On the Urbach rule in SbSI ferroelectric crystal
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Abstract

Optical absorption edge of SbSI ferroelectric crystal is studied in a broad
temperature range. An Urbach behaviour of the absorption edge is observed in
paraelectric (T > T,) and partly in ferroelectric (130 K < 7 < T,) phases, whereas
deviations from the Urbach rule are revealed at 7< 130 K. The influence of
crystal lattice disordering of various types on the Urbach absorption edge
parameters is studied. The non-Urbach behaviour of the absorption edge is
explained by a presence of dynamic structural disordering due to temperature-
dependent phonon-defect interactions.
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1. Introduction

Optical properties of chain quasi-one-dimensional ferroelectric semiconductor SbSI have
been extensively studied [1, 2]. The most contradictory issue is explanation of its optical
absorption edge behaviour. The data regarding the spectral dependences of optical
absorption coefficient in SbSI described by the Urbach rule have been reported for the
first time in Ref. [3]. Somewhat later similar results have been obtained for the absorption
edge in the temperature range 83-373 K for E ||¢ and E 1 ¢ polarizations [4, 5] where
the Urbach rule has been reported to hold true both for the ferroelectric and paraelectric
phases, the edge slope and its shape remaining unchanged in the course of first-order
ferroelectric phase transition (PT) at 7. =295 K. The coordinates of the Urbach bundle
convergence point E, and ¢ noticeably change at the PT and a step in the temperature
dependence of the slope o of the absorption edge has been observed [6]. However, too
high values of the parameter ¢ (o ~ 10° cm™) derived for the ferroelectric phase for the
both E ||c and El¢ polarizations [6] seem to be doubtful.

Meanwhile, the authors [7] have measured spectral dependences of the absorption
coefficient for SbSI in the temperature range 25-298 K and reported that the Urbach rule
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is not fulfilled in the ferroelectric range. Instead they have observed a set of "pseudo-
Urbach parts" of the absorption edge. In Ref. [8] the absorption edge in the paraelectric
phase has also been reported to be described by the Urbach rule, contrary to the
ferroelectric phase. Deviations from the Urbach behaviour in the latter have been related
to temperature dependence of spontaneous electric polarization and formation of the
absorption edge explained in the framework of Sumi-Toyozawa model [9].

Note that Burtsev [10, 11] has elaborated a theory of influence of temperature
fluctuations of polarization on the absorption edge shape in ferroelectrics and concluded
that for SbSI one should observe an exponential absorption edge in the ferroelectric phase
and a near-exponential one in the paraelectric phase. Besides, Burtsev has considered the
absorption edge as being determined by a direct zero-phonon allowed electronic transition
[10, 11], while the authors [7] have emphasised an important role of indirect electron-
phonon transitions.

Thus, in spite of more than 35 years of studies of the nature of optical absorption
edge in SbSI ferroelectrics, the results are still contradictory and their explanation seems
to be rather complicated. The present paper is aimed at studying the temperature
behaviour of the absorption edge in ferroelectric SbSI and explaining it from the point of
view of presence of various types of crystal lattice disordering.

2. Experimental

SbSI single crystals were grown using a chemical vapour transport method [12]. Spectral
dependences of the absorption coefficient & were studied in the temperature range 25—
328 K for the light polarizations E ||c and E 1 ¢. The measurements of reflectance were
performed on specially prepared samples for which reflection from the rear surface could
be neglected. Linear absorption coefficient & as a function of one-surface transmittance,
T, and reflection, R, was calculated using the well known formula that takes multiple
internal reflections into account,

L JO-R? {(1—R>T+Rz

a=—In
2T 2T

)]

where d denotes the plane-parallel sample thickness. The experimental setup and the
corresponding technique had been earlier described in Ref. [13]. The relative error
Aa/ e in determination of the absorption coefficient did not exceed 10% at 0.3 < od <3
[14].

3. Results and discussion

3.1. Temperature behaviour of absorption edge in SbSI crystal

Since the temperature behaviours of the absorption edge in SbSI crystal are similar for
both the E ||c and ELl¢ polarizations, we will focus on the analysis for the latter

polarization only. The absorption edge spectra of SbSI crystals for the E ||¢ polarization
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obtained within the temperature interval 25-328 K are shown in Fig. 1. The absorption
edge in the paraelectric phase (7'>7., and partly in the ferroelectric phase
(130 K< T<T,) has an exponential shape (Fig. 1), its temperature behaviour being
described by the empirical Urbach rule [15]:

ahvl)=a, exp{a(hv—Eo)} =q, exp[hV_EO}, (2)

kT E,(T)
where Ey means the Urbach energy equal to the absorption edge energy width which is
inversely proportional to the absorption edge slope (E;' = A(In@)/A(hv)), o is the
slope parameter of the absorption edge, k the Boltzmann constant, and ¢, and E, the

coordinates of the convergence point of the Urbach absorption edge (see Table 1).
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Fig. 1. Spectral dependences of absorption coefficient for the SbSI crystal

(E ||¢ polarization) at different temperatures: 25 K (1), 70 K (2), 100 K (3),
130 K (4), 160 K (5), 190 K (6), 230 K (7), 260 K (8), 290 K (9), 298 K (10),
308 K (11), 318 K (12), 328 K (13). The inset shows temperature
dependences of the o parameter (the experimental data are presented by
circles and those calculated according to Eq. (3) — by curves).

The exponential shape and the Urbach behaviour of the long-wavelength absorption
edge are usually associated with manifestations of exciton (or electron)—phonon
interactions (EPI) [16]. It should be noted that the temperature dependences of the
o parameter for SbSI crystal (see Fig. 1) in the paraelectric phase (T > T.) and partly in
the ferroelectric phase (130 K < 7'< T;) are described by the known relation

o(T) = O'O{ZkTJtanh(hw” ] 3)
ho 2kT

P

where @, denotes the effective phonon energy in frame of single-oscillator model that
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describes the EPI and o, is the parameter linked with the EPI constant g through the

relation o, =2/3g [16]. The obtained 7@, and o, values are gathered in Table 1. For

SbSI crystal we have o, < 1, thus evidencing a strong EPI [17].

Table 1. Urbach absorption edge parameters 0 and Ey, EPI parameters /@), and o

and parameters G, E; 0y, SZ,, (E,), and (E, ), of the SbSI crystal for E lc
polarization obtained after fitting the experimental results with Eqgs. (2)—-(4) and (6)

Temperature range T<T, T>T,
@, (cm™) 3.88x10° 2.07x10°

E, (eV) 2716 2.234

hw, (meV) 27.9 32.1

o, 0.39 0.79

0: (K) 324 372

E,(0) (eV) 2.422 2.126

(Ey)o (meV) 35.7 20.3

(Ey), (meV) 72.5 40.6

S, 21.5 6.7

3.2. Temperature behaviour of optical pseudogap in SbSI crystal

The temperature dependence of optical pseudogap Eg determined from the absorption
edge energy position at a fixed value of optical absorption coefficient (o= 10’ cm™) is
shown in Fig. 2. Temperature variation of Eg due to the EPI can be described using a

known relation [18]:

E(T)=E,0)-S kO,| ———|, 4
(=E,0=5, Epr(eE/T)—J @
where E; (0) is the optical pseudogap at 0 K, S; a constant number, &, the Einstein

temperature corresponding to the average frequency of phonon excitations for a non-
interacting system of harmonic oscillators. The calculations performed by us have

evidenced that the experimental values of E; are well described by Eq. (4) in the
paraelectric phase (7> T.) and partly in the ferroelectric phase (130 K< T < T.). The
E; O, S g and €, parameters obtained for both phases are listed in Table 1, too.

A stepwise variation in the temperature dependence of the optical pseudogap is
observed in the PT region (see Fig. 2). Let us now consider the temperature dependence
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Fig. 2. Temperature dependence of optical pseudogap for the SbSI crystal
(E ||c polarization): the experimental data E; are represented by circles and
those calculated from Eq. (4) for the paraelectric phase — by curve. The insets
show temperature dependences of AE, (a) and d(A E, )/dT (b).

of A E; variation in the course of PT from the paraelectric to ferroelectric phase in SbSI
crystal (see inset (a) in Fig. 2). We have calculated the values of AE; (T) at T<T, as

increments of E; (T) parameter in the ferroelectric phase with respect to that referred to
the paraelectric phase:

AE (T)=E, (T)-E, ,(T), (%)
where E ; #(T) is the optical pseudogap in the ferroelectric phase and E ; ,(T') the values
calculated with Eq. (4) on the basis of the corresponding experimental parameters in the
paraelectric phase. When calculating E; ,(I) at T<T., we have used the parameters
obtained for the paraelectric phase (see Table 1). It is worth noticing that AE; (=0

in the paraelectric phase. The temperature dependence of temperature derivative of the

increment AE; induced by the order parameter is shown in the inset (b) in Fig. 2. It is
proportional to anomalous part of specific heat and manifests a maximum at the first-
order PT (i.e., near T,).

3.3. Temperature-related and structural disordering in SbSI crystal
Temperature dependences of the Urbach energy E;, (see Fig. 3) in the paraelectric phase

(T > T.) and partly in the ferroelectric phase (130 K < 7'< T;) are well described in frame
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of the Einstein model by the relation [19]
1
E, =(E,),+(E 1, 6
w =@+ U)lep(BE/T)—J ©
where (E,), and (E,), are some parameters constant within the same phase. The
(Ey)y, (Ey), and 6, values obtained after fitting the experimental temperature depen-
dence of E,, (see Fig. 3) with Eq. (6) are shown in Table 1. It should be noted that, simi-

larly to Eq. (4), Eq. (6) has been thoroughly checked for a great number of materials. In
recent years it has been most widely used to describe temperature dependences of the op-
tical pseudogap and the Urbach energy [20-22]. The Urbach energy in solids is known to
be determined not only by temperature-related disordering, but also by structural one
[23]:

EU(T,X)=K(<M2>T +<u2>x), @)
where K is a constant and <u2>T and <u2>X the mean-square deviations (displacements)

of atoms from their equilibrium positions due to the temperature-related and structural
disordering effects, respectively. Since atomic displacements lead to variations of electric
potential of the system, Eq. (7) is then given by

E, =kO(WT2+W)?)=(EU)T+(EU)X7 (8)

where k, is a another constant and W;> and W the mean-square deviations from the

electric potential of a perfect ordered structure, which are driven respectively by the
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Fig. 3. Temperature dependence of Urbach energy for the SbSI crystal
(E |c polarization): the experimental E, values are shown by circles and

those calculated from Eq. (6) by curves. The inset shows temperature
dependence of dynamic structural disordering contribution (Ey ) x 4, -
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temperature-related and structural disorderings. The contributions of the temperature-
related (the term (E, ), ) and the structural ((E, ), ) disorderings to E, are considered
as being independent, equivalent and additive. The temperature-related disordering occurs
owing to thermal vibrations of atoms, thus resulting in smearing of the absorption edge
due to EPIL.

In order to explain deviations of the optical absorption edge in the ferroelectric phase
of SbSI at T< 130 K from the Urbach behaviour and, consequently, an increase in the
Urbach energy E, with decreasing temperature (see Fig. 3), we present (E, ), as a sum

of two components: a static structural disordering ((E;)y ) and a dynamic one

((Ey)x ayn)-In this case Eq. (8) may rebe written as

Ey =(Ey)r +(Ey) x sar T (Ey)x ayn - €))

One can see that the classification of structural disordering into static and dynamic
components is rather nominal, since the dynamic structural disordering could be treated
as both structural and temperature-related effects:

(Ey)r =(Ey)y +(Ey )X,dyn ) (10)
with (E, ), being the contribution of lattice thermal vibrations. However, in spite of
nominal character of the classification noted above, it is the latter that has enabled
explaining the anomalous behaviour of the Urbach energy E, and the additional

disordering occurring at the PT into superionic phase in superionic conductors, as well as
in the absence of intermediate order in glassy semiconductors [24-26].

The contribution of temperature-independent static structural disordering (Ey )y o
in SbSI crystal originates from a presence of topologically inequivalent arrangements of
impurities, differences in the interchain distances and, accordingly, non-uniformity of the
interchain van der Waals interactions. The contribution of temperature-dependent

dynamic structural disordering (E; )y 4, can be caused by a presence of temperature-

dependent phonon-defect interactions due to specific features of van der Waals interchain
bonding and impurity arrangement in strongly anisotropic crystals such as SbSI, which
have been mentioned in Ref. [12]. The contributions under consideration have been

determined using the Einstein temperature 6, and the parameters (E,), and (E},),
obtained when fitting the temperature dependence of £, with Eq. (6).
Hence, the temperature behaviour of the Urbach energy E,, in the lower-

temperature part of the ferroelectric phase (i.e., at 7< 130 K) is determined by
contributions of all the terms contained in Eq. (9). The (Ey) x.apm value decreases and

(Ey )y increases with increasing temperature, while the (Ey )y, parameter remains

constant. A decrease in the Urbach energy E,, taking place at higher temperatures in the
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region of 7< 130K due to decrease in the (E;)y 4, contribution is explained by

interaction of some part of defects with phonons, giving rise to an ordering within the
defect system. The (E;)y,, parameter is zero at 72 130K and the temperature

behaviour of E, 1is determined by that of (E,), under the condition of
(Ey)x g = const. After transition from the ferroelectric phase to the paraelectric one
both (Ey )y  and (Ey)y 4, parameters decrease essentially (see Table 1), causing a

stepwise (almost double) decrease in the E,, value (Fig. 3). An increase of the Urbach
energy E, occurring inside the paraelectric phase with increasing temperature is

associated with increase of the (E; ); value under the condition of constant (Ey )y ., -

4. Conclusion

The optical absorption edge of ferroelectric SbSI crystal is studied within the temperature
range of 25-328 K. In the paraelectric phase (at the temperatures 7> T;) and partly in the
ferroelectric phase (130 K < T'< T,) the absorption edge is shown to correspond to the
Urbach rule. A non-Urbach behaviour of the absorption edge at 7' < 130 K is explained by
dynamic structural disordering (Ey )y 4, The latter can be caused by a presence of

temperature-dependent phonon-defect interaction, namely the interaction of defects
caused by specific features of van der Waals interchain bonding and some features of
impurity arrangement in strongly anisotropic SbSI crystals, with thermal vibrations of the
lattice involved.

The temperature variations of the optical pseudogap in the paraelectric phase (T > T,)
and partly in the ferroelectric one (130 K < 7'< T¢) are shown to be well described by the
Einstein model. The optical pseudogap reveals stepwise temperature behaviour in the PT
vicinity, which is typical for the first-order transitions.
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Anomauin. B pobomi docniodcenutt onmuyHull Kpai NO2TUHAHHS CeSHEMOCNeKMPUYHUX
xkpucmanie SbSI 6 wupoxomy memnepamypuomy inmepeani. B napaenexmpuuniii ¢asi
(T>T,) i uwacmxkoso & ceenemoenekmpuunii ¢azi (130 K<T<T.) cnocmepicanace
ypbaxiecoka nosedinka xkparo nozaaunanus, moodi sax npu T<I30 K eusasnene gioxunewnns
8i0 mpasuna Ypbaxa. [locnidocenuii @naue po3ynopsoKy8aHus Kpucmaniunoi epamxu
pizHo2o muny Ha napamempu ypbaxiecbkozo Kpawo nocnuHanua. He ypbaxiscvra
Nn06ediHKa Kpalo NOTUHAHHS NOSACHEHA OUHAMIYHUM CIPYKIMYPHUM PO3YNOPAOKYBAHHAM

BUKTUKAHUM MEMNEPANYPHO 3ANENCHOIO POHOH-0eDEKMHOI0 83AEMOIIEIO.
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