Taylor & Francis
Taylor & Francis Group

FE Ferroelectrics

ISSN: 0015-0193 (Print) 1563-5112 (Online) Journal homepage: https://www.tandfonline.com/loi/gfer20

Temperature and pressure dependence of the
Raman intensity and frequency of a soft mode
near the tricritical point in the ferroelectric SbSI

H. Yurtseven & S. Duman

To cite this article: H. Yurtseven & S. Duman (2016) Temperature and pressure dependence of
the Raman intensity and frequency of a soft mode near the tricritical point in the ferroelectric SbSl,
Ferroelectrics, 500:1, 241-249, DOI: 10.1080/00150193.2016.1229527

To link to this article: https://doi.org/10.1080/00150193.2016.1229527

ﬁ Published online: 14 Oct 2016.

\]
G/ Submit your article to this journal &

||I| Article views: 106

A
h View related articles &'

@ View Crossmark data &'
CrossMark

@ Citing articles: 1 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=gfer20


https://www.tandfonline.com/action/journalInformation?journalCode=gfer20
https://www.tandfonline.com/loi/gfer20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00150193.2016.1229527
https://doi.org/10.1080/00150193.2016.1229527
https://www.tandfonline.com/action/authorSubmission?journalCode=gfer20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=gfer20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00150193.2016.1229527
https://www.tandfonline.com/doi/mlt/10.1080/00150193.2016.1229527
http://crossmark.crossref.org/dialog/?doi=10.1080/00150193.2016.1229527&domain=pdf&date_stamp=2016-10-14
http://crossmark.crossref.org/dialog/?doi=10.1080/00150193.2016.1229527&domain=pdf&date_stamp=2016-10-14
https://www.tandfonline.com/doi/citedby/10.1080/00150193.2016.1229527#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/00150193.2016.1229527#tabModule

FERROELECTRICS .
2016, VOL. 500, 241-249 e Taylor & Francis

http://dx.doi.org/10.1080/00150193.2016.1229527 Taylor &Francis Group

Temperature and pressure dependence of the Raman intensity
and frequency of a soft mode near the tricritical point in
the ferroelectric SbSI

H. Yurtseven® and S. Duman®®

Department of Physics, Middle East Technical University, Ankara, Turkey; ®Department of Electronics and
Communication Engineering, lzmir Institute of High Technology, Giilbahge, Izmir, Turkey

ABSTRACT ARTICLE HISTORY

We analyze the pressure dependence of the intensity and the Accepted 17 October 2015
frequency of a soft mode from the Raman and elastic light scattering
experiments as reported in the literature close to the ferroelectric - Raman intensity and
paraelectric transition in SbSI crystal. The Raman intensity of this mode frequency; soft mode;

is analyzed as a function of pressure at constant temperatures of 272 K tricritical point; ferroelectric
(first order transition) and 234 K (tricritical or second order transition) Sbsl

according to a power-law formula. Our analysis of the Raman intensity

gives closely the mean field values for the order parameter. From our

analysis, we also obtain that the Raman frequency (squared) of the soft

mode varies linearly with the pressure at constant temperatures close

to the ferroelectric - paraelectric transition in SbSl as obtained

experimentally.

KEYWORDS

1. Introduction

SbSI is a semiconductor with a band gap near 6200 A. The ferroelectric phase occurs in this mate-
rial at ~293 K at atmospheric pressure. This transition is of a first order type (discontinuous at
the transition temperature T,). At a temperature of 234 K and 1.5 kbar pressure, a first order tran-
sition changes toward a second order (continuous at T.) and, the phase lines of the first order and
second order transition coincide at the tricritical point [1]. So, the tricritical behavior in SbSI
exhibits both the first order (discontinuous) and second order (continuous) features.

The existence of the tricritical point in antimony sulpho-iodide (SbSI) was studied experi-
mentally by the early measurements of the pressure dependence of inverse dielectric permit-
tivity [2] and the forbidden bandwidth with the temperature dependence of the crystal
length has been measured recently [3].

As reported some years ago, the band gap strongly depends on the electric field [4] and it
varies with temperature [5] in the antimony sulfo-iodide (SbSI) which exhibits both photo-
conductive and ferroelectric properties [6, 7] as the first semiconductor.

SbSI crystals undergo three phases, namely, ferroelectric Pnan(Cgv) phase below 298 K
(T. = 295 K) antiferroelectric phase in the temperature interval of 298 to 410 K and
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paraelectric Pp,,(D3) phase above 410 K [8, 9]. At around T, = 410 K, a small anomaly of
thermal expansion and microwave permittivity occurs [9].

In regard to the tricritical point that occurs in the SbSI crystal as stated above, it has been
reported [3] that the coexisting phase structure near the first-order phase transition
decreases with pressure and that it becomes zero at the tricritical point (TCP). It has been
observed experimentally in the Raman spectra that the intensity and the frequency of the
soft mode change considerably above the critical pressure P, and below the critical tempera-
ture T. in SbSI [1]. From the Raman experiments, it was observed that an optical T';(A;)
band which consists of two optical modes, exhibits a soft-mode behavior close to T. with
increasing temperature from the ferroelectric phase [10]. Also, from the infrared reflectivity
measurements, the optical mode is the temperature dependent with decreasing temperature
from the paraelectric phase in SbSI [11], as stated previously [12]. The soft mode coupling
with the 30 cm™! mode [13] and, the coupling between the 48 cm~ ! and 41 cm ™! modes
have been observed for the pressure induced phase transition in SbSI [12]. It has been stated
that under the influence of the anharmonicity, the soft mode splits [14] and different com-
pounds of the soft mode appear in IR and millimeter wave spectra. The anharmonicity of
the soft mode has been studied from the dependence of the potential energy of those modes
on the normal coordinates through the interaction of phonons [15, 16] and the electron-
phonon interaction [17, 18].

In this study, we analyze the experimental measurements for the Raman intensity as a
function of pressure at two constant temperatures of 272 K and 234.2 K for the pressure-
induced phase transition in SbSI [1]. The ferroelectric — paraelectric transition is investigated
away from (272 K) and close to the tricritical point (234.2 K) in this ferroelectric material.

This analysis of the Raman intensity of the soft mode at various pressures (272 K and
234.2 K) is conducted using a power-law formula with the critical exponent ¢’ (P < P, in the
ferroelectric phase) and ¢ (P > P, in the paraelectric phase) for the order parameter in SbSL
We also analyze here the pressure dependence of the Raman frequencies of this soft mode at
constant temperatures (241, 231, 202, 150 and 119 K) using the experimental data [1] in
SbSI. A linear variation of the Raman frequency (squared) for the soft mode with the P, — P
is constructed, as observed experimentally [1] in SbSI.

Below, in sections 2 and 3, we give our analyses of the Raman intensity and the frequency for
the soft mode, respectively. In section 4, we discuss our results. Conclusions are given in section 5.

2. Analysis of the Raman intensity

Experimental data [1] for the Raman intensity I(0) as a function of pressure using the Raman
and elastic light scattering (Rayleigh) at constant temperatures of 272 K and 234.2 K were
analyzed.

This analysis was performed according to a power-law formula.

1(0) = Iy(P — P.)* (1)
for the paraelectric phase (PE) above P, and
1(0) =1L/ (P. — P)* )

for the ferroelectric phase (FE) below P..
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Table 1. Values of the critical exponent ¢’ and the intensity /,/ for the ferroelectric (FE) phase of SbSI
within the pressure intervals indicated according to Eq. (2). Values of the critical pressure P, are also given.

T (K) 74 Iy P (kbar) Pressure Interval(kbar)
272 0.18 0.382 0.462 0.390 < P < 0.461
234.2 0.20 2227 1.399 1322 <P < 1.39%

In Egs. (1) and (2), P, is the critical pressure, ¢’ or ' is the critical exponent for the order
parameter and I, (or I)) is the amplitude.
By taking the logarithms of both Egs. (1) and (2), we get

InI(0) = nly+ 2¢in (P—P) (3)
and
In1(0) = Inly + 2¢In (P, — P) (4)

Table 1 gives the values of the fitted parameters ¢’and I in the FE phase of SbSI accord-
ing to Eq. (2).

Similarly, Table 2 gives the values of the fitted parameters ¢ and I, in the PE phase of SbSI
according to Eq. (1).

Figure 1 gives the variation of I(0) with the (P, — P) in a log-log scale for the ferroelectric
(FE) phase in SbSI at 272 K according to Eq. (4).

We give in Fig. 2 a log-log plot of I(0) against (P — P,) for the paraelectric (PE) phase in
SbSI at 272 K according to Eq. (3).

Since Eq. (3) gives us a straight line, we divided our plot into the two pressure intervals, as
shown in Figure 3.

Finally, we plot In I(0) against (P, — P) for a constant temperature of 234.2 K close to the
tricritical point (T = 235 K, P = 1.5 kbar) in the FE phase of SbSI as given in Fig. 4. accord-
ing to Eq. (4). For the paraelectric (PE) phase, our plot is given in Fig. 5 (Eq. 3).

3. Analysis of the Raman frequency

In this part, we analyzed the experimental data [1] for the Raman frequencies of the soft mode
associated with the transition between the ferroelectric and paraelectric phases in SbSI. This
analysis was performed for the pressure dependence of the Raman frequency according to

w=a(P.—P) + b (5)
where a and b are constants. P, denotes the critical pressure. We analyzed the Raman

frequencies of the soft mode, which were measured as a function of pressure at constant

Table 2. Values of the critical exponent ¢ and the intensity |, for the paraelectric (PE) phase of SbSI within
the pressure intervals according to Eq. (1). Values of the critical pressure P. are also given.

T(K) 17 lo Pc(kbar) Pressure Interval (kbar)
272 0.56 1.03 0.462 0.465 < P < 0477
0.15 227 0.462 0.477 < P < 0.501

234.2 0.32 4.96 1.399 1401 <P < 1.459
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Figure 1. The Raman intensity of the soft mode as a function of P, — P in a log-log scale for a constant
temperature indicated according to Eq. (4) within the pressure interval (Table 1) in the ferroelectric phase
of SbSI.

temperatures [1]. From the linear fits of w” vs. P according to Eq. (5), we extracted the
values of the coefficients a and b within the pressure intervals, as given in Table 3.

4, Discussion

In the first part of this study, we analyzed the pressure dependence of the Raman intensity,
I(0) for the soft mode at the two constant temperatures of 272 and 234.2 K, as plotted in a
log-log scale in Figs. (1-5) for SbSI. As stated above, this soft mode is associated with the fer-
roelectric — paraelectric phase transition in SbSI. This transition becomes a tricritical one
(both discontinuous and continuous transitions) at T. = 234.3 K (P.~1.4 kbar) for SbSI, as
observed experimentally [1].

At a constant temperature of T = 272 K, there is a discontinuous change in the Raman
intensity I(0) of the soft mode, which decreases with decreasing pressure toward the critical
pressure P, from the paraelectric phase of SbSI, as observed experimentally [1]. This decrease
in the Raman intensity is due to the order parameter fluctuations near P,, as also stated pre-
viously [1]. Below P, in the ferroelectric phase the Raman intensity I(0) increases as the pres-
sure decreases, which is associated with the increasing domain size [1]. With this
discontinuous change in the Raman intensity I(0) at P, for T = 272 K, the hysteresis effects
appear [1].

At a constant temperature of T/234 K, there occurs a continuous change in the Raman
intensity I(0) of the soft mode with decreasing pressure toward the P, from the paraelectric
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Figure 2. The Raman intensity of the soft mode as a function of P — P, in a log-log scale for a constant temper-
ature indicated according to Eq. (3) within the pressure intervals (Table 2) in the paraelectric phase of SbSI.
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Figure 3. The Raman intensity of the soft mode as a function of P — P. in a log-log scale for a constant
temperature indicated according to Eq. (3) within the pressure intervals (Table 2) in the paraelectric phase
of SbSI.
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Figure 4. The Raman intensity of the soft mode as a function of P. — P in a log-log scale for a constant tem-
perature indicated according to Eq. (4) within the pressure interval (Table 1) in the ferroelectric phase of SbS.
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Figure 5. The Raman intensity of the soft mode as a function of P — P in a log-log scale for a constant tem-
perature indicated according to Eq. (3) within the pressure interval (Table 2) in the paraelectric phase of SbSI.
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Table 3. Values of the coefficients a and b according to Eq. (5) within the pressure intervals using the
experimental data [1] for the soft mode frequency at constant temperature indicated. Values of the critical
pressure (P.), which were obtained from the w? vs. P plots [1] are also given here.

T (K) 241 231 202 150 119

P, (kbar) 122 135 2.15 3.51 450
a (cm™")*/kbar 1124.63 1082.51 917.50 733.06 676.77
b (em™")? 130.34 239.16 145.83 121.92 39.76

Pressure Interval (kbar) 0.05 < P.-P <0.55 0.05<P-P <045 01<P-P<07 O0<PP<1 0<P-P<12

phase of SbSI, as observed experimentally [1]. Discontinuity in I(0) disappears at P, =
1.4 kbar and the tricritical point occurs at T~234 K in this crystal [1].

As the pressure decreases in the ferroelectric phase, the Raman intensity of the soft mode
increases smoothly, which was observed experimentally from the Raman and elastic light
scattering [1].

Our analysis of the Raman intensity for this soft mode as a function of pressure gives
the value of ¢’ = 0.20 for the critical exponent of the order parameter (Raman Intensity)
at T = 234.2 K (P, = 1.4 kbar) according to Eq. (2) in the ferroelectric (FE) phase (Table 1)
of SbSI. The tricritical value for the order parameter is 0.25 according to the mean field
model. This indicates that the tricritical behavior occurring within the pressure range of
1.322 < P (kbar) < 1.396 at T = 234.2 K (Fig. 4) in SbSI is adequately described according
to our analysis given here by the mean field theory.

In fact, using the Landam phenomenological model, the temperature dependence of the
spontaneous polarization P, was described near the tricritical point with the tricritical expo-
nent value of 8 = 1/4 for SbSI [1]. Also, the temperature dependence of the susceptibility x
was described with the critical exponent value of y = 1 for the tricritical and continuous
(second order) transitions in SbSI [1].

In our analysis, the exponent value (¢ = 0.32), increases in the PE phase at T = 234.2 K
(Table 2), indicating a continuous (second order) transition which takes place above tricriti-
cal point (Fig. 5), as compared to the mean field value of 8 = 0.5 for a second order transi-
tion. In regard to the pressure dependence of the intensity of the soft mode associated with
the ferroelectric- paraelectric transition in SbSI at 272 K, our exponent value is ¢’ = 0.18,
just below T, (Table 1) in the pressure range of AP = 0.07 kbar.

This indicates a first order transition since there is a discontinuous change in the
intensity I(0), as observed experimentally [1], whereas just above T. in the pressure
range of AP = 0.012 kbar (Table 2) our exponent value (¢ = 0.56) approaches the mean
field value (8 = 0.5) for a second order transition. However, above this pressure range
(0.477 < P(kbar) < 0.501) the exponent value decreases to ¢ = 0.15 (Table 2) as in the
ferroelectric phase (Table 1) indicating a first order line that appears in this pressure
range of the paraelectric phase of SbSI. The existence of another tricritical point at P =
0.477 kbar (T = 272 K) between the first order and second order lines in SbSI can be
questioned. More accurate experimental data from the spectroscopic measurements of
the intensity of this soft mode at various pressures (T = 272 K) in the pressure range of
0.465 < P(kbar) < 0.501 in the paraelectric phase (P > P.), can make it clear if there
exists a tricritical point (TCP) at P = 0.477 kbar.

In the second part of this study, we analyzed the pressure dependence of the Raman fre-
quencies for the soft mode, which were measured [1] as a function of pressure at constant
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temperatures for the ferroelectric — paraelectric transition in SbSL. Linear plots of w” versus
P, — P were obtained in the ferroelectric (FE) phases according to Eq. (5) as also obtained
previously [1]. According to the soft-mode theory, the frequency decreases to zero as the
transition point is approached. In the case of ferroelectric — paraelectric transition in SbSI,
the Raman frequency of the soft mode exhibits the soft-mode behavior as a function of the
pressure at constant temperatures. So that a linear variation of w” against P, — P and the
occurrence of the tricritical behavior at T = 234 K (P, = 1.4 kbar) are expected, as also
observed experimentally [1] from the pressure dependence of the Raman frequency squared
(w?) of the soft mode in SbSI.

5. Conclusions

Pressure dependence of the Raman intensity and frequency of a soft mode associated with
the ferroelectric — paraelectric transition in SbSI, was analyzed at constant temperatures of
T = 272 and T = 234 K using the experimental data from the literature. Discontinuous
change in the Raman intensity appearing at T = 272 K (first order transition) changes to a
tricritical transition (continuity in the Raman intensity) at T = 234 K (P. = 1.4 kbar) in
the SbSI crystal, as observed experimentally. From our analysis of the Raman intensity
according to a power-law formula, values of the critical exponent for the order parameter
were deduced and they are compared with the predictions of the mean field theory. Our
analysis indicates that the ferroelectric — paraelectric transition can be described by the
mean field theory. Also, a linear variation of the frequency (squared) with the pressure was
obtained at various constant temperature in SbSI, as obtained experimentally and the fit-
ting parameters were determined.

We conclude the existence of the tricritical point (T = 234 K, P = 1.4 kbar) in SbSI can be
investigated by means of the analysis given in this study.
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