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On the basis of absorption spectroscopy data the temperature evolution of the optical absorption edge in the
region of phase transitions of [(CHj;)2CHNH;]4Cd3Clip (IPACC) and the same crystal doped with Cu®™ (IPACCC)
was studied. Performed investigations ascertained a noticeable influence of the doping with Cu®' ions on the
exciton—phonon interaction and respectively on the shape and temperature evolution of the optical absorption edge
of IPACC crystals. It has been found that characteristic parameters of Urbach’s rule show anomalous behaviour
at the phase transition point 7o = 293 K. It was shown that the low energy tail of the charge transfer band in
IPACCC is formed with participation of the internal vibrations of the metal-halogen complex. On the other hand,
the low energy tail of the fundamental edge for both IPACC and IPACCC is formed with participation of the
internal vibrations of the metal-halogen complex or skeletal (or translational) vibration of IPA cation.
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1. Introduction

Unusual structural architectures are formed in
halogeno-cadmate (II) compounds. Owing to the chemi-
cal flexibility of these hybrid organic-inorganic materials,
it is possible to create different crystal structures in or-
der to optimize their physical properties [1, 2|. Cadmium
compounds are also interesting from the point of view of
the role of this metal in the biological processes [3].

Various anionic substructures may be generated in
types of materials such as isolated octahedral and tetra-
hedral units, one-dimensional linear chains, ribbon-
like structures, and two-dimensional layers, by shar-
ing triangular faces, edges, or vertices of octahe-
dra. A wide variety of stoichiometries have been
found in this class of material, e.g. CdCl; [4],
Cd3Clg [5], CdCly, Cd3Clyg [6], CdClg [7], Cd3Clyy [8],
[C6H10N2]20d3C110, and [C4H14N2]Cd30110 which Pos-
sess an interesting structure where the anionic substruc-
ture consists of one-dimensional polymeric (Cd3Clyg)2n—
chains [9]. [CeHgN]**+[Cd3Clyg]*~, on the other hand,
crystallizes with a two-dimensional layered network of
(Cd3Clyp)*~ linear trimers that are interconnected by
bridging corner-shared chlorides [1].

IPACC exhibits several temperature-dependent phase
transitions and the structures of the individual phases
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were studied. Dielectric, dilatometric, X-ray, differential
scanning calorimetry (DSC), and optical studies [10-12]
showed and confirmed three phase transitions at temper-
atures 71 = 353 K, T, = 294 K, and T5 = 260 K [10].

The crystal structure of IPACC consists of two-
dimensional network of CdsClyy units interconnected
by isopropylammonium cations. According to the data
of [10] face-sharing CdClg octahedra form a [CdszClygla
polyanion. In the high temperature phase I the CdClg
octahedra are distorted. The octahedron I around Cd2 in
2/m is tetragonally compressed as the two axial Cd2-Cl4
bonds are shorter by 0.066 A than those in the equato-
rial plane. The initial molecular symmetry of such an
octahedron would be Dyy,. In the m symmetry there are
two similar octahedra (further — octahedron II) with
the Cd1(Cd3)-Cl6 distances ranging from 2.4839 (5) to
2.7126 (3) A. Although the one pair of distances is consid-
erably larger than other four, this octahedron possesses
the symmetry lower than tetragonal. At the phase tran-
sitions to the low temperature phases both types of oc-
tahedra become more distorted [10].

As it was suggested in [13]|, new IPACCC compounds
due to doping with Cu?* ions has generated special in-
terests for scientists, since they could reveal principally
new magnetic properties and possible magnetoelectric
coupling. Indeed, the related crystals with an alkylam-
monium cation and transition metal ions in their struc-
ture were found to be multiferroics since they are char-
acterised by coexistence of ferroelectric and magnetic
ordering [14-16]. Besides, it has been shown that the
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partial isomorphous substitution of Al>** ion with tran-
sition metal Cr37 is followed by a drastic change of mag-
netic and electric properties in the paramagnetic ferro-
electric NHy(CHgs)2Al —,Cr,(SO4)2-6H2O in comparison
with an initial diamagnetic crystal with x = 0. Moreover,
it was demonstrated that varying the rate of substitu-
tion (x = 0.065, x = 0.20) one can induce and even
tune the sign of the magnetoelectric interactions that
were found to be among the largest in the family of the
known multiferroics [17]. Therefore, one can conclude
that the effective interaction between magnetic moments
and electric charges, which is considered as an impor-
tant phenomenon in the modern solid state physics and
spin electronics, would be realised in the organometallic
compounds by means of isomorphous substitution with
transition metal ion [17].

On the other hand, the compounds of such a type
could be also interesting for nonlinear optics applica-
tions [18-20]. Doping of these crystals with transition
metal ions implies possibility of the quite large photoin-
duced effects, for example, second harmonic generation.

For the first time the properties of IPACCC crystals
were reported in [13]. The energy dispersive X-ray
(EDX) analysis showed that the amount of Cu doping
is about 0.5%. It was suggested that the sequence of
phases and their structures in IPACCC is very similar
to those in the initial crystals and some Cd atoms are
statistically replaced by Cu atoms in anionic complex
[Cd3Clyp]*~. This conclusion is confirmed by the data of
X-ray diffraction, heat capacity and crystal field spectra
study of IPACCC crystals [21]. Besides it was shown
that the temperatures of corresponding phase transitions
in the doped crystals are a little shifted with respect to
the initial one

Cmea(IV) =225 pheq(r11) 2222 K,

P2,2,2,(IT) =225, po, /b(1)

This paper is devoted to comparative study of tem-
perature evolution of the optical absorption edge in the
region of phase transitions of IPACC and IPACCC crys-
tals. The main purpose consists of analysis of nature of
the electron— (exciton—)phonon interaction (furthermore
— EPI) and corresponding parameters in different phases
of the investigated ferroics.

2. Experimental

IPACC and IPACCC crystals were grown at T =
304 K from an aqueous solution of CdCl; - 4 HyO and
(CHj3)2NH,Cl salts taken in the stoichiometric ratio with
a small excess of HCl. In the case of IPACCC, corre-
sponding amount of CuCl, was added into the solution.

The absorption spectra were measured using auto-
mated site based on ZMR-3 monochromator at the thin
(0.5+3 mm) freshly cleaved crystalline platelets (parallel
to the layers). The polarized and nonpolarized light was
propagated along the principal axes of the crystal.

A special liquid helium cryostat together with
a temperature controller “UTREX” and the germa-
nium temperature sensor provided necessary precision
of the temperature measurements and stabilization
(AT = +0.1 K).

3. Results and discussion

The polarized absorption spectra of IPACCC crystals
are shown in Fig. 1 in comparison with those for ini-
tial IPACC. The absorption bands observed within the
range of 650 <~ 1050 nm are characteristic of the inter-
nal transitions of the Cu?* ion being in the distorted
octahedral co-ordination of the chlorine ions. Details
of the temperature evolution of the crystal field absorp-
tion spectra are described in [13]. The intensive absorp-
tion peaks observed at the energies higher than 2.9 eV
(250-450 nm) are attributed to the charge transfer (CT)
transition Cl 3p —Cu 3d. Their low energy tail forms
the additional absorption edge in IPACCC (see Fig. 2).
At the higher energies (A < 250 nm) for both crystals
one can observe the optical absorption edge that would
be related to the electron transitions of Cl 3p —Cd 5s
type (transition from the top of valence band on the
bottom of conductivity band) which will be analyzed
furthermore.
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Fig. 1. The comparison of the absorption spectra of

IPACC and IPACCC, at room temperature obtained
for light polarisation El|a.

As it follows from Fig. 2, the high energy absorp-
tion edge does not show any pronounced pleochroism,
whereas the position and, most of all, the intensi-
ties of the CT bands considerably depend on polariza-
tion of light reflecting the distortion of the Cu?* ion
coordination.

Due to presence of Cu?*t in their crystalline structure
TPACCC type crystals become appropriate substances for
investigations of electron— (exciton—)phonon interaction
(furthermore — EPI). Study of temperature evolution of
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Fig. 2. The absorption spectra of IPACCC, at room

temperature obtained for light polarisations E||a, E||c
and for nonpolarized light.

the absorption edge in the aforementioned crystals should
be considered as a very interesting scientific problem.
It remains important for the physics of solid state, first of
all, due to the variety of attempts to explain the appear-
ance of low energy tail of the edge band in different crys-
tals. The temperature evolution of the optical absorption
edge in A;BX, type compounds with an alkylammonium
cation was analyzed in detail in [22]. It has been shown
that for most phases of these crystals with exception of
the incommensurate ones the absorption edge follows the
empirical Urbach rule:

a = agexp (‘;g (Fiw — EO)) , (1)

where ag, Ey are the constants, Aw is the energy of pho-
tons, and kp is the Boltzmann constant. The parameter
o(T) characterizes the broadening of the absorption edge.

It is almost evident that for the A;BX, and ABX3 type
compounds with an alkylammonium cation this exponen-
tial tail originates in the electron— or exciton—phonon in-
teraction discussed by a number of authors. In this case
o(T) parameter, usually, is presented as

2kpgT A
T = h{ —— 2
o(T) = o9 i tan (QkBT>’ (2)

where the dimensionless oy parameter is connected with
the constant of EPI, fwwy is the effective energy of phonons
interacting with photons.

Some characteristic features of the EPI in the A,BXy
type compounds with an alkylammonium cation have
been ascertained in [22] with employment of the Sumi-
Toyozawa model [23]. In particular, it was shown that
the strength of EPI, which is inversely proportional to
the parameter o(, considerably depends on the nature
of the edge band. A small value of ¢ in the H-bonded
compounds was associated with presence of the exciton
absorption band composed of the alkylammonium heads.
In this case the comparatively strong exciton—phonon in-

teraction is fairly well described by the model of the self-
trapped exciton. On the other hand, when the low energy
tail is formed by the transitions of CT Cl 3p —Me 3d or
transitions of Cl 3p —Me 4s (Me 5s) type, the strength
of EPI was found to be much lower. These conclusions
should be simply checked by comparison of IPACC and
IPACCC since these crystals manifest the intensive bands
of the mentioned types within the appropriate spectral
region. Under such circumstances comparing the data
concerning the temperature evolution of the absorption
edge in IPACC and TPACCC crystals one could obtain
the information about the difference in the nature of EPI
in both cases.

In the case of initial IPACC crystal one can conclude
that the optical absorption edge is not formed with par-
ticipation of the self-trapped exciton contrary to the case
of other compounds with alkylammonium cations, that
are characterised by much more pronounced broadening
of the edge [22, 23]. Under such circumstances the edge
band for both investigated crystal are thought to arise at
the energies higher than 5.15 eV due to Cl 3p —Cd 5s
transitions involving participation of free excitons. The
low energy tail of this band forms the absorption edge
both in IPACC and IPACCC. Such a conclusion is con-
firmed by the detailed analysis of the parameters empir-
ical Urbach rule.

Figure 3 and 4 present temperature evolution of the
low energy tails of the fundamental edge band for IPACC
and for IPACCC and charge transfer bands for IPACCC.
Corresponding dependences of the absorption coefficient
in the logarithmic scale on energy are presented for dif-
ferent temperatures within the two different phases —
IT and III. We limited our investigations to the temper-
ature range between 77 and T3 — temperatures of the
first order phase transition. Below T3 a sample is usually
cracked due to arising mechanical tensions and cannot be
used anymore for further optical investigations. In order
to avoid the influence of the similar tensions and corre-
sponding cracks on the experimental results also around
T1 we do not perform the investigations above this
temperature.

According to (1) Inae = f(E) dependences in the vicin-
ity of low energy tail of the fundamental absorption edge
possess a straight-line character and cross at one point
with the coordinates Ey and «g (see Table I) for majority
of phases and polarizations for both investigated crystals
(Fig. 3). Availability of a single crossing point testifies to
the fulfilment of the Urbach rule. On the other hand, in
the case of the high temperature phase II in IPACCC for
polarization F||a (Fig. 3c) Ina = f(E) lines do not cross
at a single crossing point. Such behaviour can be ex-
plained by overlapping of the mentioned absorption edge
with the neighbouring CT bands.

One can also note that the low energy tail of the CT
bands in IPACCC also follows the Urbach rule (Fig. 4)
although the corresponding crossing point is shifted con-
siderably towards lower energies with respect to the case
of the fundamental edge (Fig. 3).
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Fig. 3. Dependences of In a on the photon energy in vicinity of the fundamental absorption edge, obtained at different
polarizations of light for the high temperature (T' > T3) (a, c, ) and the low temperature phases (T' < T2) (b, d, f) of
IPACC and IPACCC crystals.

Urbach’s parameters of IPACCC and TABLE I
IPACC (fund. — fundamental)
551 |pAccc Ella Temp. Eo | 7o Identification
In g a oo
K] [eV]] [em™1] of phonons
504 IPACC 255294 | 199 | 6.4 485 10.535 C-C-N
3 (fund.) FElla|294-353| 16.4 | 6.14 155 |0.394| vo Me—-Cl
£ IPACCC |255-293| 11.9 | 6.06 157 10.247| v Me-Cl
45/ (fund.) El|la|293-355| - - - -
IPACCC |255-293| 13.2 | 6.34 335 [0.266| v3 Me-Cl
(a) (fund.) E||c|293-355|11.51|6.12| 75 |0.228|trans C-C-N
4.0 T T T IPACCC |255-295| 5.64 | 3.3 267 [0.155| wv1 Cu-Cl
3.0 3.1 32 33 (CT) E|la |293-355| 5.49 | 3.28 | 338 |0.164| w5 Cu-Cl
E, [eV]
6.0
Analyzing the obtained data, it is necessary to note
IPACCC Ella that Figs. 3 and 4 present the dependences and corre-
551 sponding extrapolating lines in the very wide scale of en-
ergies and the absorption coeflicients in order to demon-
% 504 strate the intersection point. Under such circumstances
- there appears an impression of lack of data to be pro-
cessed. In fact, for each extrapolation case we have used
4.5 several tens of data points. The corresponding exper-
(b) imental data in the more appropriate coordinates and

31 32 33 scales are presented in Figs. 1 and 2.

E, [eV] The steepness of the aforementioned linear de-
Fi D 4 ‘1 he bh ) pendences determines the parameter o for a certain
ig. 4. Dependences of Ina on the photon energy in temperature

vicinity of the low energy tail of the CT band of IPACCC
for polarization of light E||a and different temperatures o(T) = A(In k) knT (3)
within: (a) high temperature phase II (T' > T3), (b) low A(hw) B

temperature phase III (T' < T5).
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Its temperature dependence as well as the isoabsorption
temperature dependence of the energy E’ corresponding
to a constant value of « (Fig. 5) would be sensitive to the
phase transitions. In spite of some subjectivity in the de-
termination of E/, this parameter, at least, reflects the
energy position of the absorption edge. As it is clearly
seen from Fig. 6, this parameter for the fundamental edge
shows only a very weak change of slope in vicinity of
Ty = 293 K for IPACCC. Such a behaviour testifies that
character of EPI in this case is not affected noticeably by
the phase transition in both compared crystals. On the
other hand, corresponding parameter for the edge of the
CT band in IPACCC manifests a clear change of slope
at the mentioned phase transition reflecting a more con-
siderable change of the EPI. As it is clearly seen from
Fig. 6, the corresponding o(7T") dependences manifests
much more pronounced anomalies at the phase transi-
tion point Ty for IPACCC than in the case of the initial
crystal. One can conclude that the EPI is more affected
by this phase transition in the crystal doped with cop-
per. More detailed information concerning these changes
would be drawn from the analysis of the parameters of
the empirical Urbach rule (1).
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Fig. 5. Temperature dependences of the parameter
E'(T) for the fundamental edge (a) and charge trans-
fer (b) band.

Every phase of IPACCC, in principle, possesses its own
oo and Awg constants in the case of fulfilment of the Ur-
bach rule. These parameters are calculated on the basis
of Eq. (2). In Table I the data obtained are compared
for both investigated crystals.
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Fig. 6. As in Fig. 5, but for the parameter o(T).

The values of effective energy hwg calculated for differ-
ent phases of both crystals would be more convenient to
present as the wave numbers. In such a case it would be
easy to compare them with certain vibration modes ob-
tained by means of vibrational spectroscopy [24]. These
effective values of the phonons participating in the EPI
were found to be very close to the energies (wave num-
bers) of the real internal vibration of the metal-halogen
octahedra and skeletal (or translational) vibration of IPA
cation. It has been found that the low energy tail of
the CT band in the phases II and IIT of TPACCC is
formed with participation of the internal vibrations of
the metal-halogen complex. This looks natural since the
process of charge transfer proceeds exactly within this
complex. Concerning the tail of the fundamental edge
for IPACCC, it is formed with participation of the inter-
nal vibrations of the metal-halogen complex in the phase
IIT and translational vibration of IPA cation in the phase
IT (E||c). On the other hand, the skeletal vibrations of
the organic group (C—C-N) are mostly responsible for the
formation of the absorption edge in the low temperature
phase II, whereas the internal vibrations of the metal—-
halogen complex participate in this process in the high
temperature phase of IPACC.

In spite of the fact that the values of effective phonon
energies generally were found to be close for both com-
pared crystals, a considerable difference was observed in
the values of og. Concerning the low energy tail of the
fundamental edge, one can note a considerably larger
value of the mentioned parameter for both phases in the
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initial crystal that implies much smaller value of the EPI
strength and respectively less pronounced broadening of
the edge than in IPACCC. The second conclusion for the
copper doped crystal would be that the CT band is char-
acterised by smaller values of oy compared to those for
the fundamental edge. This reflects in a more pronounced
broadening due to EPI.

4. Conclusion

Performed spectral investigations ascertained a no-
ticeable influence of the doping with Cu?* ions on the
exciton—phonon interaction and respectively on the shape
and temperature evolution of the optical absorption edge
of IPACC crystals. Due to this interaction, for the phases
IT and IIT of both IPACC and IPACCC crystals, the low
energy tails of the edge bands are described by the empir-
ical Urbach rule. The only exception concerns the phase
IT in TPACCC for the light polarised along a axis, when
Ina = f(E) lines were found to not cross at a single point.
Such a behaviour is explained by overlapping of the men-
tioned absorption edge with the CT bands. It has been
found that characteristic parameters of the Urbach rule
show anomalous behaviour at the phase transition point
T5. It is important to note that the corresponding o (7T)
and E'(T') dependences manifest much more pronounced
anomalies at the phase transition point 75 for IPACCC
than in the case of the initial crystal that implies more
considerable corresponding change of EPI character for
the crystals doped with copper.

It has also been found that the low energy tail of the
CT band in IPACCC is formed due to participation of the
internal vibrations of the metal-halogen complex that is
connected directly with the charge transfer proceeding
exactly within this complex. On the other hand, the low
energy tail of the fundamental edge for both TPACC and
IPACCC is formed due to participation of the internal
vibrations of the metal-halogen complex or skeletal (or
translational) vibration of IPA cation.

It was also shown that partial metal ion substitution is
followed by increase in of the EPI strength in the investi-
gated crystals. Taking into account the calculated values
of 0p constant according to the classification proposed
in [22] the fundamental edge band for both investigated
crystal would be related to Cl 3p —Cd 5s transitions.
Their low energy tail similarly to those for the CT band
would be described on the basis of the Sumi-Toyozawa
model involving participation of free excitons.
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