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Birefringence dispersion study in (C,,H,sNH;),ZnCl, crystal near its isotropic point
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The optical dispersion in the organic-inorganic bis-dodecylammonium zinc tetrachloride
(Ci;H,5NH;3),ZnCl, crystal [in short, BAA(12)-ZnCl,] around its isotropic point was investigated
by means of birefringence and optical-absorption measurements. The birefringence dispersion
data are analyzed with use of a simple oscillator model based on the optical band structure of
BAA(12)-ZnCl,. The adjustable parameters used for the theoretical birefringence are related with
the oscillator strength and average position, respectively. The thermal behavior of the involved
parameters is in accordance with the optical-absorption data obtained from the temperature
dependence of the absorption edge. These results suggest the existence of a structural phase tran-

sition at 315 K.

I. INTRODUCTION

In the last few years an increasing interest has arisen
on the study of perovskite-layer compounds, with
the general formula (C,H,, ;NH;,MX, [bis-
(alkylammonium)MX,, abbreviated hereafter as BAA-
MX,] related to the low-temperature magnetic order,
structural phase transition sequences, and long-chain
conformational changes.!~> This interest was recently
reinforced by the detection of incommensurate phase
transitions in BAA(3)-MnCl,,°~!° and a pure and proper
gyrotropic phase transition in BAA(5)-ZnCl,.!" More-
over, the existence of isotropic points together with a
high optical dispersion were found in long-chain
(n=10,12,14) BAA(n)-ZnCl, and BAA(n)-ZnCl,Br,,"?
and in the short-chain BAA(2)-CuCl, crystal.!?

These optical properties open up new possibilities for
the members of the BAA(n)-MX, family'* and lead us to
look for an explanation to this singular behavior.

The wavelength and temperature dependence of the
isotropic points, were extensively studied by some of the
authors'? by using conoscopic observation normal to the
crystal plates, and measuring the acute apparent optical
axial angle 2E. For a given wavelength and starting at
room temperature, 2E decreases as temperature in-
creases, going finally to zero at some T, (isotropic or
uniaxial point temperature). At this point, on further
heating, the optical plane rotates 90° and 2E starts to in-
crease again. As we shall later see, this crossed axial
plane dispersion appears to be a general feature related
to the optical band structure and thermal and structural
peculiarities of these layer crystals with aliphatic chains.
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The aim of this paper is to study the optical dispersion
in BAA(12)-ZnCl, around its isotropic point by means of
birefringence measurements as a function of wavelength
and temperature. Birefringence studies form an ade-
quate basis for a quantitative approach because the
wavelength of isotropy is clearly resolved in the
birefringence dispersion curves. Moreover, birefringence
data can be analyzed by means of a simple oscillator
model based upon the optical band structure of the crys-
tal. The adjustable parameters used for the birefringence
parameterization show a good experimental fitting of the
oscillator model and suggest the existence of a phase
transition at 315 K.

The general features of the optical band structure are
presented in Sec. II, and in Sec. III the oscillator model
for the birefringence dispersion is described. The experi-
mental results are shown in Sec. IV, and their discussion
is presented in Sec. V.

II. THE OPTICAL BAND STRUCTURE

Long-chain BAA(n)-ZnCl, compounds have a pro-
nounced two-dimensional structure of n-alkylammonium
layers alternating with layers of isolated ZnCl, tetrahe-
dra. The organic layer is formed by intercalated chains
attached alternatively to both neighboring layers of
ZnCl, units by weak hydrogen bonds from NH; groups
to Cl ions,” and the interlayer bonding is achieved by
Van der Waals forces between the carbon chains as well
as long-range Coulomb forces. In all these structures,
the aliphatic chains always tend to organize in the most
efficient way, and this is accomplished when each chain
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is in the all-transconformation and lies parallel to the
others. This direction tends to be perpendicular to the
ZnCl, layers.'® At room temperature the BAA(12)-
ZnCl, crystal belongs to the monochmc P2,/c space
group with lattice parameters a= 10.379 A, b=7.409 A,
c=44.399 A, and a=105.56"."7

The main characteristics of the energy band structure
are well in accordance with these facts and support the
principal role played by the ZnCl, tetrahedra. The opti-
cal absorption spectra of at BAA(12)-ZnCl; at room
temperature obtained in the visible and near infrared re-
gions show that the crystal is highly transparent as ex-
pected if electronic transitions are due to the ZnCl,
units. Figure 1 presents the optical-absorption measure-
ments in the ultraviolet region. As can be observed, an
absorption peak is found at about 190 nm below the
abrupt intense cutoff on the low-energy side of the fun-
damental absorption edge of the crystal. The low-energy
side of the absorption peak shows an Urbach struc-
ture!®—!° with a tail starting at about 230 nm at room
temperature. Figure 2 shows the intensity of the peak as
a function of temperature. This peculiar behavior can be
explained by taking account of the covalent bonding
effects between the chlorine and metal ions. The molec-
ular orbital method seems to give the most realistic ap-
proach to the electronic structure of the compound.
Figure 3 shows a simplified bonding scheme for a
tetrahedral complex. The metal ion energy levels at the
left interact with the ligand orbitals of the same symme-
try type at the right to form the energy levels shown in
the middle of the figure. The o ligand orbital combina-
tions transform according to the 4, and T, representa-
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tions of T, and include both s and p orbitals. The 7 p-
like ligand orbital combinations transform according to
E, T,, and T, whereas the 3d-like metal orbitals trans-
form according to E and T,. The 4s-like metal orbital
transforms according to 4, and the 4p-like orbitals, ac-
cording to T,.%° As can be seen in Fig. 3 the two broad
m,o-like ligand orbitals are filled to completion, as well
as the d-like metal levels e(#*) t(o*,7*) which are oc-
cupied by the ten electrons coming from the Zn core.
Excitation processes can induce transitions from the
outer electronic configuration t$ () of the 7 p-like filled
ligand orbitals to the empty a; (o*) 4s-like metal level.
From a group-theoretical point of view the (¢
configuration of the electronic ground state is a smglet
state , 4,, whereas the excited configuration (t{a}) can
be a triplet 3T, or a singlet 'T; state. By symmetry ar-
guments both transitions should be Laporte forbidden
because in Td symmetry r transforms like 7,. More-
over, for the triplet state the transition is also spin for-
bidden. The selection rules may, however, be released
by the presence of the T, normal mode of vibration of
the ZnCl, molecule. Thus, the coupling between the
electronic and vibrational states allow for the observed
dependence with temperature of the low energy side of
the absorption peak. As mentioned before, the absorp-

tion coefficient exactly fits the Urbach rule'®
ghv—E /KT .

a=age in the measured temperature range

(g,aq,Eg are adjustable constants and k is the

Boltzmann’s constant). The experimental fitting was
made with a =kT Ina,—gE, and b =g as adjustable pa-
rameters. Throughout the scanned temperature range, a
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FIG. 3. A qualitative diagram showing the “ligand-metal”
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(t3a;) configurations.
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FIG. 4. Adjustable parameter as a function of temperature.

is found to be proportional to E,. Figure 4 shows the
variation of E, as a function of temperature when the
former simplification is made. Although no well-defined
band gap can be found from an experimental edge, E,
roughly corresponds to the lowest peak of the absorption

band.

III. OSCILLATOR MODEL
OF THE BIREFRINGENCE DISPERSION

The dispersion behavior observed in BAA(12)-ZnCl,
as temperature varies around the isotropic point is ana-
lyzed by means of a simple oscillator model (long wave-
length approximation). If the incident light frequency is
far from any of the resonance frequencies, and absorp-
tion is supposed to be negligible, then simple dispersion
theory?! gives the index of refraction n of a dielectric
medium as:

fi

2
nYw)—1~ ;w%_wz 1)
where summation covers the individual dipole oscillator
contributions from the selected optical bands, and w;
and f; are their resonance frequency and strength, re-
spectively.
In terms of the wavelength this relation can be ex-
panded for resonances lying in the low wavelength re-
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gions giving the well known single term Sellmeier rela-
tion:

Sorg

2
(A)—1=—220
" 1—(Ag/A)?

2)

where A, is some average oscillator position and S is an
average oscillator strength. In our case, if account is
taken of the former description of the band structure of
the material, the electronic transitions responsible for
the observed optical absorption can be reasonably sup-
posed to come from ZnCl, units. As the lowest absorp-
tion band below the fundamental absorption edge of the
crystal is temperature dependent, a single average elec-
tronic oscillator with a temperature-dependent strength
S and a position A, has been chosen.

Then the birefringence associated to a section of the
optical indicatrix defined by the n,,n, indices and paral-
lel to the light vector E will be given by the expression:

A AoAS N
An ~ _—O 9 — p) zsé}\' 3 (3)
| (AT
A A2

where 7, Ay, and S are the values averaged over both
principal directions (b and a) of the indicatrix section
and AA=A’—A% and AS=S5°—5 are the parameters
which describe the shift in the oscillator position and
strength along both axes. The temperature dependence
of the parameters in formula (3) will be discussed in Sec.
V.

IV. EXPERIMENTAL RESULTS

A. Experimental procedure

BAA(12)-ZnCl; was obtained by reaction of a
stoichiometric mixture of ZnCl, and C,;H,sNH;Cl in
ethanol. Very high-quality crystals were obtained by
slow evaporation according to the methods described by
Socias et al.?? The chemical composition was checked
by chemical analysis and ir spectroscopy.

Birefringence measurements were carried out on
monodomain samples by means of a conventional com-
pensator method and an automatized Sernarmont
method.?> The optical arrangement for the latter con-
sists of a polarizer, sample in 45° position, a A/4 plate
with the fast direction parallel to the polarizer and a ro-
tating analyzer which acts as a modulator and provides
the reference signal to a two phase lock-in amplifier.
Under these conditions, the measurement of An is
achieved in a continuous way by monitoring the lock-in
phase output as a function of temperature. The light
source used in both measuring techniques was a 900-W
xenon lamp with a 0.25-m focal monochromator. The
same source was also used for conoscopic observations
with a microscope set-up on an optical bench. The spec-
troscopic measurements were performed with a double-
beam Cary spectrometer.

B. Birefringence dispersion results

For the birefringence measurements, samples were op-
tically orientated by rotating the crystal platelets about
the monoclinic axis (which lies on the layer plane)?* until
a biaxial conoscopic pattern centered in the visual field
was obtained. Therefore, the measured birefringence
corresponds to the difference between two principal crys-
tal indices, one of them corresponding to the direction of
the monoclinic axis. During the measuring process nei-
ther the extinction directions nor the third principal
direction (parallel to the incident light K vector) showed
appreciable rotation. Figure 5 shows the temperature
and wavelength dependence of the optical path
difference for BAA(12)-ZnCl, in the 293-323 K temper-
ature range. The wavelength step between curves is 20
nm. For the sake of clarity only some discrete values of
I' are plotted. Except for a scale factor, optical path
differences can be directly identified with An values if
thermal expansion corrections are neglected. This hap-
pens to be our case, since the thermal expansion in the
direction normal to the layers is negligible in the temper-
ature interval considered.?

As can be observed, birefringence smoothly goes
through zero for all scanned wavelengths as temperature
is increased. Moreover, the isotropic point shows a
spectral dispersion whose temperature dependence is
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FIG. 5. Temperature and wavelength dependence of optical
path difference in (C;,H,sNH,),ZnCl,.
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FIG. 6. Best fit of experimental results to Eq. (3).

around 14 nm/K. Figure 6 exhibits the best fit of select-
ed experimental results to equation (3) with three free
parameters A, AS, and SAA. Their thermal behavior
and physical meaning will be discussed in Section V. As
previously stated only some of the experimental points
are shown and the selected temperature interval between
plotted curves is 6 K.

V. DISCUSSION

A. Optical aspects

Figure 7 shows the values of the fitting parameters A,
AS, and § AXA as a function of temperature. As can be
seen, all of them exhibit a similar thermal behavior,
showing extreme values at about 315 K.

The physical meaning of these parameters in the oscil-
lator model proposed can be found within the frame of
the optical band structure. In fact, A, is some average
position between the deep intrinsic absorption band and
the lowest-energy transfer band. Since the deepest part
of the spectrum does not vary noticeably with tempera-
ture, the thermal behavior of the wavelength position of
the electronic oscillator should be related with that of
the low energy transfer band which is roughly represent-
ed by the inverse of the energy band gap in Fig. 4. On
the other hand, SAA in Fig. 7 displays the main features
exhibited by the absorption intensity of the lowest ener-
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FIG. 7. Fitting parameters A,,AS,SAA, as a function of
temperature.

gy peak at the absorption edge (Fig. 2). Its negative
values are due to AA which is probably not temperature
dependent. The behavior of the third parameter AS has
not been checked by absorption data due to the difficulty
to perform spectroscopic measurements with polarized
light in this energy range. Nevertheless all the above
mentioned facts confirm the adequacy of the selected
model and remark the importance of the knowledge of
band structure data in supporting the physical interpre-
tation of the parameters involved.

B. Structural aspects around the isotropic point

There is no clear reason for the special behavior
displayed by the parameters at 315 K. The obtained re-
sults do not imply by themselves the existence of a phase
transition at such temperature, but recent measurements
of differential scanning calorimetry (DSC) appear to
confirm a very slight and diffuse anomaly in that re-
gion.?> Similar features are also exhibited by some other
members of BAA(n)-ZnCl, and BAA(n)-ZnCl,Br, fami-
lies in the thermal expansion behavior along the direc-
tions parallel to the plates at the corresponding region
where the birefringence goes to zero.>?> On the other
hand, very complex sequences of phase transitions have
been observed and, in some cases, the existence of meta-
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stable phases has also been found in the vicinity of the
isotropic point.>?®?’ This indicates that the free-energy
balance is rather subtle at these temperature ranges and
the stabilization of a new intermediate phase could not
be disregarded. In the present case this hypothetic
phase transition should occur at 315 K. It should in-
volve a change of sign in the optical anisotropy of the
crystal and would probably connect two monoclinic
phases with close lattice energy values. A more detailed

crystallographic study is required to elucidate this point
and to clarify the mechanisms responsible for this opti-
cal behavior throughout the whole temperature range.
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