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Dielectric properties of Betaine Arsenate crystal near the phase transition
A. Hek®*, S.Dacko®, and Z. Czapla®

*Institute of Experimental Physics, Wrocaw University, pl. M. Borna 9, 50-204 Wrocaw,
Poland

Dielectric measurements for single crystal of betaine arsenate (C'Hjs)sNCH>COO -
H3As0O,4 connected with the ferroelectric phase transition at 119 K were performed. The
temperature dependence of electric permittivity was measured at dc electric fields up to
700 £V /m. The results show significant suppression of the dielectric constant by the ap-
plication of dc field. Deviation from the classical behavior was observed. The electric
permittivity was also measured in the paraelectric phase at constant temperature as a
function of electric field intensity up to 700 kV/m. The electric permittivity might be
well described by the classical relation with additional term including contribution to per-
mittivity coming from clusters. The fit parameters indicate that the polar-clusters carries
polarization Py = 0.7 — 4.91073C'm? with the clusters size of L = 12 — 20nm .

1. Introduction

Ferroelectric crystal of betaine arsenate ((C'Hs3)sNCH,COO - H3AsO,4 abbreviated as
BA) has been known since 1982 [1]. According to this first paper the crystal undergoes
two phase transitions, one at Ty = 411K and another one at Ty = 119K. The first
phase transition was identified as a para-ferroelastic phase transition, while the second was
identified as a para-ferroelectric one [2,3]. The high frequency dielectric measurements
and Raman spectroscopy indicate that the phase transition at T appears to be of the
order-disorder type [4,5]. The shape of the heat capacity curve measured near To by
adiabatic calorimeter [6] suggests that the phase transition is of the second order. The
phase transition at T seems to be of the first order [7]. The symmetry of the BA crystal
above 411K is Pbnm [8] and in the range of 119K < T < 411K is P121/n1 [2]. There
are some evidence for a third phase transition occurring at the temperature about 110K
[9,10]. The latest X-Ray studies suggested the appearance of the third phase transition
at the temperature 107K and the space group P1nl was proposed for temperature below
119K [10]. Most of the experimental investigations of BA show deviations from what
is considered as a typical ferroelectric behaviour. The pyroelectric coefficient along the
[001] direction reveals two anomalies in the temperature range 110 — 123K [11]. The
hysteresis loops in BA exhibit striking S-shaped curves in the interval of a few K above
Teo [1]. Using a model of weakly coupled one-dimensional Ising chains, the temperature
dependence of dielectric constant in paraelectric phase was described as referred by Miiser
[12]. The same authors observed a cross-over of effective critical exponent 7 to a value
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typical for short-range forces in paraelectric phase [13]. Recent measurements also show
that in BA exists short range interaction above 119K [5,10], which are called clusters.

The aim of our studies was to measure and describe dielectric properties of BA under
influence of electric field. The description was aimed to check the possibility to use
dielectric state equation with two or three terms and with additional term coming from
clusters to get the best fitting of parameters, which describe phase transition.

2. Experimental

Polycrystals of BA were obtained from water solution of stoichiometric quantities of
arsenic acid and betaine. Single crystals BA were grown from saturated water solution of
dissolved polycrystals of the substance by slow evaporation method at constant temper-
ature of 302K.

The c-plates approximately 0.7 mm in thickness were cut out from the crystal. Silver
paste films were used as electrodes. The sample was placed in a nitrogen gas exchange
chamber of a cryostat and it was mechanically free. The sample capacitance was measured
using a precision LCR-meter HP 4284A with a measured field of 1 V/e¢m in amplitude
1.2 kH~z, allowing us to calculate the electric permittivity. The electric permittivity as
a function of temperature was measured on a cooling run with a rate of 0.5 K/min
with different values of dc electric field from 0 to 700 £V /m. Applying an electric field
of amplitude 700 £V/m and the frequency 1072H z, the field dependence of the electric
permittivity at constant temperatures was measured.The temperature in the chamber was
controlled with an accuracy not worse than 5- 1073 K.

3. Results and Discussion

The dielectric constant and its reciprocal value are presented as a function of temper-
ature in figure 1,2. In the paraelectric phase, the Curie-Weiss law :

r_ C’0
T—-Ty

€ (1)
where Cyy and T} are Curie-Weiss constant and temperature, respectively. Equation (1) is
well fulfilled in the temperature range of 120-150K (see dotted line in the figure 2) with
Cor = 3.94+0.01 - 10*K. However, this fit gives Curie-Weiss temperature different than
the one in which maximum of dielectric constant appears. Another fit was done in the
temperature range of 154 — 190 K (see solid line in the figure 2) and gave practically the
same Curie-Weiss temperature as the temperature of the maximum of dielectric constant.
The Curie-Weiss constant is equal to Cpy = 3.6+£0.01-10*K. However, below temperature
about 154K experimental data show deviation from this fit.
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Figure 1. Temperature dependence of dielectric constant measured in c-axis direction.
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Figure 2. Temperature dependence of the reciprocal value of the dielectric constant.
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3.1. Temperature dependence of electric permittivity in the paraelectric phase

Figure 3 shows temperature variations of the dielectric constant for various dc electric
fields. As it can be seen the maximum value of &' decreases with intensity of applied
electric field and the position of maximum shifts to higher temperatures. It looks like
classical behaviour.

x10
12 % 22kVIm
€' v 44kVim
A 111kV/m
9 O 231kV/m
® 333kV/m

120 130

Figure 3. Temperature variation of the dielectric constant at various dc electric field.

However, when we take equation for maximum value of permittivity obtained from
Landau theory [14]:

L3 \
(5max> b= WBl/gEl/ ) (2>

where B is nonlinear coefficient in dielectric state equation, we do not get classical value
of the exponent a = 1.5. The experimental data are well described with the value of the
exponent a = 1.66. The results are presented in figure 4.
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Figure 4. Maximum value of electric permittivity versus dc electric field for different
temperatures.

3.2. Field dependence of permittivity at constant temperatures in the para-
electric phase
The further study was focused on the de electric field dependence of dielectric constant
at constant temperature in the paraelectric phase. The measurements were done in the
range of temperature (T¢e, Too +30K). In order to describe experimental data we started
with the well-known classical dielectric state equation in a form:

E = AP+ BP?+CP®, (3)

where A = Ay(T —T¢) is linear coefficient and B, C are nonlinear one, which are assumed
to be temperature independent. P is an induced polarization.
Neglecting the last term of equation (3) and using relation:

OF
n-1_ 9&
(eoe) = o7 (@)
one can rewrite (4) in the form:
¢’ = 1/(eo(A+3BP?)), (5)

where the explicit relation between P and E

sy &) [y (B

was obtained analytically from equation (3) with only two first terms.

On the other hand the field dependence of dielectric constant in the paraelectric state can

be expressed as [15,16]

,:L_ 3B E2+1532
€0A €0A4 €0A7

11/3
P =

(6)

E (7)

£
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This equation is commonly used to describe the behaviour of dielectric constant in dc field
at constant temperature. However, in this work, fits of ¢’ vs. E involving even powers of
E* are insufficient to explain experimental data as it can be seen in figure 5.

T=138.5K
1800 |
E|
1600 |
1400 |
" 1 " 1 " 1 "
0 2 4 6 x10°

E[V/m]

Figure 5. Field dependence of the dielectric constant and its best fit to the equation (7)
(solid line).

Therefore, in next step the fits were done according to equation (5) and (6) as it was
propose for some systems by Dec et al. [17]. Plot in figure 6 (see the dotted line) shows
that fitting to equation (5) is in better agreement with data for temperature higher than
131K. From these fits the parameters A and B were obtained in the temperature range
132 — 152K. However, below 131K fitting curves are in disagreement with experimental
data as it can be seen in figure 7.

Additionally, to explain experimental data we take into account another term (E°) in
equation (7). We performed fitting with extended equation and result for 7= 138.5K is
shown in figure 6 (see the solid line). Plots in the figure 8 show temperature dependence
of fitting parameters A and B. One might notice that in this case parameters A and
B were in quite good agreement with the results from the equation (4). Nevertheless at
the temperature below 126K, adding next term was insufficient to explain the semi-bell
shape curves (as an example see figure 9).

Following results from [5,10] we considered the appearance of clusters and according to
method proposed by Bianchi et al. [18,19] and used by others authors [20], we added a
cluster term to equation (5). By means of Langevin-type approach[21], the total polar-
ization of a cluster system is expressed as

(8)

P, I3E
P:Potanh< 0 )

2kgT
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Figure 6. Field dependence of the dielectric constant and its best fit:
- solid line according to the equation (5)
- stars according to the equation (7) with additional term FES.

here P, denotes effective polarization of clusters, L the size of cluster, kg the Boltzmann’s
constant, and F electric field. Therefore contribution to electric permittivity from clusters
takes a form:

P2[3 PIA\] 2
ro=_0 h( B2 .
KT o2kgT lCOS < WepT (9)

It can be seen in figure 10 that term represented as equation (9) added to equation (5)
improves fits and describes experimental data in temperature range from 119 to 153K. It
is interesting to notice that the contribution to electric permittivity from polar clusters
at the temperature 121K is about 27% without dc field (see an example in figure 11) and
at the temperature about 130K it is 18%. The contribution from clusters decreases with
temperature.

In figure 12 we showed parameters A and B as functions of temperature. The parameter
B varies with temperature from 0.5 - 10'! for higher temperature and rises up to 12 -
104mPV C~3 for temperature near the temperature of the phase transition. This increase
of B can be connected with existence of the clusters. The parameter Ay was found
from temperature dependences of parameters A. We found that the value of Ay is equal
to 2.1 - 10°V'm(CK)™!, it has the same order as the one calculated from Curie-Weiss
constant(Ag = 2.8 - 105Vm(CK)™"'). The lower value of Ay can be connected with the
relative volume of cluster, which is comparable with the contribution from clusters to
total electric permittivity under zero electric field. In next step according to parameters
from formula, which was used for fitting ¢(E) and was obtained by summing equations
(4) and (9) we got the clusters size, and polar clusters carried polarization. The following
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Figure 7. Field dependence of the dielectric constant and its best fit to the equation (5).
Dotted line shows fit for an entire range of field, while solid line shows fit for values of
field up to 4 - 10°V/m.

part of equation (9) is connected with clusters. We can rewrite equation (9) in the form:
el = Py [cosh (P, - E)] 72, (10)

where parameters P, and P, are:

P23
= 11
1 502]{?BT’ ( )
P, L3
) — 2/§BT' (12)

Since g, kg and T are constant the value of variable L and P, can be calculated from P;
and P». We got the clusters size L = 12 — 20nm, and polar clusters carried polarization
Py=0.7—4.9-1073Cm?.
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Figure 8. Temperature dependence of fitting parameters A and B. In both figures plot
with squares denotes dependences according equation (5), while plot with circles denotes
dependences according to equation with term E°.
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Figure 9. Field dependence of the dielectric constant and its best fit to the equation with
ES term (solid line).



10

A.Hek et al.

2000

1000

O  130.0K
A 123.4K

Figure 10. The dc electric field dependence of dielectric constant for two values of tem-
perature. Solid lines represent fits to equation with cluster term.
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Figure 11. The dc electric field dependence of dielectric constant. Plot labeled as 1 is the
contribution from the polar cluster term (according equation (9)), and plot labeled as 2
is the contribution from the conventional polarization term(according equation (5)).
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Figure 12. Temperature dependence of parameters A and B of equation with cluster’s
term.

3.3. Polarization in the paraelectric phase

The polarization was measured using an electrometer at frequency of 8.3 - 1072 H z.
Klopperpier et al. observed that the hysteresis loops in BA exhibit striking S-shaped
curves in the interval of a few K above Tgg [1]. In our analysis hysteresis were observed in
paraelectric phase even up to temperature 167K . The correction of polarization obtained
by subtracting the part connected with resistance of the sample gives disappearance of
hysteresis above 150K (see an example figure 13). However, for temperature below 150 K
this method was insufficient to remove hysteresis loops. Character of hysteresis loops after
correction is as for ferroelectric one (see figure 13) and one can conclude that presence of
these loops confirmed the existence of clusters below 150K.
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Figure 13. Polarization after correction versus dc electric field.

4. Summary

The results obtained in the present study are summarized as follows:

! oe(l) we found exponent a = 1.66, which is different than
classical one, so the classical equation can not be used in the temperature below
130K,

From relation for &’

¢/(E) was described using classical state equation with the term P2 in the range of
temperature 132 — 152K,

¢/(E) was described using classical relation with term E° in the temperature range
126 — 152K,

¢'(E) was described by relation with clusters’ term added to classical equation in
the temperature range 121.5 — 132K,

The existance of clusters with L = 12 — 20nm and Py = 0.7 — 4.91073C'm? was
confirmed in BA crystal,

The parameters A and B were obtained by few methods in the broad temperature
range; Ay is equal to 2.1 - 105V m(CK)~! and the parameters B varies with tem-
perature from 0.5 - 10! for higher temperature and rises up to 12 - 1014m®VC~3 for
temperature near the temperature of the phase transition.
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