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ABSTRACT — Pyroelectric coefficient ()) was investigated in crystals 

of Sb Se,S, .I and a notorious broadening of the transition when x increases 

is verified. Spontaneous polarization CP.) for Sb Se, ae™b:80" is deduced from 

X and the broadening of the transition is analised by assuming a non-homo- 

geneous distribution of Se atoms through the sample. 

1 — INTRODUCTION 

SbSI exhibits a very sharp ferro-paraelectric phase transition 

of displacive type around 293 K under atmospheric pressure 

[1]-[4]. On substituting sulfur atoms by selenium, the order of the 

transition changes from first to second order for a selenium con- 

centration larger than 0.33 + 0.03, and the Curie temperature 

decreases almost linearly with Se concentration, with a large 

slope, dT,/dx ~ — 330 K [5], [6]. It will then be expected that 
even small variations of x around a mean value will have a strong 

effect on the broadening of the phase transition on mixed com- 
pounds Sb Se,S,_,I. 

2— EXPERIMENTAL RESULTS 

We studied the pyroelectric effect on vapour grown samples 

of SbSe,S,_,I by measuring the potential difference originated 

(*) This work was partially supported by Junta Nacional de Inves- 

tigacao Cientifica e Tecnolégica under research contract n.° 106.79.27, by 

I.N.I.C. and by NATO Res. Grant 1824. 
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across a known short-circuiting resistance as the samples were 

heated at constant rates (dT/dt) from about 40 K below the 

respective Curie temperatures (T,) up to some degrees above it. 

The samples were previously polarized along the c-axis while 

being cooled down and the electric field was removed when 

actually measuring the pyroelectric effect. The short-circuiting 

resistance was kept at a constant temperature thus allowing the 

determination of the discharging current (I) arising from the 

changes in the spontaneous polarization (P,) of the samples on 
heating. An increase in the temperature of a ferroelectric crystal 

of cross section S will cause a diminution of P, related to the 
current flowing in the external circuit by 

dP, 
dT 

ar 
dt 

  

  

The pyroelectric coefficient ) = | dP,/dT| may be evaluated 
from this relation. The results for various samples of Sb Se,S,_,I 
are displayed in Fig. l1,and show that, as x increases, there is a 

remarkable broadening of the transition. This behaviour has been 

often associated with a diffuse phase transition and may be due to 
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Fig. 1— Temperature dependence of pyroelectric coefficient ) = | dP ./dT | for 

Sb Se,S,_1 (x<0.01, x=0.30, x=0.33, x=—0.34, x—0.38, x= 0.40, 

x=0.50, x=0.65). The right hand side scale applies to the x < 0.01 curve. 
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structural disorder, internal stresses, thermal and composition 

fluctuations. By means of a simple model we have tried to study 

the effect of composition fluctuations on the broadening of the 

transition and we applied these results to Sb Seo.49So.¢ol- 

Spontaneous polarization may be deduced from the pyroelec- 
tric coefficient by 

e 
P,(T) = f A(T) dT 

T 

where (7) = 0. The resulting temperature dependence of spon- 

taneous polarization of Sb Se, ,,S, 4.1 can be seen in Fig. 2. 
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Fig. 2— (a) Temperature dependence of pyroelectric coefficient ) = | dP, /dT | 

for Sb Se, ,oS5.go!; (b) Temperature dependence of spontaneous polarization 

P(T) for Sb Se, S.J 
0.40~ 0.60" * 

According to Landau’s theory, for a second order transition, 

occuring at T,, the squared spontaneous polarization, P2 (T) , may 
be approximately represented by [7] 

P3(T) = A (T, —T) for T<T, 
P2(T) =0 for T>T, 
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A plot of P2(T) versus T may be seen in Fig. 3 and shows 
that this representation is fairly good up to a few degrees 

below Th». 
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Fig. 3— Temperature dependence of squared P. (T) for Sb Sey 1090.60! 

3 — THEORETICAL MODEL 

In the following we analyse the experimental data concerning 

Sb Se@o.s0So.col using a model in which we consider the crystal 

formed by non-interacting regions, each with a transition tempe- 

rature T,. This is, of course, a simplifying hypothesis since the real 

situation is certainly more complicated and these individual regions 

will not be, in practice, as independent as we are assuming but 

will interact with each other via depolarising fields, elastic strains 

or thermal fluctuations. 

The usual procedure [8], [9] has been to define a density of 

probability, which we will call g(T,), and to consider the 

measured values of macroscopic properties of the crystal as some 

kind of average over the different regions of the crystal. A ther- 

modynamical approach of the free energy with an apparent local 

field in the polarization direction has already been tried to fit 
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experimental data in Co-doped barium titanate, but without much 

success [9]. The fitting was better when using a truncated gaussian 

distribution of the Co-concentration. Taking these results into 

account we did not try the free energy approach. 

Let T,, and T,, be the limiting transition temperatures; the 

probability density for finding a region of transition temperature 

in the vicinity of T, will be defined to satisfy the conditions 

g(T,)~0 only for Ty, >T,>T,, 

and, of course, 

T 
ies g(T,) aT, =1. 

m 

If P,;(T) represents the spontaneous polarization, at tem- 

perature T, of the region of the crystal whose transition tempera- 

ture is T,, the experimental value, measured over the whole 

crystal, will be an average value of P,(T), evaluated over the 
regions of the crystal still polarized at that temperature. 

We have used two different approaches. In one of them we 

evaluated the average value of the square of the polarization (a) 

and in the other the average of the polarization itself (b). 

a) Evaluation of < P?2(T) > 

According to the way we defined g(T,), T,, and Ty, the 

evaluation of < P2(T) > will give 

Tw 
<P(T)>=AJ, (T.—T) g(T.) dT, forT <T, 

m 

Tu 
<Pi(T)>=Af, (T1>—T) gCT,) dt, for T, <T< Ty 

£RT) == 0 for T >Ty 

If we choose for g(T.) any function symmetric around T, 
and duely normalized we will have, for T < T,, 

, Tu Tu 

<P2(T)>=A ie. T, (To) at, AT]. g(T,) dT, 

=A <T,> —AT=A (Ty—T) 
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For simplicity we have chosen g(T,) as a parabolic function, 

symmetric around T,, defined between T,,=T,.—0 and 

Ty = Tot 0 by 

  &(T,) = — [(T, — Tg)? — 67] 40° 

We obtain 

€m(T) > =A (T,=T) T<Tn 

  
A 

<PE(T) >= Ggqs [Te + )—TP [T- (Te- 30) ] 

<P{t)>=0 T>Ty 

The pyroelectric coefficient (A), here taken as 

_s 
= “aT [<Pe(T) >)* 

has a maximum at a temperature 

Tas = Ty = (2= 82) B 

To apply this model to our experimental results we assumed 

that < P2(T) >=<P,(T) >?=P2,,(T) . From the plot of Pexp 

versus T (Fig. 3) we deduced the values A = 0.287 wC*? cm~* K~’, 

T, = 1614 K and 0=7.9 K. The fit may be seen in Fig. 4, 

curve (a): it shows a good agreement from 130 K up to 145 K. 

It also seems to indicate that a larger value of © should be used, 

as does the difference we find between the experimental value 

Tmax = 157.5 K and the predicted value T, — (2 —V3) © = 159.3 K. 
However, a theoretical curve using a larger value of 0 may 

also be seen in the same figure, curve (b), and it does not 

show a better agreement. This may be due either to the 

simplicity of the function we assumed for g(T.) or to the use 

of <P2(T) > instead of <P,(T) >*. In Fig. 5 we can see a 
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Fig. 4— Temperature dependence of P,(T): Full circles, experimental results 

for Sb Se, 4o%o go! 3 Full lines, calculated values of [ < P2(T) > ]'/? by taking 

a parabolic function as a density of probability. 
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Fig. 5— Temperature dependence of P,(T): Full circles, experimental results 
for Sb Se, 405o,go! 3 Full line, calculated values of [ < P2(T) > ]'/? by taking 

a truncated gaussian function as a density of probability. 
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another theoretical fit by taking a truncated gaussian function 

as a density of probability. As the situation has not improved 

significantly we tried another approach. 

b) Evaluation of <P,(T) > 

P,(T) may be written 

P,(T) =A’ YT, —T for T <T, 

P,(T) =0 for T>T, 

We will now define g(T.) by 

  _ (T, — Tce)? 
g(To) = ; exp [ --*—e | T, = T < Te 

g(T.) =0 elsewhere 

where 

T T,—To)’ a, = f M exp [- ‘ 0 or | dT, . 

m 6? 

The average value of P, will then be 

(T, ~ To)’ 

C2 
  
Al T ee 

<P,(T) >= 3 J mT, = exp | — Jar, 

0 j 

where @=T,, for T<T,, and @=T for T,,<T<Ty; and 

<P,(T)>=0 for T>Ty. 

All integrals shown were evaluated numerically. The fit 

to experimental results was done by trial and error: the best fit 

was found for T, = 163.0 K and 0 = 8.5 K and may be seen in 

Fig. 6 (b). Although some discrepancies persist the agreement 

has improved significantly. In Fig. 7 we can see a plot of 

<P,(T) >? versus T calculated from the expression just given 
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Fig. 6 — Temperature dependence of PCE): Full circles, experimental points 

for Sb Se, 49S .¢o1; Full lines, theoretical fit obtained by using a truncated 0.40" 0.60% ? 

gaussian function as a density of probability, (a) @=10 K; (b) 9=8.5 K. 

with an arbitrarily fixed value for A) and for different values 
of ©. As we can see, not too near the transition temperature 

<P,(T) >?’ is still fairly well represented by a straight line, 
<P (T)>*= const. (T,—T), which intercepts the T-axis the 

farther from T,., the larger the value of 0. 

4 — CONCLUSIONS 

In a diffuse phase transition the spreading of the transition 
temperature in a finite range of temperature has been ascribed 
to thermal and composition fluctuations, intennal stresses, 
dispersion of the c-axis orientation and so on. As we observe a 

broadening of the transition in mixed compounds SbSe,S,_,I 

Portgal. Phys. — Vol. 13, fasc. 3-4, pp. 173-183, 1982 181  



M. H. AmaraL et al. — Phase transition in ferroelectric Sb Se, ,S,,¢o1 

increasing with x we think that fluctuations of Se composition 

may be an important reason for the diffuse character of the transi- 

tion in those compounds. The model used explains two features 
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Fig. 7— Temperature dependence of P_(T,.—T) >? obtained by using a <P Cle > 

truncated gaussian function as a density of probability, A—10 (arbitrary 

units), (2) 9=1 K; (b) 0=10 K; (c) P= 15 K. 

of the diffuse phase transition, namely that the pyroelectric effect 

does not go to zero just at T, but some degrees above it, and that 

far from the transition the averaged spontaneous polarization of 

the crystal will still behave approximately as if the transition 

temperature was unique. 

182 Portgal. Phys. — Vol. 13, fasc. 3-4, pp. 173-183, 1982



  

  

M. H. Amarat et al. — Phase transition in ferroelectric Sb Se,,,,S,, 4,1 
0+60 

The value of 8.5 K found for 6, corresponds to a fluctuation 

of Se concentration of some 2.5 % around a mean value x ~ 0.40. 

This seems a reasonable value for composition fluctuations since, 

as we have already pointed out, the variation of the transition 

temperature T, with the concentration x of Se is quite high 
(33 K for Ax = 0.1), so we expect that even small fluctuations of x 

will produce noticeable effects on the polarization of the crystal. 

Work is in progress to obtain a better fit to experimental data 

using other trial functions. 
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