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Betaine arsenate as a system with two instabilities
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Using our experimental dielectric and acoustic data and those available in the literature (the small-

signal dielectric response, the temperature evolution of the dielectric hysteresis loops, the electric-field-

temperature phase diagram, the sequence and the types of the observed phase transitions, the
temperature-deuterium-concentration phase diagram and partial temperature loops in the sound veloci-

ty), we analyze the properties of a (CH3)NCH2COO. H3As04-(CH3)NCH2COO D3As04 solid solution in

the framework of a unique phenomenological scheme corresponding to a system with two competing in-

stabilities (ferroelectric and structural). We average the competition on a macroscopical level, where the
coexistence of the two types of ordering is, in principle, possible, but the appearance of one of the order
parameters suppresses the instability related to the other. It is shown that betaine arsenate —deuterated
betaine arsenate represents a good example of such a system.

I. INTRODUCTION

The study of a system with competing interactions has
been under intensive consideration for many years. ' Nor-
mally, when discussing this problem, one averages com-
petition on a microscopic level, i.e. a ferromagnetic in-
teraction between nearest neighbors and an antiferromag-
netic one between next-nearest neighbors. This type of
interaction often results in an incommensurate phase or
series of many phase transitions close in the temperature.
However, one can find another type of competing interac-
tion on the macroscopic level, i.e., the situation where the
coexistence of the two types of ordering is, in principle,
possible, but the appearance of one of the order parame-
ters suppresses the instability related to the other. In this
case we are mainly dealing with a competition between
several homogeneous ordered phases, having an inhomo-
geneous phase only in a very narrow interval of the model
parameters. Systems of this type have been theoretically
studied comprehensively, manifesting a set of interest-
ing properties, however, to the best of our knowledge,
this set has never been demonstrated in the same materi-
al. In this paper we shall try to do that.

Solid solutions of betaine arsenate
(CH3)NCH2COO H3As04 (BA) and deuterated betaine
arsenate (CH3)NCH2COO. D3As04 (DBA) are a very in-
teresting system with ferroelectric and antiferroelectric
properties. BA and DBA undergo a ferroelastic phase
transition (Pcnm-P12&ln) at T„=411K. At lower tem-
peratures BA transforms into a ferroelectric state
(P12, ln Pn) at T,2= 119-K and DBA transforms into an
antiferroelectric state at T,2=172 K. At first the fer-
roelectric phase transition temperature increases with the
increasing of the deuteration degree. But when the de-
gree of deuteration exceeds 80%%uo, the ferroelectric phase
transition line splits into anatiferroelectric (T,2) and fer-
roelectric (T,3) branches (Fig. 1).6 As a result in high
deuterated betaine arsenate there occurs the sequence of
second-order antiferroelectric and first-order ferroelectric
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FIG. 1. Phase diagram for BA-DBA system (Refs. 6 and 7).
P, paraelectric phase; F, ferroelectric phase; A, antiferroelectric
phase.

phase trans|talons.
We believe that BA-DBA solid solution respresents a

good example of a system with two competing instabili-
ties (ferroelectric and structural). We shall try to demon-
strate this example using our experimental dielectric and
acoustic data, existing experimental data, and the results
of the phenornenological analysis of the two-instability
system. We shall show that many properties of
BA-DBA (the small-signal dielectric response, the tem-
perature evolution of the hysteresis loops, the
temperature-electric-field phase diagram, the sequence
and the types of the observed phase transitions, and the
temperature-deuterium-concentration phase diagram)
can be interpreted in the framework of one phenomeno-
logical scheme and that in some cases a quantitative
agreement between the properties can be demonstrated.
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II. EXPERIMENTAL RESULTS 5E, 10 V/m

Dielectric and acoustic properties of DBA crystals
with deuterium concentration 85%%uo (DBA85) and 90%
(DBA90) have been studied. For dielectric measurements
thermally evaporated Cr electrodes have been used.
Acoustic measurements have been performed by the
echo-pulse method with an accuracy of 10 for velocity.

Since, in the ferroelectric phase, polarization P, is
about ten times larger than P, we paid the main atten-
tion to the c,„component of the dielectric constant. The
temperature dependences of the dielectric constant c„
and reciprocal dielectric constant of DBA85 at the fre-
quency I kHz are shown in Figs. 2(a) and 2(b). Two
maximums of E.„for the antiferroelectric and ferroelec-
tric phase transition are observed. It is worth noting that
the large maximum of c.„corresponds to the antifer-
roelectric phase transition and the rather small maximum
to the ferroelectric phase transition at T,3.
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FIG. 3. E-T phase diagram (0, experiment;, calcula-
tion) and dielectric hysteresis loop (corresponding to cross sec-
tions a, b, and c) at frequency 50 Hz in DBA90.
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FICx. 2. Temperature dependences of dielectric constant c„
(a) and reciprocal dielectric constant 1/c„(b).

Figure 3 shows the experimental E-T phase diagram
for DBA90 which was deduced from measurements of
the temperature dependence of the dielectric constant in
the presence of bias electric fields. We observed the con-
siderable shift of the ferroelectric phase transition point
to higher temperatures under the action of the bias fields.
At bias fields of more than 1.3X10 V/m the intermedi-
ate antiferroelectric state disappears. This E-T phase dia-
gram corresponds to the convergence of the double hys-
teresis loop and its conversion into the single loop with
decreasing temperature, which we observed in our experi-
ment and which also was reported earlier in Ref. 6.

In Fig. 4(a), the temperature dependence of the veloci-
ty of longitudinal acoustic waves at the frequency 15
MHz propagating along the Z axis in DBA85 is shown.
One can see also two anomalies related to the antifer-
roelectric ad ferroelectric phase transitions. It should be
noted that along with the positive jumps of the velocity at
the first-order ferroelectric phase transition (T,3) with
the hysteresis about 2 K we observed the temperature
hysteresis of velocity in a larger temperature range.

The partial temperature hysteresis loops in the velocity
have been studied for the ferroelectric phase of DBA85.
One of the partial temperature loops is shown in Fig.
4(b). This loop has such a specific feature, which is often
observed in crystals with incommensurate structures.
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III. DISCUSSION

Analysis of the experimental results shows that the
BA-DBA system belongs to the "S region" as follows
from the two-order-parameter phenomenological model
developed in Ref. 4. In Ref. 4, the dielectric behavior of
the system with ferroelectric and structural instabilities
was studied in the framework of the following Landau
free energy expansion:

F= ,'a)ri —+,'P)rj —+,'a~P —+,'P2P —+2yri P— PE—, (1)

where g is a structural order parameter, I' is the polariza-
tion, E is the macroscopic electric field parallel to the po-
lar axis, a&=A.&(T T,—„), a&=A,2(T T,—~), and P„P2,
and y are positive. We identify T,„with the antifer-
roelectric transition temperature T,2.

Using dielectric data, such as the small-signal response,
the response to strong electric fields (hysteresis phenome-
na included), and the phase diagram in the presence of
the bias field, one can single out six qualitatively difFerent
types of behavior of the m.odel. Only two independent
parameters 6 and y govern the separation:

b, =(A., jA2)(P~IP))' and qr=y(P, P2) (2)
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The parameter 6 refiects the difFerence in the tempera-
ture dependences between the energies for the nonpolar
ordered state (P =0, g&0) and polar state (PWO, g=O);
the parameter y determines the coupling between the or-
der parameters.

There are several regions in the (b„y) plane, which
correspond to the different dielectric behavior (Fig. 5).
The BA-DBA system is ascribed to the S region. This re-
gion is the most interesting among all six regions because
it can be considered as an intermediate one between the
"classic" antiferroelectric behavior ( U, T regions) and the
ferroelectric behavior ( Wl, 8 2,I regions). The systems
which belong to the S region manifest the sequence of the
antiferroelectric and noncritical first-order ferroelectric
phase transitions, the latter being accompanied by a weak
dielectric anomaly. These systems also manifest the
double "antiferroelectric" hysteresis loops converging on
cooling and converting finally into a single "ferroelectric"
hysteresis loop.

For the S region, two conditions for the independent
parameters are valid: yA) 1 and 6&1. The first condi-
tion means that the structural order parameter, which
appears at T & T,„, suppresses completely the ferroelec-
tric instability, i.e., the critical ferroelectric phase transi-
tion is impossible because in the temperature range below
T,„ there is no point where the nonpolar ordered state
with g&0 loses its stability. The second condition
(b, ( 1) means that the energy of the polar state changes
with temperature faster than that of the nonpolar ordered
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FICi. 4. Temperature dependences of velocity of longitudinal
acoustic wave in Z direction (a) and partial temperature hys-
teresis loop in velocity (b).

FIG. 5. The classification of different types of dielectric
behavior in the (y, A) plane from Ref. 4. The cross shows the
values of the parameters (6=1 and pe=3) at which the con-
sidered model is equivalent to the Kittel model.



8750 E. V. BALASHOVA et al.

state. Temperature dependences of the energy of the
states are schematically shown in Fig. 6(a). In this case,
there is a temperature ( T, ) where the energies of the two
states are equal and therefore, for T & T„ the aforemen-
tioned polar phase appears by means of the noncritical
first-order ferroelectric phase transition.

The reasons for referring the BA-DBA system to the S
region are the following: (i) the type of s„ temperature
dependence; (ii) the "antiferroelectric" hysteresis loops
which converge on cooling and finally transform into a
single "ferroelectric" loop; (iii) the E Tph-ase diagram.
These three facts can be considered as a qualitative
identification of the system. However, one can perform
this identification quantitatively, namely, one can calcu-
late 6 and y from one set of properties, then verify that
the values found belong to the S region of the diagram
and, finally, using these values, determine parameters re-
lated to other properties and compare the result of the
calculation to the experimental data. We shall perform
this process using the small-signal dielectric response as
an initial set of properties and the E-T and deuteration
phase diagrams as verification.

Using the data of the temperature dependences of c,„
and 1/E„shown in Fig. 2 and Eq. (A3) and (A8) derived
in the Appendix, we calculate the 5 and y parameters.
These equations are

T, =(T, bT,„)/(1——b ),
b/a =1—yh,

(3)

(4)

Tcp Tcl TCp

Tc

FIG. 6. Schematic temperature dependences of the energies
of polar F~ and nonpolar F„ordered states: (a) T,„&T,~; (b)

Tcg + Tcp.

where a and b are the slopes of the reciprocal dielectric
constant (plotted against the temperature) in the
paraelectric and nonpolar ordered states, respectively.
T,„=T,2=162.5 K is the structural (antiferroelectric)
phase transition point and T, =158 K is the tempera-
ture, where the reciprocal dielectric constant extrapolat-
ed by the Curie-Weiss law from the paraelectric phase be-
comes zero. We identify 1; with T,3= 144 K. From Eqs.
(3) and (4) we find y=15, b, =0.76 for DBA85. Perform-
ing the same calculation for DBA90 we find y=15 and
6=0.78. Thus, y does not depend on the degree of deu-
teration and 6 has a weak dependence. Now, knowing
the values of the parameters we can calculate the E-T
phase diagram, using the theoretical results. The calcu-

lated phase diagram is shown in Fig. 3 as a solid line.
The calculated curve is in good agreement with the ex-
perimental data.

The E-T phase diagram allows us to explain the tem-
perature behavior of the dielectric hysteresis loop. The
boundary between the antiferroelectric state, where gAO,
and the ferroelectric state, where g=0, is the line of the
bias-field-induced phase transition. This transition can be
of first or second order. Using the results of Ref. 4 Isee
Eq. (A9) in the Appendix] one finds the temperature Ti,

y( T,„—T,„)
y(1 —q)b, )+35(y —1)

separating the region of the second-order phase transition
( Ti, & T & T,z) from that of the first order ( T,3 & T & T& ).
Using the parameters of the model determined for
DBA90 (b, =0.78, y=15, T,„=167K, T,z =162 K) one
finds Tb = T,„—0. 11 K. Thus, almost in the whole tem-
perature interval T,3 & T & T,2 the boundary between
states corresponds to the first-order phase transition un-
der an external electric field.

In this case, the double dielectric hysteresis loops
should be observed when crossing the border line be-
tween two phases. When approaching the T,3 point from
above, the value of electric field, which is necessary to
switch one state into the other, decreases. It means that
the double hysteresis loops converge on cooling and final-
ly continuously transform into a single ferroelectric loop
below T,3. Just this temperature behavior of hysteresis
loop has been observed in DBA.

Thus, we have shown that DBA crystals are a system
with two coupled polar and structural instabilities. From
this point of view we can now describe the phase diagram
of the BA-DBA system, shown in Fig. 1. Analyzing this
phase diagram we see that the polar instability manifests
itself in the critical ferroelectric phase transition at the
deuterium concentration from 0 to 80%. At the same
time, the structural instability manifests itself in the anti-
ferroelectric phase transition at the deuterium concentra-
tion from 80% to 100%. It is worth noting that each
instability has a different slope of phase transition
point versus deuterium concentrations D: d T, /dD
&BT,„/dD. Using a linear approximation for these ex-
perimental dependences, the resulting phase diagram is
shown in Fig. 7, where broken lines are the extension of
the lines of the ferroelectric and antiferroelectric instabil-
ities into the concentration region where these instabili-
ties are not realized in a critical phase transition. When
deuteration degree exceeds 80% the structural instability
is realized before the ferroelectric one at temperature
T,„&T, and the polar state appears by means of a non-
critical first-order phase transition at T, . This transition
is a result of the different temperature dependence of the
energies of the polar and nonpolar ordered states as
shown in Fig. 6(a). At low deuterium concentration, we
have another situation. In this case T, )T, , the
structural instability is suppressed by the polar order pa-
rameter and the nonpolar ordered state does not arise at
all. That is due to the fact that, in this case, the energy of
the ferroelectric state (PRO, g=O) is lower than that of
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the nonpolar state (P =0, r)%0) at any temperature [Fig.
6(b)].

We have explained the phase diagram of the BA-DBA
system qualitatively. We can describe it quantitatively
too, using the theory developed in Ref. 4. One can see
from Eq. (3) that there exists a relation between T,„, T, ,
T„and A. From experimental data shown in Figs. 1 and
7, we can calculate the slopes of the phase transition
lines: aT,„/aD =0.75 and aT& /aD =0.45 (K/%).
From Eq. (3) we get the expression for the slope of the
noncritical first-order ferroelectric phase transition line:

aT; aT„yaD —aaT;„yaD
BD 1 —6 (6)

(we neglect a weak concentration dependence of 5). Fi-
nally, taking 5=0.76 we find aT, /aD = —0.5 (K/%),
that is in good agreement with the experimental data.

One of the interesting properties of the BA-DBA sys-
tem is the specific hysteresis phenomena observed in the
acoustic properties. The shape of the temperature hys-
teresis loops is quite similar to that observed in incom-
mensurate phases. We believe that this behavior indeed
attests to the existence of an incommensurate phase in
our crystal. The arguments in favor of the incommensu-
rate phase are as follows. The symmetry of. the paraelec-
tric phase is sufficiently low (P12, /n ) to permit the non-
linear Lifshitz invariants in the free energy expansion:

q'(aP, /az ) P„(aq'I—az ),
~'(aP, /ax ) —P, (a&'Iax )

If we suppose that the order parameter g transforms ac-
cording to the unity representation then the linear
Lifshitz invariants are possible too:

(8) leads inevitably to the appearance of an incommensu-
rate phase if the instability temperatures T,„and T, are
close enough. The case related to the invariants Eq. (8)
has been investigated in detail by Golovko and the case
related to Eq. (7) has been studied by Korzhenevskii.

We believe that an incommensurate phase of the type
discussed in Refs. 2 and 3 is observed in our experiment,
manifesting itself in specific temperature hysteresis loops
in sound velocity. However, the lack of information on
the symmetry of the nonpolar order parameter g prevents
a decision on which invariant [Eq. (7) or Eq. (8)] is re-
sponsible for the appearance of the incommensurat-
phase.

IV. CONCLUSIONS

Dielectric and acoustic properties of the BA-DBA sys-
tem have been studied. Using these data and those avail-
able in the literature, we have analyzed the behavior of
this material in terms of a system with two competing in-
stabilities. It was shown that, exhibiting many charac-
teristic properties of the two-instability system, BA-DBA
can be considered as a classical example of a system of
this type.
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APPENDIX

In Ref. 4 the noncritical ferroelectric phase transition
temperature was found in dimensionless units:

r)(aP„ /az ) P„(ag/az )—,
q(ap, /ax —p, (aq/ax ) .

(8) t, = —(1—b, )

where
(Al)

Any of the four aforementioned invariants Eqs. (7) and c Tcg

Tcq Tcp
(A2)

Using (A 1) and (A2) we get the equation for T, in the ex-
plicit form

16
(A3)

From Ref. 4 the equations for the reciprocal dielectric
susceptibility in dimensionless units in the paraelectric
and nonpolar ordered states, respectively, are

12(}
X '=1+t,
X '=1+t(1—yb, ) .

(A4)

(A5)

H D[/]

DBA

FICx. 7. Linear approximation of the phase diagram for the
BA-DBA system, shown in Fig. 1. The T,~ and T,„ lines are
linear approximations of the experimental curves. The T, line

is calculated using Eq. (6).

OX =1
Bt

ax-'
&= —=1—yh .

at

(A6)

(A7)

From Eqs. (A4) and (A5) one can determine the slopes of
temperature dependences of the reciprocal dielectric sus-
ceptibility in both phases, respectively:
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The ratio of the slopes is

b/a =1—yA . (A8)

From Ref. 4 the criterion for the erst-order phase transi-
tion is

t &tb=—
p(1 —yb, )+3k(y —1)

where t is the temperature in dimensionless units:
T Ti=

C Yj CP

(A9)

(A 10)
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