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Abstract

This letter contributes how to calculate the anomalous behavior for the damping constant
(halfwidth) of the ferroelectric Tris-Sarcosine Calcium Chloride (TSSC) and its brominated compounds
TSSC,Bry (x = 0.13, 0.42 and 0.60) from the wavenumber data of the soft modes below the phase
transition temperature of Tc. The pseudospin-phonon coupled (PS) and the energy fluctuation (EF)
models derived from the dynamical Ising model were used. Both PS and EF models have been used to
contribute understanding the temperature dependence of the phase transition mechanism of TSSC,_,Br,.
In addition, values of the activation energy for TSSC, (Br, (x = 0, 0.13, 0.42 and 0.60) were extracted
from the damping constant as calculated from both models (PS and EF). Our results indicate order-
disorder type phase transition for TSSC,_Br,.
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Introduction

As a member of uniaxial ferroelectric Tris-Sarcosine Calcium Chloride (TSSC),
(CH3;NHCH,COOH);NaCl, undergoes a phase transition of a second order type from paraelectric to
ferroelectric at around 130 K depending on the sample preparation [1-3]. This crystal has unusual
(perhaps unique) orthorhombic symmetry in both high (paraelectric) and low (ferroelectric) phases with 4
formula units per unit cell characterized by a space groups Dzh16 (Pnma) and C2V9 (Pna2,), respectively
[4,5]. Since there is no well-defined limit for the structural phase transition mechanism, whether order-
disorder or displacive type, a number of contoversial conclusions have been reported for this crystal. The
small Curie constant (C = 58 K) and large entropy of transition (AS = 0.38 cal/mol.K) [6] and the small
spontaneous polarization (0.27 uClem?) [6] were considered as a sign for the order-disorder type
transition. On the other hand, the existence of the soft mode in the ferroelectric phase [7,8] was
considered as a sign for the displacive type transition. Various experimental methods including Raman
spectroscopy [8-10], Infrared spectroscopy [11], x-ray diffraction [12], EPR [13], backward-wave
oscillator method [14], NMR [15-17], and elasticity [18] have been reported in the literature. In addition,
some theoretical works have been carried out. Namely, the pseudospin-phonon coupling theory [19] has
been used to explain the Raman and infrared spectra. A cluster model [20] on the other hand has been
used to interpret the pressure-temperature phase diagram of TSSC. It is stated that as the hydrostatic
pressure increases the transition temperature Tc increases also [21]. Although the isomorphous Tris-
Sarcosine Calcium Bromide (TSSB) does not show ferroelectricity down to liquid helium temperature
[22], in the mixed crystal systems of the chloride and bromide, TSSC,_Bry, ferroelectricity exists for
x<0.75 [23]. It is also reported that [24] the transition temperature T¢ in TSSC,Br, decreases as x
increases.

TSSC is suitable for device applications that require an enhanced electrical or strain response
function since the phase transition in it can easily be tuned by chemical doping of bromine and iodine.
One such application involves cryogenic solid-state refrigeration employing the electro-caloric effect as
the temperature lowered toward the 0 K [25].

The damping constant (halfwidth), in general, can be calculated from measured dielectric constant
data [26] or from the measured intensity data [27] within the framework of the classical pseudo-harmonic
models. Both models (PS and EF) represent a phenomenological fit to the experimental data of the
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relaxation rate for ferroelectric materials based on the order parameter (spontaneous polarization or
wavenumber).

In this study, the temperature dependence of the halfwidth (damping constant) for the soft Raman
modes in TSSC;_Bry (x=0, 0.13, 0.42 and 0.60) was calculated below the phase transition temperature
Tc using the pseudospin-phonon coupled (PS) model [28,29] and the energy fluctuation (EF) model [30].
For this calculation, we use the temperature dependence of the observed [9] wavenumber of the soft
Raman modes as an order parameter. The halfwidths calculated from both models (PS and EF) were fitted
to the observed [9] data and the fitted parameters were determined. In addition, values of the activation
energy for the compounds studied here were extracted by using the halfwidth calculated from both PS and
EF models in the ferroelectric phases. We used these 2 models (PS and EF) in our previous studies to
calculate some thermodynamic quantities such as the damping constant, the frequency, the relaxation time
and the activation energy for BaTiO; [31,32], KH,PO, [33], Cd,Nb,O; [34], PbTiO; [35], StZrO; [36],
PZT [37] and very recently for LiTaO; [38] and SrTiOj; [39].

Below, “Calculations and results” was given in section 2. In section 3, the results were discussed
and the “Conclusions” part was given in section 4.

Calculations and results

Laulicht and Luknar [28] derived an expression (pseudospin-phonon coupled model, PS) to
calculate the temperature dependence of the halfwidth near the transition temperature T using the
calculations of Lahajnar et al. [40] on the basis of the damping constant (halfwidth) expression of
Matsushita [41] which reads as;

Top(kp @) = T + A'(1 — P2) In [+PZ)] (1)

T-Tc(

The damping constant [sp(k,, w,) appearing in Eq. (1) is attributed to the pseudospin-phonon
interaction of the v-th phonon with the wave vector k where w, is the peak frequency, I} is the
background damping constant, A’ is a weakly temperature dependent constant and P is the spontaneous
polarization (order parameter). On the other hand, Schaack and Winterfeldt [27] derived another
expression to calculate the temperature dependence of the damping constant (halfwidth) by considering
the pseudospin-phonon coupling which causes a shift in the phonon frequencies (Energy fluctuation
model, EF) given by;

T(1-P?)
Tsp =To + A[m]l/2 @

where [ is the background damping constant and A is a constant as before. Regarding Eq. (2), it is
reported that [28,29] the shift in the phonon frequency is proportional to the polarization P(k = 0) which
causes a critical broadening due to the energy fluctuation of this mode.

The spontaneous polarization (order parameter) P appearing in both PS and EF models Egs. (1) - (2)
can take any value between 0 and 1 and it can be calculated within the framework of the molecular field
theory as stated before [41] which reads as;

1- 2exp(_ ZTTC j TUT, (3)

T
P~ {3{1 Tc]} 0C(Te - T)(Te

0 TAT
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Table 1 Maximum values of the observed [9] wavenumbers (w,,,,) and transition temperatures T¢ for

TSSC,Bry (x=0, 0.13, 0.42 and 0.60).
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Figure 1 The temperature dependence of the order parameter P Eq. (3) and the experimental [9]
normalized wavenumber ®/wy,,, Of the soft Raman modes in the ferroelectric phases of TSSC,_,Br, (x

=0,0.13, 0.42 and 0.60).

Table 2 Values of the fitted parameters for the damping constant ['sp in Egs. (1) - (2) using the observed
data [9] in the ferroelectric phases of TSSC,_Bry (x =0, 0.13, 0.42 and 0.60).

Crystal I‘é(cm'l) A'(em™) Ip(ecm™) A(em™) Temperature interval (K)
Ts(ic;*gfrx 2.02 4.95 1.57 339 24<T<1278
TSSC,_Brx

(x=0.13) 2.21 2.78 2.17 1.67 1.5<T<119.3
TSSC,_Brx

(x = 0.42) 2.53 2.79 223 1.96 21<T<84.2
TSSC1-Br, 2.76 2.38 2.44 1.74 24<T<573

(x = 0.60)
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Figure 2 The experimental halfwidth [9] against our calculated [, Eqs. (1) - (2) of the soft Raman
modes at various temperatures in the ferroelectric phases of TSSC,_,Bry (x =0, 0.13, 0.42 and 0.60). The
solid lines represent the best fit to the experimental data according to Egs. (1) - (2) with the coefficients
Iy (o) and A’ (4).

The temperature dependence of the damping constant (halfwidth) for the soft Raman modes in pure
(x =0) and brominated (x = 0.13, 0.42 and 0.60) TSSC,_Br, was calculated from both PS Eq. (1) and EF
Eq. (2) models. For this calculation we consider that the observed [9] wavenumber (w) of the soft Raman
modes studied here is proportional to the order parameter P Eq. (3) according to;

W/ Wpax < P “

where w4, 1 the maximum value of the observed [9] wavenumber for the soft Raman modes studied
here (Table 1). The critical temperature T¢ of these soft Raman modes was also given in Table 1. The
temperature dependence of the order parameter P Eq. (3) and also the observed [9] wavenumber
(w/Wmay) were plotted in Figure 1 below the phase transition temperature Tc of the soft Raman modes
studied here. Then, the PS model Eq. (1) and EF model Eq. (2) were used to evaluate the halfwidth of the
soft Raman modes in TSSC,_,Br, from their observed [9] wavenumbers (w/®,yq,) under the light of our
consideration Eq. (4), Figure 1 below the phase transition temperature T¢ (ferroelectric phase). A fitting
procedure for the halfwidths was employed between the calculated values Egs. (1) - (2) and the observed
[9] data of the soft Raman modes studied in TSSC,_Br, (x =0, 0.13, 0.42 and 0.60) as given in Figure 2.
This fitting procedure (Figure 2) allows us to extract the background damping constant Iy (I)) and the
constant A’ (4) of Egs. (1) - (2) from the intercept points and the slopes, respectively, as we tabulated
them in Table 2. The calculated values of the halfwidth (damping constant) from both PS and EF models
Egs. (1) - (2) and the observed [9] data were given in Figure 3 at various temperatures for the soft Raman
modes in the ferroelectric phase of TSSC,_Bry crystals with x =0, 0.13, 0.42 and 0.60.
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Bartoli and Litovitz [42] derived an expression to calculate the activation energy U from the
damping constant (halfwidth) reads as;

FE Fvib +CeXp(— U/kBT) (5)

where C is a constant and kj is the Boltzmann constant. The first term of Eq. (5), I},;, which refers to the
vibrational relaxation is comparably small in the vicinity of the phase transition temperature T and it can
be neglected. So, the activation energy U can be calculated as;

Inl =InC — (U/kgT) (6)
Table 3 Values of the activation energy U and the constant InC Eq. (6) due to pseudospin-phonon

coupled (PS) model Eq. (1) and the energy fluctuation (EF) model Eq. (2) for the ferroelectric-
paraelectric transition in TSSC,Br, (x =0, 0.13, 0.42 and 0.60). k5T values are also given here.

Crystal Models U (meV) InC Temperature interval (K) (I::Z\f)
PS Eq. (1 113 13
T8 By o (1 121.7<T <1278 1
(x=0) EF Eq. (2) 133 15
PS Eq. (1 62 8
155C1-Br, e () 104.1 <T <1193 10
(x=0.13) EF Eq. (2) 67 9
PS Eq. (1 34 7
TSSC - Br, a- () 77.7<T<842 8
(x=0.42) EF Eq. (2) 38 8
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155C - Br, e (1) 39.1 <T<57.3 5
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Figure 3 Damping constant (I'sp ) calculated as a function of temperature using the pseudospin-phonon
coupled (PS) and the energy fluctuation (EF) models according to Egs. (1) - (2), respectively for soft
Raman modes in the ferroelectric phases of TSSC, (Br, (x = 0, 0.13, 0.42 and 0.60). Observed [9]
halfwidth data are also shown here.
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Figure 4 Temperature dependence of the damping constant calculated using the pseudospin-phonon
coupled model Eq. (1) for the soft Raman mode to extract the value of the activation energy U according
to Eq. (6) for the ferroelctric phase (T < T¢) of TSSC_Bry (x = 0).

30
TSSC, ,Br,(x=0)
- 119.7<T(K)<127.8
2,8
B 8
.
UE_ 2,6 R
b N
E
[s]
£ N S
224 - T
= [ I
£ .
\.\\
22 .
2
78 79 80 81 82 83 84
1Tx10* (K™)

Figure 5 Temperature dependence of the damping constant calculated using the energy fluctuation model
Eq. (2) for the soft Raman mode to extract the value of the activation energy U according to Eq. (6) for
the ferroelctric phase (T < T¢) of TSSC;_Bry (x =0).

The activation energy U and the constant In C were extracted through Eq. (6) for the TSSC,_Br;
(x=0,0.13, 0.42 and 0.60) by using the calculated values of the halfwidth (damping constant) from the
PS Eq. (1) and EF Eq. (2) models (Figures 4 and 5). Those extracted values of the activation energy U
and the constant In C were given in Table 3 in the temperature intervals considered.

Discussion

The 2 models (PS and EF) predict the temperature dependence of the damping constant (halfwidth).
When the bandwidths of the Raman and IR spectra for the phonon modes are measured experimentally,
they can be compared directly with the predicted damping constants. Also, the activation energy can be
determined in a crystalline system experimentally. It can be compared with the activation energies
predicted due to the various phonon modes by the present models (PS and EF). For both reasons, those
models need to be considered in this study.
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The temperature dependence of the wavenumber w for the soft Raman modes in pure (x = 0) and
brominated (x = 0.13, 0.42 and 0.60) TSSC, TSSC,Br , anomalously decreases with increasing
temperature as Tc is approached from the ferroelectric phase (T < Tc) as observed experimentally [9].
This behavior is very similar to the order parameter P predicted from the mean field theory [41] as shown
in Figure 1. Since the order parameter can take any value between 0 and 1, the normalized wavenumber
w with respect to its maximum value Wygy (W/Wnma,) Was used as plotted in Figure 1. This good
agreement between w and P allows us to consider that the observed wavenumber w/wq, of the soft
Raman modes in TSSC,Br, studied here can be associated with the order parameter according to Eq.
(4). Since the spontaneous polarization (P) was used as an order parameter for both models (PS and EF)
to study the phase transitions in the KDP type crystals [28,29,40], the temperature dependence of the
wavenumber (w) was then considered to govern the mechanism of the order-disorder transition at T =247
K in TSSC1_,Bry (x =0, 0.13, 0.42 and 0.60). Thus, in analogy with the ®, the temperature dependence of
the spontaneous polarization was the preliminary parameter in our treatment given here. Using the
observed wavenumbers [9] of the soft Raman modes as the variation of the order parameter P with the
temperature in Egs. (1) - (2), we predicted the halfwidth (damping constant) I';p due to the pseudospin-
phonon interactions in TSSC,Bry (x = 0, 0.13, 0.42 and 0.60) for the ferroelectric phase. The predicted
values of the halfwidth from both pseudospin-phonon coupled (PS) model Eq. (1) and the energy
fluctuation (EF) model Eq.2) were then fitted to the observed [9] halfwidths of the soft Raman modes in
TSSC,Br, (Figure 2) with the fitted parameters as given in Table 2. The calculated Ip values from
both models Egs. (1) - (2) are in good agreement with the observed halfwidths [9] of the soft Raman
modes in TSSC;Bry (x =0, 0.13, 0.42 and 0.60) as shown in Figure 3. This figure gives the divergence
behavior of the damping constant [sp due to the pseudospin-phonon coupling as observed experimentally
[9] for the halfwidth of the soft Raman modes in the ferroelectric phase as T¢ is approached in
TSSCBry (x =0, 0.13, 0.42 and 0.60). This is an indication of that both PS Eq. (1) and EF Eq. (2)
models adequately describe the mechanism of the ferroelectric-paraelectric phase transition in
TSSC,Bry (x =0, 0.13, 0.42 and 0.60) on the basis of the observed [9] wavenumbers (Figure 1) and the
halfwidths of the soft Raman modes involving these transitions.

The values of the activation energy U as well as the constant In C were then extracted (Table 3)
according to Eq. (6) for the ferroelectric phases of TSSC,Bry (x = 0, 0.13, 0.42 and 0.60). This
extraction was performed from the halfwidth calculated in Egs. (1) - (2) of the soft Raman modes within
the temperature ranges studied (Table 3) due to the both pseudospin-phonon coupled (PS) model and the
energy fluctuation (EF) model. A linear variation of InI' with 1/T according to Eq. (6) was plotted in
Figures 4 and 5, respectively, in the ferroelectric phase of TSSC,_,Br, (x = 0). As one can see easily from
Table 3, the values of the activation energy deduced from both PS and EF models decrease as the
bromine concentration x increases. In addition, our calculated values of the activation energy U from both
models (PS and EF) for TSSC,_Bry are larger than the k5T (up to the 10 times) of the compounds with x
=0, 0.13 and 0.42 which indicate that the transition between the ferroelectric and paraelectric phases is of
an order-disorder type in these compounds as pointed out previously for LiNH4SO4 [42] on the basis of
the activation energy. On the other hand, the extracted values of the activation energy from both PS and
EF models for the TSSC,_Bry (x = 0.60) are closer to the kT, value for this compound (Table 3). Note
that, the kT, value, that is independent of the models studied here, characterizes the activation energy at
the transition temperature between the ferroelectric and paraelectrric phases in the TSSC,Bry. In
particular, the activation energy value of 0.113 eV (10.9 kJ/mol) deduced from the PS model within the
temperature interval of 121.7 < T(K) < 127.8 of TSSC (x = 0) and also the value of 0.133 eV (12.8
kJ/mol) deduced from the EF model within the same temperature of TSSC (x = 0) can be compared with
that reported value of 11.5 kJ/mol of the same compound [17]. We have found no reported values of the
activation energy for the brominated TSSC in the literature to compare with.

Conclusions

Analysis of the critical behavior of some dynamic quantities such as the wavenumber, the halfwidth
and the activation energy of TSSC,Br, (x = 0, 0.13, 0.42 and 0.60) close to the phase transition
temperatures on the basis of the theoretical models (EF and PS) may give some clues regarding the nature
of the phase transition mechanism. Our calculated values of the halfwidths from both PS and EF models,
by associating the wavenumbers of the soft Raman modes with the order parameter, fit well to the
observed behavior. This is an indication of that the phase transition mechanism of TSSC,_Bry is mainly
driven by the soft Raman modes in the compounds studied here. Furthermore, our calculated values of the
activation energy (close to the phase transition temperatures) are much larger than the kz T, values, which



Trends Sci. 2022; 19(16): 5689 8 of 9

is a sign for the order-disorder type, phase transition mechanism in the compounds of TSSC, Br,. As a
result, both PS and EF models are adequate to describe the phase transition mechanism of TSSC,_,Bry,
and both of them can be used to explain the phase transition mechanism of some other ferroelectric liquid
crystals.
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