHHE ONTHYECKHE CBOACTBA, 4UTO
CI0COSCTBYeT MX NpAMEHEHAW B KAYECTBE MONYAATOPOB CEETA. -

3 rpynne OpraHAYECKNX KOMIIEKCOB CT nMump KOMNIEKC XKapOa30/n-TpHHA-
TPOOEH301 He COEEepXUT IeHTPA AH3EPCAHA., CTPYKTYDHHE WCCHAEIOBAHAA B Ipyl-
[€ XOVilleKCOR TeTDAId3HJeH30/1a OCHAPYXUIA CYlLECTEOBAHME NOAAPHOI'O CoOe-
T1HEHAA 3AKCATUH-TCNB, HC 143-32 CTATAYECKOTO OeCNODANKA B IIONCETH AKPU-
LIHA 3TOT M3TepaAal He I0IXOMAT IIA OpAMEHEHAA B SNEKTPOONTHKE .
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