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The latest results concerning the quantum confinement and other size effects in the nanofer-
roics are reviewed. The main attention was devoted to the spectral, dielectric and nonlinear optics
properties of the nanocomposites based on the single crystals (NH2(C2Hs)2)2CuCly (furthermore
DEACC) and (N(C2Hs)4)2CoClyBry (TEACCB). The peculiarities of the magnetic and dielectric
properties were discussed on the example of the low dimensional ferroic (CoHsNH3)2CuCly (EACC).
The physical nature of the principally new effects and properties of the nanostructured ferroics is
considered. It has been shown that due to the embedding into a polymer matrix in the NC state the
ferroic becomes very attractive from the technological point of view. The hygroscopic, brittle and
thermally unstable crystals grown from aqueous solution are transformed in such a way that they
would be used as principally new nonlinear optics elements, piezotransducers, sensitive materials
for sensors, etc.
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I. INTRODUCTION

The ferroelectric, ferroeleastic, ferromagnetic and re-
lated materials well known to the scientists working in
the field of solid states physics would be considered as the
first order ferroics. In some materials related to the class
of the higher order ferroics one can observe co-existence
of two or more order parameters. Nature and people cre-
ated a large variety of these materials able to react very
similarly on the influence of the external fields. The fer-
roics ineract with the external electromagnetic, elastic
and temperature fields manifesting four important col-
lective effects connected with the change of the free en-
ergy, namely: phase transition, followed by the change of
the lattice symmetry; anomalous temperature behaviour
of the susceptibilities, elastic constants, heat capacitance
and thermal expansion coefficients; transformation of the
domain structure; nonlinear hysteresis change of the pa-
rameters. The largest response of such materials usually
is found to be in the vicinity of the phase transitions,
where the domain structure is destabilized due to the
transformation of the lattice. The more symmetric phase
in this case becomes stable [1].

The properties of single crystalline ferroics are dis-
cussed in the numerous reviews. The data base concern-
ing the ferroics and structural changes at their phase
transitions one can find in [2]. The single crystalline fer-
roics with organic cations were considered in details in
the author’s publications [3,4]. The experimental stud-
ies of the structurally incommensurate crystal phases in
ferroics are described in [5]. A considerable large inter-

est in ferroics of different types is connected with their
applications in different branches of human activities. In
many cases the polycrystalline samples, first of all ce-
ramic, were found to be much more attractive from the
point of view of technology.

For a long time the single crystalline ferroics with
an organic cation, usually grown from the aqueous so-
lution, were not considered as attractive materials for
engineering and electronics. In this review on the ex-
ample of a few initial materials of this family we are
going to demonstrate that the creation of the nanocom-
posites on their basis could open the new possibilities of
practical applications in all respects. The main attention
would be devoted to the nanocomposites on the basis
of the single crystals (NHz(C3Hs)2)2CuCly (furthermore
DEACC) and (N(CyHs)4)2CoClyBry (TEACCB) and to
the low dimensional ferroic (CoHsNH3)oCuCly (EACC).

Numerous crystals containing alkylammonium cations
and inorganic anions are under detailed investigation of
a great number of scientists due to the complicated se-
quences of different type phase transitions (PTs), includ-
ing transitions into the incommensurate phase, connect-
ed with the dynamics of the organic cations and inor-
ganic anions. Unfortunately, their technical application
is restrained because of high hygroscopicity, brittleness
and damaging caused by overheating above 100°C. It was
shown [6-9] that the incorporation of nanocrystals (NC)
into a polymer matrix may open a new opportunity for
the application of the semiconductor, oxide and dielec-
tric NC as materials for photo-operated nonlinear optics,
photorefractive devices as well as for optically operat-
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ed modulators, Q-switches, deflectors etc. Recently the
tetraethylammonium tetrahalogenometallic compounds
[N(CoHs)4]2MeX, (abbreviately TEAMeX; Me = Co,
Zn, Cu, Mn; X = CI, Br) as well as TEACCB have

|

been the subject of considerable attention [8,10-13]. Ac-
cording to [8] the bulk TEACCB crystal undergoes two
structural phase transitions below room temperature:

T5, 224° K (on cooling)

Improper ferroelectric «—

— Ty, 249° K «— P42/nmc

T5, 232° K (at heating)

These crystals are of particular interest because they
combine organic cations with the inorganic anions. In
this case the tetraethyl cations with the prevailingly co-
valence type of bonds coexist with the prevailingly ionic
anionic tetrahedra. Moreover, due to the availability of
the transition metal complexes one can expect a sub-
stantial influence of the p — d charge transfer playing
an important role in the optical properties as well as
in the electron-phonon interactions. Diethylammonium
copper chloride (DEACC) crystals grown from an aque-
ous solution possess a clear discontinuous thermochromic
phase transition at 311 K (at heating) accompanied by
a sharp change in sample colour from deep green to pale
yellow caused by the change of the copper ion coordi-
nation. Such transitions are closely related to the prin-
cipal spectral bands corresponding to the intra-center
d — d transition of Cu?* ion [14]. The crystal struc-
ture of DEACC consists of DEA™ cations and metal-
halogen complexes (MHCs) chemically bonded by hydro-
gen bonds. The high-temperature phase possesses a dis-
torted tetrahedral environment of the copper ion, where-
as in the low-temperature phase, the tetrahedral and pla-
nar square coordinations coexist [14,15]. At room tem-
perature the crystal belongs to the space group P21/n
as a low temperature phase. The lattice parameters of
the unit cell are a = 7.362 A, b = 15.025 A, ¢ = 45.193 A,
B = 89.94° and z = 12. One asymmetrical structural
group includes three tetrahedrally and nine octahedral-
ly coordinated [CuCly]?~ ions in an exceptionally large
cell. In the first approximation, they can be considered
to possess the Dsg symmetry. The crystal structure in
the high-temperature phase has the space group P21/c
(a = 25.055A, b = 10.531 A, ¢ = 15.455A, 3 = 100.6°
and z = 8) [15]. In this phase, two independent crystal-
lographic [CuCly]?~ ions have the shape of a distorted
tetrahedron. Due to their specific thermochromic prop-
erties DEACC crystals are considered to be promising
materials for sensors, in particular, for thermography
and for optical data storage. They can be very inter-
esting from the point of view of photoinduced and non-
linear optical properties for the corresponding nanocom-
posites (nanocrystals) incorporated into the polymer ma-
trices [16].

Vigorous research efforts in magnetoelectric (ME) ef-
fects in recent years [17-19] have stimulated both explo-
ration of magnetoelectric materials [20] and investigation
of previously known ferroic compounds.
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Fig. 1. (Color online) Schematic view of the orthorhombic
crystal structure for EACC (300 K), the Jahn—Teller distort-
ed copper chloride octahedra are highlighted. The ammonium
heads of the organic cations form strong hydrogen bonds to
any of the eight halides that results in the reorientational dis-
order of the bonding scheme; for simplicity the hydrogens of
the groups are not shown. The arrows at the copper sites are
a graphical representation of the spin configuration involving
adjacent layers at lower temperatures [21].

In that respect revisiting previously known hybrid crys-
tal structures comprising metal ions in complex with or-
ganic molecules brings-up an attractive opportunity to
explore their magnetoelectric properties that are high-
ly promising for information storage [22] or electric field
controlled magnetic sensors. A good candidate to meet
this challenge is the family of compounds with the com-
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position (C,Ha,+1NH3)oMCly, where M is a divalent
metal (M = Mn?T, Cd?*, Fe?t and Cu®"). This series
crystallizes in the layered perovskite structure [23-26],
consisting of infinite, staggered layers of corner-sharing
MClg octahedra interleaved by alkylammonium cations
[C,,Ha,+1NHT ; abbreviated as MA for methylammoni-
um (n = 1), EA for ethylammonium (n = 2), etc|. The
cavities between octahedra are occupied by the ammo-
nium heads of the organic cations, which important-
ly form strong N-H...Cl hydrogen bonds to any of
the eight halides. In this structure, adjacent layers are
stacked upon one another through van der Waals force
between terminal alkyl groups. It is worth noting that
the choice of the hydrogen bonding scheme is impor-
tant for determining the orientation and conformation
of the organic molecules within the layered hybrid struc-
ture and in effect can influence the temperature evolu-
tion of the structural phase transitions in the perovskite
structure [27-29].

The system of interest, the (CoH;NH3)oCuCly
(EACC) compound crystallizes with an orthorhombic
cell (space group, Pbca; a = 21.18A, b = 747A, ¢ =
7.35A) [19] at room-temperature. It comprises Jahn—
eller (J-T) distorted Cu®* layers separated by two lay-
ers of ethylammonium groups (Fig. 1). Notably, this
compound undergoes a series of structural phase tran-
sitions [30] as a consequence of modifications not on-
ly due to the J-T effect, but importantly due to the

-
o
o

arrangement (orientational order and conformation of
the organic molecules) of the ethylammonium chains
[31,32]. With the temperature increase these entail: Tri-
clinic (Ty = 232K) — Pbca (T3 = 330K) — Rhombic
(T> = 356 K) — P21/c (11 = 364K) — Bbem.

II. TECHNOLOGY AND EXPERIMENTAL
DETAILS

The single crystals of ferroics considered in this review
were grown from aqueous solutions of the corresponding
salts taken in the stoichiometric ratio. The preparation
of the nanocomposite consists of the following steps. The
synthesized single crystals were crushed using external
acoustical focused field to the sizes within the range of
8-100 nm with dispersion of the sizes varied between the
3—14 nm depending on the purpose of investigations.
Samples of the certain sizes were picked out using a mem-
brane filter. The powder-like NC specimens were dis-
persed in the liquid oligoetheracrylate (OEA) photopoly-
mer composition. The solidification process and elec-
tropoling homogenization were performed by the method
described in [6]. Nitrogen laser with A = 377 nm and the
photon energy power density about 65 W/cm? was used
for the solidification. In other cases the NC were incorpo-
rated into the polymethylmethacrylate (PMMA) matrix.
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Fig. 2. Size distribution (a) and typical TEM (b) and SEM (c) image of the ferroic nanocrystals in the studied polymer

composites.
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In this case the prepared nanocrystals were first mixed
with polymethylmethacrylate in the appropriate ratio
and then dissolved in the organic solvent. After evap-
orating the solvent the samples with different thickness
and concentration of the nanocrystals were obtained.

In many cases it is important to determine the size dis-
persion of the nanoparticles. Usually it is measured by
the nanoparticle size analyzer such as Brookhaven 90.
Figure 2a presents an example of such a distribution in
the TEACCB/PMMA composite. One can see that most
of the nanocrystals have sizes in the vicinity of 70 nm
with some asymmetry of size dispersion.

The size distribution and uniformity of the nanocrys-
tals in the polymer matrix usually are tested by SEM and
TEM methods. A typical micrographs of the nanocom-
posite based on DEACC crystals are presented in Fig. 2
b,c, which indicates the incorporation of the nanocrystals
into the polymer matrix and formation of the nanocom-
posite. The obtained size distribution of nanocrystals
in the prepared samples would correlate with those ob-
tained with nanoparticle size analyzer. The X-ray diffrac-
tion data of the powder sample were collected using
an HZG-4A powder diffractometer (Cu Ka radiation,
10° < 20 < 7° and step scan mode with a step size
of 0.02°). The crystal structure refinements were deter-
mined using the CSD program package [33]. The exper-
imental details concerning the measurements of the di-
electric dispersion and magnetic properties are described
in [9, 34]. The polarized and nonpolarized absorption
spectra of the bulk crystals and nanocomposites were
investigated within the spectral range 250-950 nm by
the automated site based on a ZMR-3 monochromator
with a spectral resolution of 1 nm. DSC measurements
were done with the commercial Netzsch Simultaneous
Thermal Analyzer STA409C [35]. The scheme of the non-
linear optical set-up as well as other experimental de-
tails concerning the second and third harmonic genera-
tion would be found in [36].

2.04

154

1.04

00 T

1.0 15 20
Frequency GHz)

05

Fig. 3. Frequency dependences of the real ¢’ and imaginary &”

for bulk TEACCB (b) obtained at T' = 293 K.
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III. RESONANCE DIELECTRIC DISPERSION
OF THE FERROIC NANOCRYSTALS
INCORPORATED INTO THE POLYMER
MATRIX

In this part we demonstrate how the dielectric prop-
erties of TEACCB solid solution within the frequency
range of 3-10° —2.6-10° Hz can be dramatically changed
when the nanoparticles of this crystal are dispersed with-
in the PMMA polymer matrix.

A. Experimental results

The dielectric properties of the pure PMMA were
investigated fairly well [37,38]. No significant frequen-
cy dispersion was detected by us within the 3-10° —
2.6 - 10 Hz frequency range neither for pure PMMA nor
for the bulk TEACCB crystal (see Fig. 3). Both com-
pounds demonstrate the flat frequency dependence of
both the real and imaginary parts of e. However, the
frequency dispersion of the dielectric permittivity of the
combined TEACCB NC-PMMA matrix material differs
drastically from those obtained for pure compounds. As
is seen from Fig. 4, there is a clearly pronounced reso-
nance frequency dispersion of both the real and imagi-
nary parts of the dielectric permittivity. We tested the
composite compounds with three different concentra-
tions of nanocrystals (3, 5 and 7%). The resonance fre-
quency was found to be near 1.3 GHz and does not de-
pend on NC concentration. However, the increase of the
TEA-CCB NC concentration results in an increase of
the resonance values of both ¢’ and &”. For the highest
NC concentration (7%) the real part of the permittivity
demonstrates negative values within a certain frequency
range above the resonance.
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Fig. 4. The real (a) and imaginary (b) parts of the dielectric permittivity as a function of frequency for PMMA+TEACCB

with NCs.
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Fig. 5. Frequency dispersion of the real part of the dielec-
tric permittivity for PMMA+TEACCB samples at various
thicknesses (at room temperature).

It is worth noting that the dielectric resonance ob-
served by us has no relation to the dimensional reso-
nance effect connected with a macroscopic sample thick-
ness [39]. In order to prove this we have performed the
experiment with samples of different thicknesses. The ob-
tained results (Fig. 5) show that the sample thickness at
constant NC concentration does not influence either res-
onance frequency or resonance value of . Therefore one
can conclude that this phenomenon is connected with
the substantial physical properties of the material and

not with its geometry.

In order to gain more information about the physical
mechanism of this phenomenon, investigations of the di-
electric permittivity were carried out for various temper-
atures and the results are plotted in Fig. 6 (for legibility
the number of temperature dependencies was limited to
three temperature points). As one can see from this fig-
ure the resonance frequency decreases upon cooling. This
is accompanied by the diminution of the resonance values
of both &’ and €”.

In order to test the presence of the structural
acentricity in both the TEACCB compound and
PMMA+TEACCB composite we have carried out a X-
ray powder diffraction and SHG investigation, respec-
tively. X-ray powder diffraction studies have revealed
that the TEACCB is isomorphous with TEA-CoXy (X =
Cl, Br) compounds, which belong to the P42/nmc group
of symmetry [40-42]. Experimental X-ray diffraction pat-
terns of TEACCB powder and that simulated using
the CSD program for P42/nmc symmetry are shown
in Fig. 7. The unit cell parameters were found to be
a =b=90281)A, ¢ = 15.404(2) A. They are very
close to those in TEACoX, crystals [40-42|. Therefore,
one may infer that the centric P42/nme symmetry is rel-
evant for the TEACCB crystal at room temperature.

The investigations of the second harmonic genera-
tion (SHG) of composite material were performed at
room temperature. We have found that the maximally
achieved value of the effective second-order susceptibility
was equal to about 0.56 pm V~!. This value is certain-
ly lower compared to the inorganic crystals like BBO
(about 4.2 pm V~1). However, it may be very critical
that the reliable SHG signal exists in the investigated
composites reflecting the existence of local acentricity in
the investigated materials.
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Fig. 6. Frequency dependences of the real (a) and imaginary (b) parts of the dielectric permittivity for PMMA+TEACCB

(7%) composite taken at various temperatures.
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Fig. 7. X-ray powder diffraction patterns of the TEACCB crystal measured (upper line) at room temperature and calculated

(lower line) using the CSD program.

B. Discussion

The appearance of negative dielectric permittivity is
not an unusual phenomenon in solid state physics. The
following relation [43]:

— WY

WYa

]LO
5_8°°HJ 2
w? — wiro —

(1)
is generally used for the description of IR spectra in di-
electrics. The dielectric permittivity manifests the nega-
tive value within the wro < w < wo frequency region,
where wro and wro are the transverse and longitudi-
nal phonon mode frequencies, respectively. However, the
typical frequency range where this phenomenon occurs
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lies in the far- and mid-infrared region (102 — 1014 Hz).
We believe that the reason for the observed dielectric
anomaly may originate from the electromechanical piezo-
electric resonance of TEACCB NCs. However, as follows
from our X-ray data, the bulk TEACCB crystal man-
ifests the centric P42/nmc symmetry at room temper-
ature and, hence, would not have piezoelectricity. On
the other hand, composite PMMA+ TEACCB materi-
al demonstrates the macroscopic acentricity which was
clearly observed in our SHG experiment. It is obvious
that the total acentricity of the composite compound
may only be evoked by the acentric symmetry of TEAC-
CB NC. Apparently, the PMMA matrix should reveal
the electret properties [44] polarizing the NCs dispersed
in it. The influence of the internal electret field of PM-
MA should play the key role in creating the acentrici-
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ty in the TEACCB NCs as well as in the temperature
shift of the resonance frequency. Some analogy could be
made with the poling of piezoceramics. The resonance
frequency depends on the value of the applied poling
electric field [44]. Moreover, the additional investigation
revealed the presence of the pyroelectric polarization
in PMMA+TEACCB composites (corresponding results
will be presented elsewhere). It was shown [45,46] that
piezoelectric resonant spectra can be described by the
model of multiple forced-dumped oscillator:

*(w) = &' (w) +ie" (w)

(w? —wd) — i2yw
= E&c A )
et D AT A T e

(2)

where w?, (d) and Aj(d) are the dimension-dependent
resonant (or characteristic) frequency and amplitude of
the i-th oscillator, respectively. vx(d) and e.q4 are the
dumping factor and “clamped” dielectric permittivity,

respectively. In this model, positive and negative ionic
units oscillate in opposite directions under the influence
of an applied AC electric field. Such an approach is simi-
lar to that described by equation (1), but it gives a lower
frequency due to the cooperative character of the con-
sidered effect. The dimensional dependence of the pa-
rameters in equation (2) occurs since the piezoelectric
resonance is a macroscopic cooperative phenomenon in
which the sample (NC) size, shape and boundary condi-
tions play essential roles. The detailed theoretical de-
scription could be found in [45-47]. According to the
structural data the oscillating charges in TEACCB can
be the [CoClyBry]2~ anion from one side and a couple of
[N(CoHs)4]™ cations as the second part of the oscillating
unit. Such an assumption fairly well correlates with the
results of the low frequency dielectric studies of TEAC-
CB bulk crystal that revealed dispersion connected with
cooperative motion of the oppositely charged complexes
mentioned [48].
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Fig. 8. The results of approximation of the real (a) and imaginary (b) parts of the dielectric permittivity for
PMMA+TEACCB with NCs concentration of 3% using equation (2). Peaks 1 and 2 are shown by the dotted lines. The

solid line is the sum of fittings with e. = 0.871.

Peak | wo/27 (GHz) | A/(27)? (GHz?) | v/27 (GHz)
1 1.305 0.487 0.129
2 2.181 0.161 0.2876

Table 1. Fitting parameters used for simulation of the resonance spectra of PMMA+TEACCB (3%).

Using equation (2) we can approximate the experimen-
tal spectra (see Fig. 8). It was found that the high fre-
quency tail of ¢’ of TEACCB is similar to that for pure
PMMA and, therefore, was subtracted. For the best fit it
is necessary to take several resonance curves. Some dis-
crepancy between the fitting curve and the experimental
data of the real part of € in the high frequency region is

connected with the contribution of the dielectric disper-
sion of the PMMA matrix which, in this case, could not
be simply taken into account. Two different resonance
curves may correspond to either thickness or radial ex-
tension mode. Although the designation of these modes
concerns the macroscopic sample, their frequencies are
determined by the corresponding sizes of the NCs. The
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parameters of approximation are presented in Table 1.
The considerable width of the resonance region is more
likely connected with the dispersion of the sizes of the
nanocrystals and their orientation in the sample.

On the other hand, it is generally accepted to treat the
object of piezoelectric resonance around the resonant fre-
quency as the electrical equivalent LCR circuit [49, 50].
The resonant frequency fr may be given as:

~ 1 Ceff
fr:ﬁ“ P ) (3)

where d is the average diameter of NCs, and c.g and
p = 1.45 g/cm™3 are the effective elastic constant and the
density of TEACCB NCs, respectively. As follows imme-
diately from equation (3), cog should be equal to 4.84-107
and 1.35 - 10® Pa in order to satisfy the experimentally
observed values of resonant frequency f, = 1.3 GHz and
fr = 2.181 GHz (d was put as 70 nm). These values of
Cet are two orders of magnitude smaller than those usu-
ally observed in other related ferroelectric bulk crystals
(see, e.g., [51-54]). This discrepancy evidently is aparent-
ly connected with surface phenomena, such as a lateral
(surface) tension characteristic of the nanostructured fer-
roics [55]. Therefore, the elastic properties should strong-
ly depend on the size of NCs since the surface to volume
ratio increases with the diminishing size of the NCs. The
interface borders separating the nanocrystals and the
polymer also modify considerably the elastic properties
of the NCs [56]. The considered effects as well as the
change of the poling electret field of the matrix cause a
temperature shift of the resonance frequency.

C. Conclusions

Taking into account that no noticeable frequency dis-
persion was detected either for the TEACCB bulk crystal
or for pure PMMA in the frequency region under inves-
tigation, the observed frequency dispersion of resonance
type has to be treated as the physical phenomenon intrin-
sic to the composite material. The dielectric dispersion of
the TEACCB NC-PMMA matrix compound reveals the
resonance frequency dependence of both ¢’ and £” with
resonant frequency near 1.3 GHz. The resonant frequen-
cy does not depend on the concentration of NCs in the
host matrix, displaying at the same time the temperature
shift to the lower frequencies upon cooling. The principal
experimental findings presented in this part (occurrence
of the resonance of dielectric permittivity, size indepen-
dence of the resonance frequency and dependence of the
resonance peak of ¢ on NC concentration in the host
matrix) may be explained as the result of the piezoelec-
tric resonance of NCs. Since the bulk TEACCB crystal
has the centric symmetry at room temperature, piezo-
electricity in TEACCB NCs may only appear as a result
of inverse symmetry violation within the electret PMMA
matrix. The observed phenomenon could find its applica-
tion in the creation of the principally new high frequency
piezoelectric transducers.
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IV. INFLUENCE OF SIZE EFFECTS ON THE
PHASE TRANSITIONS AND THERMAL
STABILITY OF THE NANOCOMPOSITES
BASED ON FERROICS

The single crystals of diethylammonium tetrachlor-
cuprtate (DEACC) cause substantial interest due to the
high sensitivity of the CuCly complexes to the surround-
ing environmental background. It was established that
the phase transitions observed at 311-330 K are depen-
dent on the local environment of crystallites. We have
observed substantial shift of the PT temperature for
the 10 nm DEACC NC in the polymer PMMA matri-
ces compared to the bulk materials. This is related to
the manifestation of the nanosized effects in the inves-
tigated nanocomposites. The origin of the phenomenon
is discussed within the framework of the existing nano-
confined models. Different regimes of cooling-heating
cause different features of the phase transitions. For com-
parison we present the data of similar temperature mea-
surements for the TEACCB nanocrystals incorporated
into PMMA matrices.

A. Experimental results and Discussion

Following Fig. 9 and 10 one can see a substantial shift
of the DSC maxima after the incorporation of the investi-
gated NC into the PMMA matrix. The first peak of DSC
for DEACC single crystals is formed by two peaks that
would be related to the thermochromic phase transition
and the temperature of crystal decay, respectively. Such a
conclusion is confirmed by the fact that no DSC anoma-
lies were observed at cooling after heating the sample
above the decay temperature. Contrary to the case of
single crystals the DSC anomaly for the nanocompos-
ite is clearly separated onto two peaks, corresponding
respectively to the phase transition and crystal decay.
As follows from Fig. 9 the PT temperature is shifted
from 47.2°C (320.2 K) for the pure crystallites up to the
53.6°C (326.5 K) for the composites. A giant tempera-
ture shift (from 305.1°C to 360.3°C) of onset tempera-
ture for the TEACCB nanocrystals after their incorpo-
ration into the PMMA matrix was found. The observed
shift is substantially larger compared to the DEACC.
Similarly to the previous case the observed anomalies
correspond to the crystal or composite decay. Such a
conclusion is confirmed by the optical observations re-
flecting the lost of the optical quality of the material
heated above the decay temperature. The analysis of the
data presented in Fig. 10 testifies that in the case of the
nanocomposite the DSC peak does not correspond to the
decay of TEACCB NCs or the polymer matrix but hase
to be related to the thermal decay of the entire compos-
ite system. Therefore, embedding the nanocrystals into
the polymer matrix provides a growth of its thermal sta-
bility.
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Fig. 10. (Color online) Temperature dependence of the
DSC for bulk (red lower line), PMMA polymer (black up-
per line) and 5% TEACCB NC incorporated into the PMMA
matrices: (blue middle line) at temperature rate 10 K/min.

The obtained results unambiguously show that the
principal role here is played by the interface borders sep-
arating the NCs and polymers. It is crucial to emphasize
that due to the incorporation of the nanocrystals into the
polymer matrices the surface effects will play an impor-
tant role. First of all, this concerns arising of the surface
tension and depolarising field [35]. The latter is closely
connected with the electret state of the PMMA matrices
discovered in Ref. [57]. Following the proposed model one
can assume that the surrounding polymer PMMA ma-
trix is highly polar. So the charge density changes on the
borders NC-polymer are nonlinear with the temperature
changes and we deal with the influence of local electro-

static field shifting phase transition as well as thermal
decay temperatures.

One can not exclude that the observed dependences
may be also explained by intercrystallite interactions [58]
and band energy flattering due to strong nanointerface
electrostatic potential [59,60].

B. Conclusions

A giant temperature shift (from 305.1°C to 360.3°C) of
the decay temperature both for TEACCB NC and poly-
mer after the formation of the nanocomposite on their
basis was found. The results unambiguously show that
the principal role here is played by the interface borders
separating the NC and polymers. The observed shift is
substantially larger as compared to the DEACC compos-
ites. The obtained data testify to the fact that embedding
of the nanocrystals into the polymer matrix provides a
growth of their thermal stability. Such a conclusion is
very important for the practical application both of the
considered nanocomposites and polymers.

V. MANIFESTATION OF THE SIZE EFFECT IN
THE NONLINEAR OPTICS EFFECTS AND
SPECTRAL PROPERTIES OF THE FERROIC
NANOCRYSTALS INCORPORATED INTO THE
POLYMER MATRIX

In this part we would like to demonstrate that the
incorporation of the nanocrystals into the polymer ma-
trix drastically change their optical spectra and nonlin-
ear optical properties. The investigations of the nonlinear
optics effects in TEACCB NCs incorporated into oly-
goetheracrylate (OEA) matrix have shown that the in-
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tensity of the photoinduced second harmonic generation
decreases with the decreasing of crystallite sizes [8]. The
choice of OEA as well as polymethylmethacrylate (PM-
MA) matrices allows to keep the nanocrystals in the rel-
atively low strained surrounding background contrary to
the traditional high stiffness polymers.

A. Absorption spectra of the nanocomposites based
on TEACCB

The absorption spectra corresponding to the internal
transition of the Co?* ion for the TEACCB bulk and
nanocrystals of different sizes incorporated into the OEA
matrix clearly reflect the size effect (see Fig. 11). In or-
der to compare the data for different samples the spectra
corresponding to the nanocrystals were normalized with
accounting of the cobalt ion concentration in a sample.
As is clearly seen from Fig. 11, the absorption spectra
of the NCs are characterized by the pronounced com-
plex structure. Indeed, instead of one intensive slightly
asymmetric broad band for the bulk material, for the
case of the NCs one can observe the new bands arising
at the high energy part of the spectra. Their energies
are the higher the lower the crystallite size. Besides, one
can observe a clear splitting of the main intensive band
that becomes the most pronounced for the case of the
smallest NCs.

In order to perform an unambiguous assignment of the
observed absorption band the spectra have to be approxi-
mated with the Gaussian line-shapes (Fig. 12). The iden-
tification of the elementary bands was performed on the
basis of the corresponding spectroscopic study of single
crystals [13]. The A and B bands for the bulk material
should be related to the spin allowed and spin forbidden
electron transition on the degenerated energy levels, re-
spectively [13] (see Table 2). In the case of the absorption
spectra of the NCs the corresponding terms are split due

to the lower symmetry of the crystal field. The degree of
this splitting is the more pronounced the lower are the
cluster sizes. On the basis of the obtained data one can
conclude that such a splitting is connected with the dis-
tortion of the metal-halogen complexes within the sur-
face layers of the nanocrystals due to the surface tension.
One can expect that the ratio of these distorted surface
complexes increases with the diminishing of the cluster
sizes. It means that the most pronounced splitting of
the two initial absorption bands has to be observed for
the case of the smallest NCs that is really observed in
the experiment. It is also necessary to note that the os-
cillator strength of the two initial bands observed in the
bulk crystal is “distributed” between the larger number of
bands in the samples with NCs that implies a noticeable
decrease of absorption in the framework of 1.5-2.0 eV.

A, M
900 800 700 600 500 400
1 A 1 1 1 n 1 n 1 "
- Bulk
Cluster sizes:
S 2-50 nm
< 3-12nm
= 4- 8nm
o)
a
e} (1)—
@a
e
<
(2)—
(3)—
(4)—
115 ' 1.I8 ' 2.I1 I 2.|4 I 2.|7 ' 3:0
E, eV

Fig. 11. Absorption spectra corresponding to the internal
transition of Co?" ion for the TEACCB bulk and nanocrys-
tals of different sizes incorporated into olygoetheracrylate ma-
trix.

Transition from Bulk Nanocrystals
4As (*F) on 70 nm** ‘ 50 nm ‘ 12nm ‘ 8nm
E, eV

1.67 1.71 1.67
AT, (4P) 1.75 1.86 | 173 | 1.74
1.92 1.90

’E (2G) 1.90 2.33 249 | 2.71

Charge transfer band*
Xnp — Codd 4.20 — — —

(* Xnp: Cl3p or Brdp)
(** incorporated into PMMA matrix)

Table 2. Parameters of the bands of the TEACCB bulk and NCs incorporated into OEA-matrix.
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Fig. 12. Approximation of the absorption spectra corresponding to the internal transition of Co®" ion by Gaussian lineshapes
for bulk and NCs of the TEACCB incorporated into OEA-matrix.
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Fig. 13. The high energy part of the absorption spectra
of the TEACCB: bulk (pentagons), pure PMMA (squares),
composite (PMMA+TEACCB) (triangles),
(~ 70nm) (circles).

nanocrystals

This fact has to be taken into account in the nonlinear
optics investigations since the wavelength of the light
used for pumping also lies in the same region. At the
same time, a clear blue shift of the high energy bands
with the decreasing of the cluster size would be con-
sidered as manifestation of the quantum size effect. In-
deed, the confinement of the electrons and holes within
the narrow potential well implies an increase of their ki-
netic energy [61]. Taking into account that absorption
in the high energy region of the spectra corresponding
to the charge transfer transitions was found to be very
high for the TEACCB NCs in the OEA-matrix, we have
prepared samples with NCs incorporated into the poly-
methylmethacrylate matrix. This allowed us to identify

clearly the complex charge transfer band in the vicinity
of 4.20 eV that cannot be observed in the bulk crystal due
to a very large absorption in this spectral range (Fig. 13).
In this case we take into account that the absorption edge
of PMMA lies above 5 V. Under such circumstances it is
possible to obtain more detailed information concerning
the entire energy diagram for TEACCB. Moreover, it is
possible to estimate the energies of the charge transfer
transitions not only for the NCs but also for the bulk
crystals.

>
<
c -
2 >
e <
@ &
£ e
< 2
L
<
220 240 260 280
T,K
T T T T T T T
0 50 100 150 200 250
T, K

Fig. 14. Temperature dependences of absorption of the
TEACCB nanocrystals incorporated into PMMA-matrix ob-
tained at the constant wavelength A = 350 nm in a heating
and cooling (insert) runs.

The investigations of the considered composites con-
taining the NCs offer a possibility to study the first or-
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der phase transitions. They cannot be studied in a single
crystal since the samples are cracked under the influence
of internal tensions arising at the first order PT at T5.
The temperature dependences of absorption of TEAC-
CB nanocrystals incorporated into the PMMA-matrix at
constant wavelengths in the region of the charge transfer
band measured in a wide temperature region are present-
ed at Fig. 14. It is worth noting, that such dependences
possess the global hysteresis in the temperature region of
160-320 K connected with the electret properties of PM-
MA matrix [44]. As it is clearly seen these dependences
manifest anomalies at the temperatures of PTs close to
those in a single crystal (see Table 3). However, below T
one can note an additional anomaly at T3, which could
be related to the previously unknown phase transition
that could not be observed in a single crystal due to the
above mentioned reason. It is worth noting that the PTs
including those at T3, were also observed in the tem-
perature dependences of photoinduced second harmonic
generation (PISHG) but at somewhat different temper-
atures. Under such circumstances one can conclude that
the PT temperatures considerably depend on the type of
polymer matrix used for preparing such composites (see
Table 3).

Sample 7 (K)| Tx (K) |T3 (K)
TEACCB bulk 249 |224 (232)| —
TEACCB NC (70 nm) in
PMMA-matrix 247 219 202
(50 nm) in OEA-matrix | 238 225 ~ 210
(12 nm) in OEA-matrix | 238 225 ~ 210
(8 nm) in OEA-matrix | 237 230 223

Table 3. The temperatures of the phase transitions in
TEACCB — bulk and nanocrystals incorporated into a poly-
mer matrix obtained at cooling (corresponding PT tempera-
tures obtained for heating run are shown in parenthesis) on
the basis of dielectric [8], optical spectroscopy and nonlinear
optics data.

B. Nonlinear optics effects in the nanocomposites
based on TEACCB

On the basis of the performed spectroscopic study one
can make the conclusion concerning the nonlinear op-
tics properties of the TEACCB nanocrystals incorporat-
ed into OEA-matrix. The temperature dependence of the
photoinduced second harmonic generation demonstrates
a remarkable dependence on temperature near the PTs
(see Fig. 15). Indeed, for the samples with larger NCs the
clear jumps are observed at the temperatures 77 = 238 K
and Ty = 225 K (at cooling), close to the PT points in
the bulk solid solution. The low temperature jump for the
sample with the smallest nanocrystals is clearly shifted
toward higher temperatures: 7o = 230 K. One can also
note the lower values of the PISHG in the latter case.

1702-12

On the basis of the performed investigations one can
conclude that the temperature of phase transition 75 in
the samples with the smallest NCs is higher than the
one of the bulk material. The low temperature maxi-
ma on the corresponding dependences could be related
to the phase transition at 73. This PT is also shifted
toward higher temperatures with the diminishing of the
NC sizes. Taking into account the supposed improper fer-
roelectric origin of the phase lying in the framework of
T3-T, one can suggest that this effect is connected with
the surface tension coupled with polarization (and order
parameter) via electrostriction effect and the influence of
the depolarization field arising around the surface of the
nanocrystal [62]. As a result the improper ferroelectric
phase is suppressed with the decreasing of the NC size.
Such a size effect should be considered as a characteristic
feature of the nanoferroelectrics [44].

1[50 nm
44 T, |
] Q

PISHG, pm/V

8 nm

T T T T T T T T T T 1 T
190 200 210 220 230 240
T,K

Fig. 15. Photoinduced SHG versus temperature for the
TEACCB nanocrystals of different sizes incorporated into the
OEA-matrix.

The shift of the corresponding absorption bands due to
the lowering of the crystal field symmetry as well as the
suppression of the intensity of the band A with diminish-
ing of the NCs size is followed by considerable decreasing
of PISHG intensity in all crystal phases.

The temperature 77 of the high temperature phase
transition for the TEACCB nanocrystals is also shifted
in respect to the case of a bulk crystal. But this effect
does not show clear size dependence and mostly is con-
nected with the influence of the matrix type.
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C. Influence of size effect on the thermochromic
properties and charge transfer spectra of ferroics

Technical application of the thermochromic DEACC
crystals is restrained due to hygroscopicity and instabil-
ity of their spectral parameters after repeated thermal
recycling near the PT [63,64]. One can guess that incor-
poration of nanocrystals of mentioned compounds into
the polymer matrix could resolve this problem. Besides,
in such case one can observe the manifestation of the
quantum confinement effects and related phenomena in
the absorption spectra of such a type of materials. This
part is devoted to detailed consideration of the size effects
manifested in the spectral properties of the DEACC NCs
embedded into the polymer matrices. The nanocompos-
ites were prepared by two different methods [65]. In case
of method 2 samples of certain size were selected using
the membrane filter. The observed crystal field spectra
were analyzed using the exchange charge model (ECM)
of crystal fields.

The absorption spectra of the DEACC bulk crystals
and the NCs in a visible and near infrared region are
presented in Fig. 16 for comparison. The bulk crystals
are characterized by asymmetric substantially broadened
asymmetric bands in a low spectral energy part. They are
originated from internal transition of Cu?* ion. The cor-
responding electron transitions could be identified only
using the approximation of the observed broad bands
by Gaussian contours. Such a procedure is fairly de-
scribed in Ref. [64]. The results of the band assignment
are presented in Table 4. In the high temperature “yel-
low” phase two bands corresponding to the electron tran-
sitions within the tetrahedral metal-halogen complexes
are observed. Simultaneously, as follows from the ob-
tained data, the low temperature “green” phase is char-
acterized by coexistence of tetrahedral and octahedral
coordinations of the copper ion. In the last case the

crystalline field is much stronger that manifests itself in
the clear shift of the corresponding bands (C, D and E)
towards higher energies in comparison with the case of
tetrahedral complexes. A sharp growth of absorption in
the high energy spectral range of the bulk crystals should
be related to the edge of the charge transfer (CT) bands.
Unfortunately these bands cannot be entirely observed
and identified due to a very large absorption.

nm
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|
- 4Gi DEACC monocrystal
E 3'3]! “vellow phase"; T=314 K
< 20]
10}
D l _— : - - = : .
(b) 12000 15000 18000 21000 24000 27000
5012 DEACC nancerystals -
80,10 L=zl B P A\\
S — it filter r -
5 0.08] a without filter /"f
g - N
£ 0.06 I
w
2 0.04 "m
12000 15000 18000 21000 24000 27000
(c) €0
F:E 40
L]
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Fig. 16. Manifestation of the size effect in the absorption
spectra of the DEACC crystals.

Band Transition energy, eV (cm™!) Transition
Calculated energy T (K) Nanocrystals | From | From
levels (ECM data)| DECC bulk [(10 nm) DEACC|d,2_,2| dyy

203 K 314 K 293 K on Oy, | on Ty
A - - dyz 22
B 1.461 1.564 1.735 | 1.623 | 1.599 dy2_y2
(11 778)| (12 611) |(13 980)|(13 080)|(12 890)
C 1.508 1.871 1.915 | 1.903 — d,2 d»
(12 161)| (15 092) | (15 430)|(15 325)
D 1.678 2.183 2.103 — Ay
(13 522)| (17 607) | (16 935)
E 2.038 2.187 2.191 — dyz, -
(16 426)| (17 642) |(17 655)

Table 4. Identification of absorption bands corresponding to internal transition of Cu®* ion for different phases of DEACC

bulk crystal and for NC.
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The spectra of nanocrystals (Fig. 16 b) considerably
differs from the spectra of single crystals. First of all,
for the NCs with the limited sizes dispersion (< 10 nm),
i.e. the samples obtained with using of filter, an appre-
ciable narrowing of the absorption band corresponding
to the band B of the bulk crystal (Fig. 16 b) has been
observed. The half-width of the band B is approximate-
ly eight times smaller than those for the corresponding
bands for the bulk crystal. This phenomenon may be
explained by the quantum confinement effect. Indeed,
the number of interacting identical atoms confined in the
nanocrystal is much smaller in comparison with that in
the bulk crystal followed by a considerable narrowing of
the Cu?* 3d energy levels in consequence of fulfillment
of the Pauli principle. At the same time the half-width
of the corresponding absorption band still remains finite
due to the influence of the electron-phonon interaction.
Another interesting factor is that in the high energy part
one can observe entire CT bands since the absorption is
not so high as in case of the bulk crystal. And finally, it is
necessary to emphasize that a narrow single absorption
band at 12890 cm ! observed at room temperature may
be related to the tetrahedral coordination of Cu?* ion,
whereas the bulk crystals are characterized by coexis-
tence of two different complexes in the room temperature
phase. This means that the octahedral complexes are
suppressed in the NC and the thermochromic phase tran-
sition is not observed anymore. Indeed, the performed
investigations show that no considerable changes were
observed in the absorption spectra of the NCs near the
temperature of thermochromic phase transition in the
bulk crystals. On the basis of the obtained data one can
conclude that such a phenomenon is caused by distortion
of the metal-halogen complexes within the surface lay-
ers of nanocrystals due to the surface tension. One can
expect that the ratio of these distorted surface complex-
es increases with diminishing cluster sizes. The arising
of the lateral tension is a typical feature of the NCs of
different types [66]. In our case this tension leads to the
selection of the tetrahedral coordination from two possi-
ble shapes of the MHC.

To confirm validity of the identification of the crystal
field spectra, we have used the ECM of crystal fields [67].
The main advantage of the ECM is that it allows to take
into account the covalent effects for calculation of the
values of the crystal field parameters from the crystal
structure data. Since it operates with one fitting param-
eter only, it allows to achieve a good agreement between
the calculated and experimental data for ions with un-
filled electron shells in crystals. Taking into account that
the detailed description of the ECM foundations and ex-
amples of their applications to various systems can be
found in references [67—-70] and references therein, we do
not give here any further explanations, but provide the
basic equation, which determines the form of the crystal
field Hamiltonian. The energy levels of Cu?* ion should
be represented as the eigenvalues of the following Hamil-
tonian, which is defined as a linear combination of the
irreducible tensor operators OF with crystal field param-

P
eters (CFP) as the coefficients of this combination [67]:
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H=) i ByOy (4)

p=2,4 k=—p

The equations for calculation of CFPs can be found
in [67-70]. Taking into account that changes of MHC at
the phase transition in the bulk crystals are described
fairly well in the literature [63,64,71-73], we consider in
detail the case of tetrahedral coordination characteristic
of the NCs. The Cu?T ion in the tetrahedral [CuCly]*~
complex has only one term 2D which in the tetrahedral
field Ty, is splitted upon two states: 2T} (the ground state)
and ?E (excited state). A further lowering of symmetry
causes a further splitting of energy levels.

Analyzing the above mentioned energy levels for Cu?*
ion it is necessary to take into account that 3d° electron
configuration has to be considered as the “hole analog” of
the 3d' configuration. As a result, the sequence of levels
for 3d° is inverse to those observed for 3d* (Table 4).

The spectral band around 12890 cm ™! in the NC corre-
sponds to the electronic transition from the ground state
to the lowest level of the 2 E state. With this assignment,
we have performed the ECM calculations of the crystal
field parameters and Cu?t energy levels. The calculat-
ed CFP values are shown in Table 5. Diagonalization of
the Hamiltonian (4) with CFP from Table 5 in the space
spanned by 5 wave functions of the 2D term (spin-orbit
splitting was not considered, since the absorption bands
are wide and no hyperfine structure was detected) result-
ed in the calculated energy level scheme shown in Table 4.
The band A of the bulk DEACC for both coordination
of the Cu?T ions are fallen out of the photodetector sen-
sitivity region.

BZ’f Tetrahedral Planar
coordination coordination

B;? 7426 90
By! —1774 0
B9 4400 —10052
B} 386 0
B? 7292 57
B* —1681 98
B;? 427 0
B;? —7190 —-28
B! —242 0
BY 2176 1419
Bj —123 0
B? —6177 —18
B} —957 0
B} 793 16552

Table 5. CFP (in cm™!) for DEACC crystal.
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As is clearly seen from Table 4, calculated positions
of the energy levels for the bulk crystal DEACC are in
a reasonable agreement with the center of the absorp-
tion band B of DEACC NCs. The high energy part of
the absorption spectra of the DEACC NCs is incorpo-
rated into the polymer matrix in different concentration
are presented in Fig. 17. The clear CT bands were ob-
served in the spectral range of 21000—26500 cm ™! for
the samples prepared by the method 2 (Fig. 17a). At
the same time the corresponding CT bands for the sam-
ples prepared by the method 1 are much less resolved
(Fig. 17b). This means that the technological treatment
plays a substantial role in the formation of the high ener-
gy part of the absorption spectra. Indeed, employment of
the filter in method 2 provides a more narrow dispersion
of the NC sizes. Contrary to this feature a large disper-
sion of the NC sizes in samples obtained by method 2
causes a considerable broadening and overlapping of the
CT absorption bands. It is also necessary to note the
presence of the band in vicinity of 35000 cm ™! arising in
result of superposition of the absorption bands intrinsic
for the bulk DEACC crystal and PMMA matrix. The
absorption edge of the polymers PMMA is observed in
the high energy region of the spectra — in vicinity of
42000 cm~t [74].
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Fig. 17. The absorption spectra of DEACC nanocrystals
incorporated into the PMMA matrix, recorded at room tem-
perature.

In any case, following the obtained spectra of
nanocomposites we have an opportunity to estimate an
approximate energy of the charge transfer transitions
that is impossible for the bulk crystals due to a very
high absorption.

Let us try to identify the CT bands of ligand-metal
types (Cl 3p — Cu 3d,2_,2) in the spectral range of
21000—26500 cm~!. It is clear from Fig. 18 that there are
three clear CT bands in this spectral range. It is neces-
sary to consider the qualitative molecular orbital energy
level diagram for Dy; symmetry of the CuCl?f distorted
by tetrahedral complexes [75]. In T,; geometry, the 12 of
C13p valence orbitals are divided into five molecular or-
bitals, that are split further in Doy geometry into six p(7)

and three p(o) molecular orbitals. Between nine possible
CT transitions, those from the e molecular orbitals are
x,y polarized while those from the a; molecular orbitals
are z polarized [75]. Hence, five electric dipole allowed
transitions are expected.

According to such a consideration we should ob-
serve in the unpolarized light the following absorption
bands: band 1: 2A; « 2B (3ai(r)5b2); band 2: 2E
— 2By (4e(m) 5bg); band 3: 2E « 2By (3e(0) 5ba) (see
Fig. 18).

_500 450 400 nm
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Fig. 18. Optical absorption spectra of DEACC nanocrys-
tals (with average sizes ~ 10 nm) of different concentrations
in the region of the charge-transfer bands.

Table 6 presents values of the CT bands energy, cal-
culated and obtained experimentally. The theoretical-
ly calculated oscillator strengths were taken from the
work [76]. In these studies, only contributions from the
ligand 3p orbitals in the ground and excited states have
been considered; this approximation has been demon-
strated by van der Avoird and Ros to provide reasonable
values for oscillator strengths. In this method, the wave
function of a molecular orbital is written as

v =C1Ppm + Coxr (5)

where @), is an atomic orbital of the central ion and

4
xw=>_
a=1

with &, , — atomic orbital of ligand o with the spec-
ified m; values, and C7 and Cy are the normalization
constants. In the calculation of oscillator strengths, only
integrals over orbitals on the same ligand are taken in
to account, and the radial part of the 3p wave function,
which is a function of energy, is assumed to be invariant
over a small energy range of transition. Thus the dipole
moment integrals have the following form:

1

> Capi®a, (6)
1

myp=—

4 1
(@ [r| ) ~ C3C2 > > Cl Ca (P, [1]Da,)

a=lm;=—

4 1
~CyCy > > Ch CapiTa (7)

a=1m;=—1
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where the primes indicate the excited state and r,, is the
position vector of ligand «. Oscillator strengths are then
calculated through the following formula

fen = 1.085- 10" 7 |D|? (8)

where v is expressed in inverse centimeters and D in cen-
timeters.

Experimental oscillator strengths were determined
through the approximation fexp ~ 4.61 - 107 eyax 71 /2,

where 7, /5 is the full width at a half maximum of the ab-
sorption band, s — molar extinction coefficient [75].
The results of these calculations are presented in Table 6.
The obtained fexp values are only roughly approximate
due to limited accuracy of evaluation of the DEACC NCs
molar extinction coefficient as well as to contribution of
the absorption of the matrix into oscillator strength of
the absorption bands. Nevertheless the relative values of
the oscillator strengths for allowed absorption bands ob-
served experimentally are compatible with the calculated
oscillator strengths for those allowed transitions.

All possible CT Calcul. trans.

Exper. obser.

Trans.” energy differences Oscillator strength®

transitions energy, (cmfl) trans. energy, Calc. Exper. Theor. Exper.
(cm™)

D3qCuCl2™

2 Ay « 2By (laa(nb) — 5b2) 15440

2F « 2By (5e(m) — B5bg) 16 360 21921 0 0 0.0349 0.0217

2A; «— 2By (3a1(m) — 5b2) 21620 23478 5260 1557 0.0004 0.00448

2By « 2By (4ba(m) — 5b2) 21790

2F « 2By (4e(m) — 5bg) 22 680 24697 6320 2776 0.0721 0.00151

2By « 2By (1by(mr) — 5b2) 25040

’F « 2B (3e(0) — 5b2) 26710 26119 10 350 4198 0.0941 0.00163

2By « 2By (3ba(0) — 5b2) 29430

2A1 « %B3 (2a1(0) — 5b2) 33490 0.199

2The transition energy differences are all tabulated with respect to the lowest energy charge-transfer transitions 2E « 2Bs (5¢(7) — 5b2)

in DQd

bFor transitions from e or e, orbitals, only the & polarized component of the theoretical oscillator strength is given

Table 6. Correlations of the experimentally observed and calculated [76] energies of symmetry-allowed transitions and
oscillator strengths for the Dsy symmetry of CuCl?f complex in DEACC crystals.

D. Size dependence of nonlinear properties of the
nanocomposites based on DEACC

Fig. 19 presents the size dependence of the third har-
monic generation (THG) versus the NC sizes. One can
clearly see that below 60 nm a drastic increase of the
THG coeflicients appears, achieving almost the same val-
ues at these low temperatures. And for the two-phonon
absorption (TPA) (see Fig. 20) the corresponding values
achieve 10 cm/GW (LNT) and 8.8 cm/GW (RT) for the
diagonal TPA tensor components. For the off-diagonal
values these tensor components are equal to 6.8 cm/GW
(RT), and 8.0 cm/GW (LNT). At the same time, a typ-
ical behaviour of the TPA demonstrates a substantial
increase with decreasing NC sizes (see Fig. 20), which
may indicate a principal role of the nanoconfined states
in the effects observed.
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E. Conclusions

On the basis of performed investigations it has been
found that the temperatures T, and T3 of phase transi-
tions increase with decreasing of the TEACCB NCs size
and are higher than those in the bulk material (at least
for Ty). Taking into account the improper ferroelectric
origin of the phase lying below 75 one can suggest that
this effect is connected with the surface tension coupled
with polarization via electrostriction effect and the influ-
ence of the depolarization field arising around the surface
of the nanocrystal. As a result the improper ferroelectric
phase is suppressed. Besides, the arising lateral pressure
induces lowering of the symmetry of the metal-halogen
complexes within the surface layer of the cluster. Their
distortion is followed by a more pronounced splitting of
the degenerate energy levels due to the lower symmetry
of the crystal field. At the same time the blue shift of
the high energy elementary bands with decreasing of the
cluster size is supposed to be due to the quantum con-
finement effect. The shift of the corresponding absorption
bands as well as the suppression of the intensity of the
integral absorption in the region of internal transition of
Co?* ion with diminishing of the NC size is followed by
a considerable decreasing of PISHG intensity.
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Fig. 20. Size dependence of the TPA for DEACC nanocrys-
tals incorporated into the PMMA matrix, recorded at LNT

for powder concentration about 20% at laser light power den-
sity 0.8 GW/cm?.

Experimental studies of the absorption spectra of the
DEACC NCs embedded into PMMA showed that these
spectra in the range of 12000-28000 cm~! are consid-
erably modified at transition from bulk crystals toward
the nanocrystalline state. Such changes are caused by
the specific symbiosis of the quantum confinement ef-
fects and specific surface phenomena. The quantum con-
finement effect in the NCs with sizes limited by 10 nm
clearly manifests itself in a considerable narrowing of the
absorption band corresponding to the internal transition
of Cu?* ion as a result of fulfillment of the Pauli prin-
ciple. At the same time the half-width of this band still
remains finite due to the influence of the electron-phonon

interaction. It was shown that the lateral tensions arising
on the surface of NC suppressed the octahedral coordi-
nation characteristic of the low temperature phase of the
bulk crystal. As a result the thermochromic phase tran-
sition is not observed in the nanocrystals of the DEACC.

An incorporation of the NCs of DEACC into the poly-
mer matrix allowed us to identify clearly the charge
transfer bands of ligand-metal types Cl 3p — Cu 3d,2_,2
in the spectral range of 21000-26500 cm ™! that could not
be observed in the absorption spectra of the bulk crys-
tal. The theoretically calculated oscillator strengths for
allowed CT bands agree fairly well with the oscillator
strengths of the corresponding bands in the experimen-
tally observed absorption spectra of the DEACC NCs.
It was shown that the technological treatment of these
nanocomposites, first of all an application of the mem-
brane filters, plays a substantial role in the formation of
the high energy part of the absorption spectra.

We observed a considerable enhancement of the third-
order susceptibilities of the ferroic nanocomposite at the
decrease of sizes of the DEACC NC size. For the NC sizes
below 40 nm a drastic increase of the THG and TPA was
found.

VI. SPECIFIC MAGNETIC AND DIELECTRIC
PROPERTIES OF THE LOW DIMENSIONAL
FERROICS

The alkylammonium metal halides are two-
dimensional materials and exhibit strong structural
anisotropy. They consist of inorganic layers of corner-
sharing M Xg octahedra and organic layers of alkylam-
monium ions. Due to this peculiarity these materials
undergoing a complicated sequence of PTs would be
considered as the low dimensional ferroics. It has been
found that due to the confinement of the excitons within
the above mentioned layers of n — (C3H7;NH3)2CdCly
crystals one can observe the enhancement of excitonic
bands and specific manifestations of the radiation effects
at quite high temperatures [77]. On the other hand it has
been found that some of the two-dimensional alkylam-
monium copper halides (C,,Ha,,+1NH3)2CuCly would be
related to the multiferroics.

A. Results and Discussion

The temperature dependence of the magnetization for
(CoH5NH;3)2CuCly (EACC) sample (Fig. 21) supports a
picture where ferromagnetic-like interactions appear to
play a significant role. The data for our EACC sample
are in agreement with the pioneering work of de Jongh
et al. [21,78] who find a magnetic phase transition at
T. = 10.2 K. The magnetization loops taken at different
temperatures (Fig. 21, inset) show a quick saturation
reaching 1 pup per Cu?t (S = 1/2) at 5 K, therefore
supporting the presence of significant interactions be-
low the magnetic ordering transition. It was claimed be-
fore that in a wide temperature range, the system shows
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characteristics of a two dimensional Heisenberg ferro-
magnet with a dominant intralayer exchange coupling,
J/kp = 18.6 K [78] for the spins at the nearest-neighbour
Cu sites (Fig. 1). However, this behaviour is modified
as one approaches T, from above because the interlayer
coupling J’ becomes significant. Despite the small mag-
nitude of the latter (J'/J ~ —8-107%) [79], the suscepti-
bility resembles that of a system crossing over to a three-
dimensional ordered AFM array of FM layers (Fig. 1).
This is a consequence of the superposition of intraplane
FM interaction and a very weak AFM-hole-orbital order-
ing (...dg2_,2 —dyz,zz —dg2_,2 —dy2,zz ...) at the Cu?t
ions that occupy antiferrodistortively arranged J — T
elongated octahedra (within the be plane). This small an-
tiferromagnetic coupling may be highly dependent on the
interlayer distances and local lattice stresses that may
additionally depend on materials’ preparation procedure.
Indeed the magnetic properties of this compound (n = 2)
were suggested to be strongly pressure dependent [80]
similarly to the pressure effects found in the case of the
n = 1 member of the family, i.e., (CH3NHj3)2CuCly [81].
Optical properties of EACC are also highly pressure de-
pendent revealing a piezochromic effect [82].
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Fig. 21. Magnetic field-cooled (H = 10 Oe) magnetization
(left scale) and its inverse plot (right scale). Inset: magnetiza-
tion as a function of magnetic field at different temperatures.

Although EACC has been known for a long time, the
ferroelectric and dielectric properties have never been re-
ported in the low-temperature region; likewise, an elec-
tric polarization has not been studied. It is however doc-
umented that EACC undergoes a complicated series of
PTs, mostly connected with changes in the arrangement
of the alkylammonium chains [83,84]. Bearing in mind
the low temperature structural modifications here we
report that the grown alkylammonium copper chloride
crystals develop a large electric polarization when the
material is cooled below about 247 K. The temperature
dependence of the real part of dielectric permittivity &’
obtained on cooling shows an anomaly in the region of
200260 K, with a peak around 247 K confirming a phase
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transition (Fig. 22 a). It is worth noting that both the
broad shape and the maximum value of ¢’ at 247 K are
characteristic of improper ferroelectric PTs.
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Fig. 22. The temperature evolution of the dielectric per-
mittivity &’ for a EACC single crystal, (a) upon cooling and
warming at f = 1 kHz; inset: the inverse dielectric sus-
ceptibility in the vicinity of the phase transition and (b)
the corresponding dielectric dispersion at various frequencies
(on warming); inset: the dielectric loss D, upon heating at
f =100 kHz. (c) shows the spontaneous electric polarization
P measured upon cooling.

To the first approach, one could suggest that anoma-
lies in €’ on cooling are related to the same transition
and the low temperature wing appearing below T5 is re-
lated to the influence of domain-wall dynamics. Howev-
er, in the corresponding data obtained upon warming,
we can resolve two closely separated maxima at around
Ty = 232 K and T5 = 247 K that are likely to arise from
different types of structural ordering, characteristic for
this compound [83,84]. An analysis of the inverse dielec-
tric susceptibility y ! as a function of temperature (inset
to Fig. 22 a) reveals a behaviour that follows the Curie—
Weiss law above T5. Moreover, the linear extrapolation
of x~! in the vicinity of the PT (temperature range of
250-255 K) intersects the X axis at the same tempera-
ture, i.e., at 247 K both upon warming and cooling, thus
pointing to a second-order type of PT at T5. Under such
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circumstances the value T5 = 247 K should be consid-
ered as an exact phase transition temperature leading to
polarization, while T = 232 K represents an addition-
al transition temperature in the sample. Therefore, the
obvious deviation from the Curie—Weiss behaviour (be-
tween Ty and Ty, as well as below T4 and the fact that
maximum in & occurs at higher temperature on cooling
(247 K) than on warming (232 K) are not features of the
same transition (i.e., not a thermal hysteresis effect) but
consequences of two closely situated phase transforma-
tions in the sample in the studied temperature range.

It is necessary to note that the temperature depen-
dences of the dielectric permittivity at cooling and warm-
ing show different slopes in the range of T, and 300 K.
The main reason of such a behaviour can be due to fer-
roelastic domain structure [85]. The effect of hysteresis
arises from the fact that we crossover the T5—T4 temper-
ature range and come back to the room temperature so
some ferroelastic domains [31] do not completely recov-
er to their initial state. The temperatures at which the
anomalies of the dielectric permittivity are observed (T}
and T5) are independent of the electric field frequency f,
confirming their relation to the PTs in EACC (Fig. 22b).
It is inferred that the anomalies in & should be the re-
sult of the order—disorder transitions connected with the
reorientation of the alkylammonium groups as a whole.
Organic chains flip among four equivalent orientations of
the NHj3 group inside the cavity of the CuClg octahdera
which is a common feature in (C, Ha,+1NH3)o M Cly per-
voskites [27, 28, 86].
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Fig. 23. Compensated ferroelectric hysteresis loop for a
EACC single crystal at 77 K.

The anomalies corresponding to the above-mentioned
PTs were also seen in the temperature dependence of di-
electric loss D (inset Fig. 22b). The assumption concern-
ing the occurrence of the intermediate phase between T,
and T5 correlates fairly well with investigations involving
ferroelastic domains in this system [85]. According to the

latter report there are two types of domains above T5,
one of which vanishes below this temperature (247 K),
whereas below T} all domains disappear. Under such cir-
cumstances the intermediate phase would be considered
as ferroelastic-improper ferroelectric one. In any case this
suggestion needs further confirmation by an independent
experimental method, such as X-ray diffraction or optical
ferroelectric domains observation under polarized light.

In order to verify the polar response of the EACC
we studied electric polarization by measuring an elec-
tric charge using automatic current integration with re-
spect to time. Figure 22c¢ shows the spontaneous elec-
tric polarization of the single-crystal sample measured
upon cooling from 300 K to 5 K (3 K/min) without
applied electric field. Indeed a large electric polariza-
tion, Pg = 18 uC/cm?, is found to develop at T < Ts.
Moreover, by demonstrating below that this compound
is also ferroelectric, we open the rare class of magnetic
multiferroics to the rich family of organic-inorganic per-
ovskites where distinct model magnetic and electrical-
ly polar compounds can be discovered. The ferroelectric
behaviour is identified by the current integration with
respect to the time method, which after leakage com-
pensation has provided a well defined ferroelectric loop
(Fig. 23) for EACC single crystal.

B. Conclusions

Therefore, we have provided compelling evidence that
the n = 2 member of the (C,,Ha,1+1NH;3)2CuCly fami-
ly is a magnetic multiferroic low dimensional compound
in which both electric polarization and dominant ferro-
magnetic interactions coexist. The EACC is a magnetic
and ferroelectric compound that belongs to an emerging
class of magnetic metal-organic multiferroics in which
electric polarization is not induced by magnetic spin re-
orientation but ferroelectric and magnetic orders form
independently. It is worth noting that a two dimension-
al character of the structure in this case is closely con-
nected with co-existence of the ferro- and antiferromag-
netic ordering that would be very important at further
investigations of the magnetoelectric effects character-
istic of the multferroics. Considering the abundance of
compounds with general formula (C, Ha,+1NH3)o M Xy,
where M is a divalent metal, e.g., Mn?t, Cd?*, Fe?*t
and Cu’?" and X is a halogen, the present results war-
rants screening other similar magnetic materials where
two functional subsystems are in action. The highly tun-
able organic building blocks in conjunction with 3d met-
al layers in hybrid perovskites offer an approach where
electric order induced by hydrogen bonding can coex-
ist with (ferro)magnetic phases and help to enrich the
rare family of room-temperature multiferroics. In this
regard one can note that not long ago we discovered
the giant magnetodielectric effect in the new multifer-
roic compound (N(CyHjs)4)2CoClBrs (TEACCB-3) [87],
which by its chemical composition is very close to dis-
cussed above TEACCB. Now it is clear that TEACCB-3
also would be easily transformed into the nanocomposite
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state using the same technology as for TEACCB. In such
a way one can combine both nanoferroic and multiferroic
in a one system.

VII. FINAL CONCLUSIONS

The numerous experimental data presented in this re-
view testify that transformation of the ferroics into the
low dimensional state, first of all, due to formation of
the nanocomposites drastically change their properties.
Due to the specific symbiosis of the quantum confine-
ment and other size effect one can observe principally
new properties and effects:

1) dispersion of piezoelectric type in the ferroelectric
nanocomposites (which were expected to be an isotropic
material!l) with a very high resonance frequency depend-
ing on the NC size;

2) clear shift of the phase transition temperatures at
decreasing of the NC size;

3) suppression of the ferroelectric properties at de-
creasing of the NC size;

4) growth of thermal stability of the nanocomposites
and corresponding polymer matrices due to embedding
of the ferroelectric NCs;

5) suppression of the thermochromic properties due to
the transformation from a bulk to NC state;

6) considerable narrowing and a blue shift of the crys-
tal field bands at decreasing of the NC size;

7) considerable enhancement of the third-order suscep-
tibilities of the ferroic nanocomposite at decrease of sizes
of the nanocrystals;

8) co-existence of the ferro- and antiferromagnetic or-
dering in the two-dimensional ferroics that would be very

important at further investigations of the magnetoelec-
tric effects characteristic of the multferroics.

These principal experimental findings look even much
more important when to take into account that due to
embedding into a polymer matrix in the NC state the fer-
roic become very attractive from the technological point
of view. The hygroscopic, brittle and thermally unstable
crystals grown from aqueous solution are transformed
by such a way that they would be used as a principally
new nonlinear optics elements, piezotransducers, sensi-
tive materials for sensors etc.
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V. KAPUSTIANYK

HAHO®EPOIKI — HOBI E®EKTHU, BTACTUBOCTI, MO>KJINBOCTI

B. Kanycraauk
Hayxoso-merHivHutl i HaBHAAbHUT YeHMP HUSDKOMEMNEPAMYPHUT Q0CALOHCEND,
Hayxoso-nasuaarvruti yenmp “©PAKTAJI”, xapedpa gpizuru meepdozo mina,
Jveiscoruti ynisepcumem imeni leana @parxa, eya. Jpazomarnosa, 50, 79005, Jlveis, Yrpaina

Oruisiy IpUCBSTYEHN aHAJIZY HAWHOBIIIMX PE3yJIbTATIB JOCIIPKEeHb eDeKTy KBAaHTOBOI'O 3allMPAHHs Ta IHIIINX
po3MipHux edekTiB y Hanodepoikax. OCHOBHY yBary MPHUJIJIEHO CIEKTPAJTHHUM, JTIETEKTPUIHUM 1 HeJHINHO-
OIITHYHMM BJIACTHBOCTSIM HaHOKOMNO3uTiB Ha ocHoBi MoHokpucrasiis (NHz(Cz2Hs)2)2CuCly (mani DEACC) i
(N(C2Hs)4)2CoCl;Bry (TEACCB). PosrsinyTi 0ocobimBoCcTi MarHiTHUX i J[ieJIeKTPUYHUX BJIACTHBOCTEN HA IIPH-
ky1aai Hu3bkopo3miproro depoika (CoHsNH3)2CuCly (EACC). IlpoanasnizoBano ¢dbizutni MexaHIi3MU HPUHIUIIOBO
HOBUX edeKTiB 1 BacTUBOCTEHl HAHOCTPYKTypoBaHUX (epoikiB. [lokazaHo, 0 3aBHAKKM BIPOBAKEHHIO B IIO-
JIMEpHY MAaTPWIIO y BUIVISAl HAHOKPUCTAJIB (PEpPOiKU CTAIOTH [y2Ke MPUBAOJIUBAME 3 TEXHOJOTIYHOTO TOTJISTY.
lNirpockomnivuni, KpuxKi #f TepMidHO HETPUBKI KPUCTAJIM, BUPOIIEH] 3 BOAHUX PO3YMHIB, TPAHC(HOPMYIOTHCS TAKUM
CrocoboM, 10 MOXKYTh OyTH 3aCTOCOBaHI K HEJIIHIHO-ONTUYHI eJIeMEeHTH, I1'€3011epPeTBOPIOBAYl, Iy TJIUBI MaTepi-
aJii JJ1si CEHCOPIB TOIIIO.
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