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The paper is devoted to the study of ferroelastoelectric domain structure and peculiarities of nano- and
microcrystals growth on the surface of [(CH3)2CHNH3]4Cd3Cl10 (IPACC) crystals. The domains in the
ferroelastoelectric phase lying below 294 K were visualized using an atomic force microscope. It was
shown that the surface morphology of IPACC crystals kept for a long time (from one up to twelve
months) in open air undergoes considerable changes in comparison with the freshly cleaved samples.
Our samples are characterized by the growth of nanocrystals at the first stage and larger microcrystals
at the next stages of the sample aging. Other types of elements observed on the surface were nano-
or microrods. The model describing the peculiarities of the surface morphology and domain structure
modification arising in the process of aging was proposed.
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1. Introduction

Unusual structural architectures are formed
in halogeno-cadmate(II) compounds. Owing to
the chemical flexibility of these hybrid organic–
inorganic materials (i.e., the flexibility which ac-
commodates different organic counterions as well
as inorganic components), it is possible to cre-
ate different crystal structures in order to opti-
mize their physical properties [1–9]. For example,
the (CH3)2CHNH3)4Cd3Cl10 (IPACC) crystal with
a rather unusual arrangement of the metal–halogen
complex belongs to this large family of compounds.
It exhibits several temperature-dependent phase
transitions and the structures of individual phases
were studied. Dielectric, dilatometric, X-ray, DSC
and optical studies [10–12] showed and confirmed
three phase transitions (PTs). This can be pre-
sented in the temperatures scheme

Cmca
T1−→ Pbca

T2−→ P212121
T3−→ P21/b,

(I) (II) (III) (IV)

where T1 = 353 K, T2 = 294 K and T3 = 260 K.
The phase transition at T1 = 353 K was asso-

ciated with the distortion of the anionic sublattice
and possesses a displacive character, whereas the
remaining transformations are dominated by order–
disorder phenomena of the cationic sublattice.

In order to reach a deeper understanding of
structural transformations at the phase tran-
sitions, we have grown IPACC crystals with
a partial substitution of Cd2+ ions with Cu2+
— [(CH3)2CHNH3]4Cd3Cl10:Cu (furthermore
IPACCC). The Cu2+ ion with a surrounding
complex was considered as a convenient “probe”
in this crystal structure due to the characteristic
electron transitions, with the energies correspond-
ing to the visible and near infrared regions of
spectra. IPACCC crystals were investigated by
the methods based on the crystal field spectra
and corresponding program packages as well as on
vibrational spectroscopy in order to obtain detailed
information about the structural changes at the
phase transitions [13–16].

According to the obtained data and also on the
basis of X-ray diffraction study [10], the anionic
complex for both the IPACC and IPACCC crys-
tals was found to possess the same symmetry. This
complex consists of three “metal–halogen” octahe-
dra with different orientation of their axes relatively
to the main crystallographic directions [13–16]. This
information concerning the phase transitions was
complemented by the data of differential scan-
ning calorimetry (DSC) studies [10]. It has been
found that IPACCC possesses the sequence of
phase transitions very similar to those in the initial
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IPACC, although the temperatures of these transi-
tions are a little shifted. They were found to oc-
cur at 358, 293, and 253 K during cooling. New
IPACCC compounds due to doping with Cu2+ ions
become of special interest for scientists. They
are considered as potential magnetic multiferroics
like other related compounds with an alkylam-
monium cation possessing principally new mag-
netic properties and magnetoelectric coupling due
to the presence of transition metal ions in their
structure [17–20].

On the other hand, interest in the initial IPACC
crystal grew considerably when the ferroelastoelec-
tric domain structure was visualized for the first
time in the analogue doped with copper (in the
phase III lying below 293 K) using atomic force
microscopy (AFM) [21]. Such data are very im-
portant since only a few specific examples of high
order ferroics of this type are currently known. This
is because the ferroelastoelectric domains are hardly
detectable [21, 22].

Under such circumstances, it would be interest-
ing to check whether the ferroelastoelectric domain
structure is a peculiar feature only of the doped
crystals or it would also be visualized in the initial
IPACC. Besides, it would be interesting to com-
pare the obtained data with those for the compound
doped with copper. Such investigations are im-
portant not only for the fundamental science but
also for practical applications. Indeed, the reg-
ular domain structure observed in the analogue
doped with copper [21] is quite suitable for the cre-
ation of diffraction gratings. Under such circum-
stances, a special attention has to be devoted to
a sample stability as well as to the processes of
aging in open air and their impact on its surface
morphology.

2. Experimental

Transparent IPACC crystals were grown
at T = 304 K from an aqueous solution of
CdCl2·4H2O and (CH3)2NH2Cl salts taken in the
stoichiometric ratio with a small excess of HCl.
The grown samples are easily cleaved along ac
planes.

The morphology of a sample surface was analysed
using an AFM Solver P47-PRO in the contact and
semicontact modes and a scanning electron micro-
scope REMMA-102-02 (SELMI, Ukraine).

The elemental chemical composition of the sam-
ples was examined by SEM using an energy-
dispersive X-ray (EDX) analyzer (the acceleration
voltage was 10 kV; K- and L-lines were used).

3. Results and discussion

The data of EDX analysis presented in Fig. 1 con-
firm the chemical composition of the grown IPACC
crystals.

Fig. 1. The EDX analysis data for IPACC crystals
averaged over the surface.

Fig. 2. Domain structure of the freshly cleaved
sample of b-cut of IPACC crystal visualized at
T = 280 K by AFM using contact (a) and semicon-
tact (b) modes.

Investigations of a possible domain structure are
of special interest. Normal ferroics such as ferroe-
lastics are easy to identify from optical indicatrices,
which are distinct for different domains. In higher
order ferroics, distinct twins usually no longer differ
in neither spontaneous strains or optical indicatri-
ces and, as a consequence, they are rather difficult
to detect [22].

At the equitranslational structural transition
Pbca → P212121 (at 294 K) in the investigated
crystal, spontaneous piezoelectric tensor compo-
nents d14, d25, and d36 arise [22]. This means that
by applying an electric field along the b axis one
can obtain mechanical shear deformation in the ac
plane and vice versa — the application of the corre-
sponding shear stress will be followed by arising of
the polarization along the b direction. The domains
would be switched by a simultaneous application of
mechanical stress and electric field in appropriate
directions.

In order to visualize possible ferroelastoelectric
domains, we used the atomic force microscope in
the contact and semicontact mode. In these cases,
we investigated the freshly cleaved thin samples of
b-cuts (see Fig. 2). First of all, the temperature
of a sample was stabilized at the constant temper-
ature T = 280 K far below the phase transition
at T2 = 294 K. In the contact mode, one can ob-
serve a regular pattern of the parallel strips with
an average thickness of nearly 1 µm that would be
considered as domains (see Fig. 2). It is necessary
to note that the domain boundaries are also seen in
the semicontact mode although the pattern is less
distinct. These data show that the contact mode is
more convenient for the visualization of the ferroe-
lastoelectric domain pattern.
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Fig. 3. 3D presentation (a) and profile (b) of the
surface presented in Fig. 2a.

In order to draw more convenient information
from the AFM data, we prepared a 3D presentation
(Fig. 3a) and profile (Fig. 3b) of the sample surface
presented in Fig. 2a. As it is clearly seen, the aver-
age thickness of the domains is 1 µm, whereas the
difference in heights of this regular relief was found
to be varied from 0.5 nm up to 1 nm.

A special question needs to be answered: why
is it possible to distinct the ferroelastoelectric do-
mains in the contact mode of AFM. One can sug-
gest that the main reason is the shear stress arising
when the sample is cleaved. The stress appears in
the ac plane. Taking into account that the neigh-
boring ferroelastoelectric domains differ by the sign
of the component of the piezoelectric effect tensor,
they should be distinguished by a sign of the electric
polarization. Under such circumstances, the prob-
lem of the domains visualization looks very similar
to that in the ferroelectrics. The conventional con-
tact mode of AFM has been used for domain studies
via investigation of the domain-related surface mor-
phology of ferroelectrics [23].

There are several mechanisms which can provide
morphological contrast of ferroelectric domains:
(1) topographic steps at domain boundaries due to
the structural difference between positive and neg-
ative ends of domains; (2) inclination of the cleaved
surfaces according to the polarity of domains and
the direction of cleavage propagation [23]. The sec-
ond mechanism looks more sufficient to explain the
observed domain pattern in the investigated ferroe-
lastoelectric.

The next stage of our experiments was devoted
to the study of the influence of crystal aging on
its domain pattern and surface morphology. In the
aged sample, we observed in the contact mode a less
regular structure with a domain thickness varying
from 2 to 3 µm and the difference in heights of this
regular relief was found to be varied up to 100 nm
(Fig. 4b). The mentioned sample after cleavage was
kept at open air atmosphere for a long time — close
to one month. One can mention that such samples
are characterized by the appearance of peak-like el-
ements with a diameter starting from hundreds of
nanometers up to a few micrometers and the heights
— from a few tens of nanometers up to 200 nm.
Growth of similar nano- and microcrystals was al-
ready observed on the surface of other crystals with
an alkylammonium cation [24] as well as in the

Fig. 4. Domain structure of the aged sample of
b-cut of IPACC crystal, kept in open air for at
least one month, visualized at T = 293 K by
AFM using contact mode (a) and corresponding 3D
presentation (b).

Fig. 5. The evolution of the domain structure un-
der temperature in a freshly cleaved sample of
IPACC crystals in the vicinity of the phase tran-
sition at T2 = 294 K. The considered temperatures
in the regimes of heating are (a) T = 293 K, (b)
T = 294 K, up to (c) T = 297 K, and further cool-
ing at (d) T = 293 K.

layered compounds like cadmium iodide [25]. The
models of the corresponding processes were fairly
well described in the mentioned papers.

Comparing the images presented in Figs. 2–4 one
can conclude that the character of the domain struc-
ture, the domain width as well as the heights of the
relief elements depends on a sample, and first of all,
on its preceding history.

In order to confirm that quite a regular strip-like
pattern observed in a freshly cleaved sample is really
connected with a domain structure, we performed
its investigations in a contact mode in the temper-
ature region below and above the phase transition
point T2 = 294 K (Fig. 5). The domain pattern
which is distinct at T = 280 K becomes less clear at
approaching phase transitions and practically dis-
appears in the high temperature phase II. Never-
theless, during cooling the domains appear again
below T2 = 294 K.

During heating, the domain structure did not dis-
appear at the moment of approaching the phase
transition point. In some part of the sample it was
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Fig. 6. SEM images of IPACC of various regions of
the aged crystal surface presented in different scale
(a)–(d).

still observed until the temperatures a little higher
than T2. A similar retardation in restoring the do-
main structure was observed in the vicinity of this
point at cooling. Such a behavior is characteristic
of the first order phase transitions. On the other
hand, one can suppose that the crystal surface stays
periodically corrugated even during a certain time
after the disappearance of the domain structure at
heating above T2 due to the remnant deformation
of the sample.

It is necessary to note that different freshly
cleaved samples of IPACC crystals are character-
ized by a very similar regular structure with very
close sizes of domains. Moreover, the surface of
the crystal is modulated with an amplitude close
to 1 nm. The neighboring domains should differ
by their optical characteristics, first of all, by the
refractive indices due to a different sign of the elec-
trooptic effect [23]. Due to this, IPACC crystals
could be used as the diffraction grating with a pe-
riod close to 1 µm.

Let us consider in detail the nano- and mi-
crocrystals arising at the single crystal surface of
IPACC at the process of aging. The observed phe-
nomenon appeared to be strongly dependent on
time. When the sample was kept in open air dur-
ing 12 months, the mentioned microcrystals became
much larger and covered practically the entire sur-
face of the single crystal (see Fig. 6a). It is clear
that their sizes vary within the framework from
0.5 to 10 µm. In this case, the scanning elec-
tron microscopy looks much more sufficient for the
study of the crystal surface morphology. Figure 6b
presents the mentioned microcrystals in a more de-
tailed scale. It is interesting to note that their
habit looks very similar to that of the bulk single
crystal. Another interesting feature of the surface
morphology is the appearance of the nanorods at
the late stage of aging (Fig. 6c, d). Their diame-
ter varies from 1 to 4 µm and their length reaches
few tens of µm.

On the basis of the performed investigations, one
can propose the following model of the nano- and
microcrystals growth on the surface of the IPACC
bulk crystal. At sufficiently high humidity of atmo-
spheric air due to a little hygroscopic nature of the
sample, water from the atmosphere is absorbed and
condensed on a crystal surface. The crystal is dis-
solved creating a saturated solution. According to
the data concerning a crystal similar in its chemi-
cal composition [24], such a process is realized when
the reciprocal humidity reaches at least 70%. When
the humidity or temperature of the environment
decrease, the solution becomes supersaturated and
there starts a process of the nanocrystals growth.
At the next stages of this process, they grow up
to the micrometer sizes. Such a process is realized
due to the surface tension, when the water droplet
covers a nano- or microcrystal and a surrounding
area of a bulk crystal. The dissolution and growth
of the nano- or microcrystals alternate one after
another [24].

It is interesting to note that according to the
data of the EDX analysis, the observed nanorods
are characterized by some small content of oxygen
atoms. This could testify that the nanorods may
contain the crystallization water. Unfortunately,
the EDX analysis is not sufficiently sensitive and
precise for a quantitative analysis of such elements
like oxygen. Therefore, such a conclusion has to be
confirmed by independent, more precise methods.

The water condensed from the atmosphere on the
crystal surface also causes a specific etching of the
sample. One can suppose that the etching rate is
different for the neighboring domains, that is, de-
pends on the sign of the corresponding piezoelec-
tric coefficient. Taking into account the mentioned
mechanical stress arising at the process of crystal
cleavage, one can conclude that these domains also
possess a different sign of polarization on the inves-
tigated surface. Due to this, the domain structure
causes much more pronounced modulation of the
aged sample surface in comparison with the freshly
cleaved one. Such an effect is already known for the
ferroelectrics. Indeed, for the hydrophilic materials,
such as TGS and GASH, when exposing a sample
to humid atmosphere, one can reveal the ferroelec-
tric domains due to selective surface etching by the
water vapor [23].

4. Conclusions

Using the methods of AFM microscopy we con-
firmed that IPACC crystals are characterized by the
ferroelastoelectric domain structure similar to that
in the same crystal doped with copper (IPACCC).
On the other hand, one can suggest that a con-
siderable difference was observed in both compared
crystals. In IPACCC, the regular pattern of the
parallel strips with an average thickness of nearly
4 µm was superimposed with the system of thin-
ner strips (nearly 1 µm). The boundaries of the
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smaller domains were found to be turned in respect
of the boundaries of the larger domains by the angle
a little less than 100◦ [21]. On the basis of the per-
formed investigations of different IPACC samples,
one can conclude that the initial crystals possess
only one type of domains. It seems that doping
with copper would considerably change the param-
eters of the ferroelastoelectric domain structure.

The surface morphology of IPACC crystals kept
for a long time (from one up to twelve months) in
open air undergoes considerable changes in compar-
ison with the freshly cleaved samples. The samples
are characterized by the growth of nanocrystals at
the first stage and larger microcrystals at the next
stages of the sample aging. Such a behavior was re-
lated to a little hygroscopic nature of IPACC. At the
sufficiently high humidity of the environment, the
atmospheric water condensed on the bulk crystal
surface causes the alternating process of bulk crys-
tal dissolution and nano- or microcrystal growth.
By their shape, these nano- or microcrystals look
very similar to the bulk crystal habit.

Another type of the elements observed on the sur-
face would be considered as nano- or microrods. Ac-
cording to the qualitative data of the EDX analy-
sis, they would contain oxygen that may be con-
nected with the formation of the crystal hydrate
compound.

The water condensed from the atmosphere on the
crystal surface also causes a specific etching of the
sample with a different rate for the neighboring do-
mains. One can suggest that this process depends
on the sign of the corresponding piezoelectric co-
efficient or the sign of the polarization caused be
the shear mechanical stress arising at the process of
crystal cleavage.

In order to avoid the mentioned processes con-
nected with the influence of atmospheric water,
IPACC samples should be kept at conditions of low
humidity.

It is interesting to note that no similar pro-
cesses of aging were detected in IPACCC crystals
doped with copper [21]. Due to this, such materi-
als look more suitable for the mentioned practical
applications.
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