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Phase diagram of the betaine arsenate–betaine phosphate mixed-crystal system by dielectric
hysteresis and current curves
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The ferroelectric �FE� betaine arsenate �BA� and the antiferroelectric �AF� betaine phosphate �BP� are
structurally very closely related and mixed crystals of BAxBP1−x can be grown over the whole concentration
range. The concentration �x�-temperature �T�-pressure �P� phase diagram of the system is characterized by a
transition from an AF to a FE phase along with the appearance of some mixed regions upon changing
concentration. Depending on concentration, one or two relaxation processes appear in the low-temperature
region of the phase diagram. Measurement of the hysteresis loops and the current curves have been carried out
along the �x-T-P�-phase diagram of this system. Multiple loops have been observed in various regions of the
phase diagram. The correlation of the different contributions of the polarization and the temperature behavior
of their critical fields with the main features of the temperature- and frequency-dependent dielectric constant
enables clarification of the rich phase diagram obtained in this mixed compound in terms of the ferro- and/or
antiferroelectric interactions.
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I. INTRODUCTION

Betaine arsenate ��CH3�3NCH2COO·H3AsO4 �BA�,
ferroelectric �FE�� and betaine phosphate
��CH3�3NCH2COO·H3PO4 �BP�, antiferroelectric �AF�� are
structurally very closely related and mixed crystals are
formed in the ratio BAxBP1−x, with 0�x�1. The
�x ,T�-phase diagram of BAxBP1−x �Refs. 1–5� shows a vari-
ety of mixed regions and a glassy phase has been proposed
for the intermediate concentration region. Although the
phase diagram of the mixed BAxBP1−x crystal system at low
temperature shows dielectric dispersion due to several relax-
ation processes, typical features of the dipole glasses, such as
the Rbx�NH4�1−xH2PO4 �Ref. 6�-mixed system, are not seen.
Furthermore, the nature of the different mixed-phase regions,
transitions, and relaxations of the phase diagram seen in tem-
perature and frequency dielectric function measurements are
still not explained in a satisfactory manner from structural7,8

and spectroscopic data.5

The crystal structures of both BP �Ref. 9� and BA �Ref.
10� show the existence of quasi-one-dimensional chains of
arsenate or phosphate tetrahedra, interconnected by hydrogen
bonds. One betaine molecule is attached to each tetrahedron
by two H bonds via the carboxyl groups, which differ in
strength in the case of BP, but have approximately equal
strength in BA. As a consequence, the deformations of the
tetrahedra are subtly different in both compounds, resulting
in a slightly different steric behavior. The length dH of the H
bonds connecting the tetrahedra, on the other hand, are al-
most identical in both compounds and dH lies within the
narrow region, where double-minimum potentials are to be

expected for H bonds. The single chains in both BA and BP
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are ferroelectrically ordered, however, the interchain interac-
tion is slightly different for both crystals, which gives rise to
the FE order of BA and the AF order in BP. Also BP and BA
are not isostructural with each other at room temperature.9,10

BP undergoes a phase transition at 365 K from a paraelectric
�P21/m�Z=2�� to an antiferrodistortive �P21/c�Z=4�� phase
and a further isostructural transition into an AF phase at T
=86 K, without doubling of the unit cell; for T�81 K BP is
AF �P21/c�Z=8��,9,11 while BA undergoes a phase transition
from a paraelectric �Pcnm�Z=4�� high-temperature phase to
a ferroelastic �P21/n�Z=4�� one at 411 K, and a further tran-
sition into a FE �Pc�Z=4�� phase at T=119 K.10,12

From dielectric measurements, Raman and far-infrared
spectroscopy,1–5 the concentration-temperature diagram
�x ,T� diagram�1,2,4 was divided into four different regions, as
indicated by the anomalies in ���T� and tan ��T� �i.e., ���T��,
which are as follows:

�a� BP region �0�x�0.15�. The behavior is similar to
that in pure BP, i.e., a phase transition at Tc2=86 K, �x=0�
into an AF phase and a lower temperature anomaly at Td
�60 K, �x=0� in tan ��T�.

�b� Intermediate Region A �0.15�x�0.50�. Character-
ized by two anomalies in ���T� �Tc2,a and Tc2,b� and lower-
temperature relaxations indicated by anomalies in tan ��T�
�Td,a and Td,b�.

�c� Intermediate Region B �0.50�x�0.80�. The double
peak structure in ���T� disappears in favor of a single rela-
tively broad anomaly. The same occurs in the behavior of tan
��T� at slightly higher concentrations. The double peak struc-
ture is recovered by applying external hydrostatic pressure.
�d� BA region �x�0.80�. There is no longer a transition
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into an AF-type phase but into a FE one. The behavior in
���T� and tan ��T� is similar to that in BA.

From a theoretical point of view, the quasi-one-
dimensional Ising model has been applied to explain the be-
havior of the dielectric constant in the paraelectric phase,1,2

and dimensionality crossover from one to three dimensions
by lowering temperature has been reported.13 The relax-
ational processes have been described in terms of “complex”
and “simple” relaxations based on calculations of the activa-
tion entropies.4,14 The nature of the relaxations was discussed
in terms of dipole-dipole and dipole-lattice interactions. De-
spite these efforts, the origin of the different transitions and
relaxation processes is still unclear and x-ray diffraction
studies reveal that the peculiar behavior of the mixed crystals
cannot be explained from the structural point of view.7,8 On
the other hand, Raman and Fourier transform infrared studies
led to the conclusion that the FE or AF character of the
ordered phase is related to the number of degrees of freedom
of the AsO4 and PO4 tetrahedra.5 In the same way, these
units determine the type and the modes triggering the phase
transitions for each concentration.5 The latter seem to occur
together with the participation of the betaine molecule, espe-
cially significant are the methyl and butyl groups. To sum-
marize, the BAxBP1−x system exhibits a �x ,T�-phase diagram
in which the transition from an AF to a FE phase can be
observed with a concentration-dependent appearance of
some mixed regions. At low temperatures, several relax-
ations have been observed. Despite the definition of the dif-
ferent regions from the anomalies of the dielectric function
and the Raman and infrared spectra, the true nature of the
dipolar ordering within the different regions of the phase
diagram can only by achieved by measurement of the dielec-
tric hysteresis loops.

In this paper, the measurements of the dielectric hysteresis
and the current curves along the whole �x ,T , P�-phase dia-
gram will be reported and discussed. Measurements of the
dielectric hysteresis loops have been previously reported for
pure BA,15,16 BP,16,17 and deuterated BA.18 In deuterated BA,
the transition with deuteration from single- to double-
hysteresis loops, i.e., from FE to AF behavior, has been de-
tected. Within the mixed crystals, measurements of the AF
hysteresis loops have been only reported for x=0.1 �Ref. 19�
and x=0.73.20 Here, a detailed account of the dielectric hys-
teresis loops and current curves measurements along the
�x ,T , P�-phase diagram are presented. In this way, the ferro-
electric order of the different phases is stated. Further, the
correlation of the temperature dependence of the critical
fields with the features observed in the measurements of the
dielectric constant clarifies the origin and nature of the dif-
ferent phases of the phase diagram.

II. EXPERIMENT

The crystals were grown by controlled evaporation from
aqueous solutions, and their concentrations were subse-
quently analyzed by means of ultraviolet spectroscopy and
density methods to an accuracy of about 3%. Samples in the
shape of thin slices �d�0.5 mm� were oriented perpendicu-

larly to the polar axis, and vacuum-deposited aluminium or
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gold films served as electrodes. The temperature �23–300 K�
and hydrostatic pressure �p�500 MPa� dependence of the
dielectric hysteresis loops and the current curves �derivatives
of the hysteresis loops� were carried out at several frequen-
cies with a home-built hysteresis bridge based on operational
amplifiers and a dc high-voltage amplifier.20 The charge cur-
rent has, as compared to the polarization, the advantage of
directly indicating the number of dipole reorientation pro-
cesses for a certain electric field. It is therefore more sensi-
tive for elucidating the changes occurring in the dipolar sys-
tem. The maximum voltage applied to the sample was
experimentally limited to 1000 V and the frequencies used
were 0.1, 1, 10, and 100 Hz. The investigated concentrations
were x=0.00,19 0.24, 0.62, 0.73,20 0.94, and 1.00.19 Experi-
ments under hydrostatic pressure were performed in a home-
built cryostat and high-pressure chamber.21 Helium was used
as pressure-transmitting medium. The pressure could be
changed between atmospheric pressure and 500 MPa with an
absolute uncertainty of ±7 MPa.

III. EXPERIMENTAL RESULTS

Dielectric hysteresis and current curves for samples in
each region of the phase diagram were measured by chang-
ing temperature, frequency, and hydrostatic pressure.

A. BP-region „0�x�0.15…

The measurements of the hysteresis loops and the current
curves19 indicate that the transition into the AF phase occurs
in two steps �Fig. 1, left�. At Tc2, the transition into the AF
phase occurs, but the critical field, at which the induced AF-
to-FE transition takes place, is destabilized with decreasing
temperature. At �Tc2–2.5 K, the stabilization of the AF
phase with decreasing temperature begins. On the other
hand, the low-temperature anomaly at Td coincides with the
point at which the AF loops begin to open and a frequency
dependence of the coercive field is detected. In this process,
the stability limit of the induced FE phase increases more
strongly than that of the AF phase. Increasing pressure in-
duces a linear shift of the transition to lower temperatures.

B. Intermediate Regions A „0.15�x�0.50… and B
„0.50�x�0.80…

1. Intermediate Region A

The measurements of the dielectric hysteresis for the

FIG. 1. Comparison of the critical fields of several samples
in the AF region of the �x ,T�-phase diagram. Left x=0.00, right
x=0.73. The measurements were performed at a frequency of
�=10 Hz and at normal pressure.
sample with x=0.24 �Fig. 2� shows a transition at Tc2,a into a
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nonpolar or AF phase. This phase is continuously destabi-
lized �Fig. 3� down to Tc2,b; at this temperature, a FE com-
ponent �2 in Fig. 3� and the stabilization of the AF compo-
nents indicate the transition into a pseudo-antiferroelectric
AF’ phase, which is related to the onset of the dispersion and
the increase in ���T�.2,4 This process is apparently first-order
with a jump in the extrapolated polarization from
0.3 �C cm−2 to 0.4 �C cm−2 at the transition point. Upon
decreasing the temperature, the critical fields of the double
hysteresis loops show increasing values for the FE and the
AF critical fields. The FE phase develops a second compo-
nent �3 in Fig. 3�. Around T=52 K, this double peak struc-
ture in the FE phase disappears. At 5 K below, the AF sta-
bility limit passes through 0 kV cm−1 and the polarization
curves almost show a FE shape. Both remaining components
strongly shift to higher fields at T�Td,b, It should be noted
that it is not possible to resolve the curves in our experimen-
tal window �Figs. 2 and 3�. The critical fields increase lin-
early with increasing pressure, whereas the transition shifts
to lower temperatures. The shape of the curves does not
change with pressure. Therefore, there are several compo-
nents contributing to the polarization; at least two competing
interactions, and a strong destabilization of the AF’ phase
which disappears giving rise to a strong increase in the co-
ercive field.

2. Intermediate Region B

Because of the differences in the dielectric behavior be-
tween the samples within this region �especially in the lower-
174118
temperature region�, we have investigated two samples by
means of hysteresis loop and current curves measurements.

�1� The first sample is BA0.62BP0.38. In this case the curves
show clear pressure dependence. At Tc2,a, the system under-
goes a transition into an AF phase. This phase is stabilized
very quickly with decreasing temperatures and the critical
field of the induced FE phase goes beyond our experimental
window of �30 kV cm−1 �Number 6 in Figs. 4 and 5�. A
second AF component appears some degrees below—4.2 K
at 10 MPa, 10.7 K at 50 MPa, 16.2 K at 200 MPa—with
lower critical fields �internal loops� �Figs. 4 and 5�. This is a
transition at Tc2,b into a pseudo-AF phase, in which two dif-
ferent AF orders coexist. This anomaly cannot be observed in
the dielectric measurements at low pressure2,4 because of the
narrow temperature range between the two transitions. By
increasing pressures, the shift to lower temperatures of Tc2,b
is larger than the shift of Tc2,a which allows for a better
definition of the anomaly in the dielectric function.2,4 At
lower pressures, both AF components shift to higher fields
with decreasing temperatures. A FE component arises be-
cause of the destabilization of the AF stability limit �zero-
field crossing of the coercive field� of the lower field AF
component �Fig. 5�. This crossing coincides with a small
hump in Td.2,4 A new component in the polarization tends to
stabilize the AF structure. This process is evidence for the
existence of interactions of different signs and it also shows
a strong frequency dependence. At higher pressures, the FE
component is manifest in a different form, it does not appear
from the existing AF structure, but due to a new dipolar

FIG. 2. �a� Typical hysteresis loops �above�
and current curves �below� for BA0.24BP0.76 at
p�50 MPa in the different regions of the
anomaly diagram. Measurements performed at
�=10 Hz.

FIG. 3. Left, behavior of the critical fields
taken from the peaks in the current curves of the
x=0.24 sample. The numbers correspond to the
peaks in Fig. 2. Right, behavior of the coercive
field taken from the hysteresis loops. Pressure
�10 MPa. The same behavior is observed at all
pressures.
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contribution �Fig. 4�. This component merges together with
the AF component by its zero-field crossing. An uncompen-
sated AF structure should remain, but again a new higher-
field temperature-independent dipolar contribution tends to
maintain the equilibrium in the secondary AF order. This
combination of facts gives rise, in both cases, to three hys-
teresis loops at low temperature. At higher pressures, the two
AF and the FE contributions �in this case very small� remain
stable. The FE component vanishes which coincidies with
the anomaly at Td �i.e., Ti�, which is much stronger than at
low pressures,2,4 which gives a double-hysteresis loop at low
temperature.

�2� The second sample is BA0.73BP0.27. The behavior in
this sample20 is similar in respect to the existence of several
contributions to the polarization, the complicated hysteresis
loops, and the strong changes under external pressure. At
Tc2,a, a transition into an AF-ordered phase occurs at normal
pressure. The behavior of the critical fields Fig. 1, right,
shows no special features. By increasing pressure in the re-
gion where the lower temperature anomaly in ���T�
appears,2,4 the AF hysteresis loops split into at least two AF
loops indicating two different dipolar systems.20 Upon de-
creasing the temperature, the widths of the loops grow and
those at low fields finally merge near 40 K to form a field-
induced low-temperature FE phase, while the AF loop at
higher-field strength persists.

3. BA region „x�0.80…

The measurements of the hysteresis loops and especially
those of the current curves19 show, that in the pure BA
174118
�BA1.00BP0.00� sample, the contribution of two components
to the spontaneous polarization in an intermediate-
temperature region inside the FE phase. Within the transition
in the FE phase, we observe the typical peak in the current
curves corresponding to an FE phase. At lower temperatures,
this peak splits into two maxima coinciding approximately
with the first maximum in tan ��T� �i.e., ���T��.2,4 At lower
temperatures, the two peaks merge again into a single one,
and the coercive field becomes frequency dependent and in-
creases strongly coinciding with the second anomaly in
���T�. Below this, its height decreases strongly down to al-
most zero, i.e., the increase on the coercive field coincides
with the definite freezing of the system. The relation between
the splitting and merging of the different contributions to the
polarization and the strong dissipations is obvious and they
can be considered as the origin of the freezing process in this
pure compound. Furthermore, at lower frequencies, three
contributions to the current curves have been detected, which
is evidence of the slow processes contributing to the proper-
ties of this phase.

The behavior of the hysteresis loops in the BA0.94BP0.06
sample is similar to the ones in pure BA.19 The main differ-
ence is that in this case the current curves show only the
single peak typical for the FE state, i.e., there only appears to
be one contribution to the polarization. We also observe a
stabilization of the pure FE character due to the impurities.
As in pure BA, the abrupt decrease in tan ��T� coincides
with the strong �and frequency-dependent� increase in Ec
�see Fig. 6�. Thus, a freezing of the domain structure takes
place at lower temperatures. The value of Ps is 2.7 �C cm−2,
0.3 �C cm−2 lower than for BA due to the BP AF impurities.

FIG. 4. �a� Typical hysteresis loops �above�
and current curves �below� for BA0.62BP0.38 at
p�50 MPa in the different regions of the
anomaly diagram. Measurements performed at
�=10 Hz.

FIG. 5. Behavior of the critical fields taken
from the peaks in the current curves for
BA0.62BP0.38 at several pressures: from left to
right, p�200, 50, and 10 MPa. The numbers cor-
respond to the peaks in Fig. 4. Measurements per-
formed at �=10 Hz.
-4



PHASE DIAGRAM OF THE BETAINE¼ PHYSICAL REVIEW B 73, 174118 �2006�
IV. DISCUSSION

A. Dipolar order along the „x ,T ,P…—phase diagram

The measurement of the hysteresis loops and the current
curves have shown the evolution of the different components
of the polarization and their values in the different regions of
the phase diagram.

�1� For pure BP �Fig. 1�, the transition into the AF seems
to occur in two steps; the first, a transition into a nonpolar or
AF phase occurs. This phase is destabilized at lower tem-
peratures �decrease of the critical field� until the transition
into the AF phase occurs, which is stabilized by lowering the
temperature. Typical AF behavior has been observed down to
the lowest temperature. Close to Td, the critical field of the
induced FE phase increases more strongly than the critical
field of the AF phase, this induces an opening in the hyster-
esis loops.

�2� In the intermediate Region A �Fig. 3�, the transition
into the ordered phase occurs in the same way as in the
previous region. However, in this region together with the
beginning of the stabilization of the AF component, an FE
component appears which coexists with the AF order and
finally breaks the AF order at lower temperatures.

�3� The intermediate Region B is the most complex of all
the four regions, and its behavior is concentration and pres-
sure dependent. Whereas, at intermediate concentrations
within this region �Fig. 5� the characteristic features are a
coexistence of two AF contributions, with the low-energy
component destabilizing with decreasing temperatures down
to the development of a FE component, the higher concen-
trations �Fig. 1� within this region show a typical AF struc-
ture which freezes at lower temperatures. In this region,
therefore, the crossover from one main AF order �BP type� to
another �x=0.73-type� occurs, with a coexistence of the two

FIG. 6. Temperature behavior of the critical fields for two con-
centrations in the different regions of the phase diagram. Left,
x=0.00; right, 1.00. The triangles represent the FE stability limit,
whereas the squares represent the AF stability limit.
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at intermediate concentrations. This indicates that there are
two systems of ordered units and we are tempted to assign
these independent ordered units to the AsO4 and PO4 tetra-
hedra. At all concentrations, the effect of pressure produces
an independent FE component which coexists with the AF
orders.

�4� In the FE region of the phase diagram, a typical FE
hysteresis loop is observed, but exhibiting several contribu-
tions that depend on frequency for pure BA and a stabiliza-
tion of a pure FE structure is seen with increasing phosphate
impurities. In all samples within this region, a strong and
frequency-dependent increase of the coercive field coincid-
ing with the drop in tan � �T� for lower temperatures is ob-
served, and this is indicative for the definite freezing of the
system �Fig. 6�.

The evolution of the polarization with concentration is
represented in Fig. 7 for several electric fields at different
temperatures. A continuous decrease in the polarization from
pure BA down to the intermediate Region B and a stabiliza-
tion in the other two regions is observed.

From these results and previous dielectric data,2,4 the
phase �x ,T� diagram can be drawn at several pressures,
showing the evolution of the different regions and their sta-
bility against the external pressure Fig. 8. The whole phase
diagram is shifted toward lower temperatures by increasing
external pressure, but not homogeneously. Whereas the AF
phase is stabilized �i.e., the AF regions increase at the ex-
pense of the AF� and AF��, the FE phase almost disappears
under an increase in pressure. However, the pseudo-AF
phase survives in a smaller temperature range, whereas the
pseudo-FE occupies a larger one. A crossover of the two
low-temperature relaxation processes occurs at x�0.60, and
thus changes the character of the low-temperature region.
The main behavior of the low-temperature relaxation was
studied in Ref. 4, and in order to explain the main features of
the different regions and its behavior under external pressure,
the interplay of two order parameters and the variations on
their free energy and relative coupling have to be taken into
account.

It is interesting to compare the effect of external pressure
with the effect of increasing concentration of impurities,
starting with the pure materials up to x�50%. Whereas for
pure BP the arsenate, the impurities induce a negative chemi-
cal pressure �the opposite effect as the hydrostatic pressure�,
i.e., an expansion of the lattice; for pure BA, the increase of
phosphate impurities represents the same effect as hydro-
static pressure. It should, however, be noted that the volume
of the unit cell of BA exceeds the volume of BP at 300 K.9,10

FIG. 7. Value of the polarization for several
electric fields �2 �1�, 10 �2�, 15 �3�, and 20
�4� kV cm−1� at a temperature Tc2−40 K �a� and
Tc2−5 K �b� for concentrations in the different
regions of the �x ,T�-phase diagram �=10 Hz.
p�50 MPa. Solid lines are drawn to guide the
eyes.
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B. Theoretical considerations

The experiments using BAxBP1−x at intermediate concen-
trations show the existence of two different instabilities at
the transition into the ordered phase. Furthermore, the ex-
periments in the pure compounds suggest that we are not
dealing with a conventional AF or FE phase transition.
Moreover, the results obtained for BA0.94BP0.06 and BA sug-
gest that two order parameters, a FE and a structural one,
could play a role in the transition process. The behavior of
systems with two order parameters has been studied in sev-
eral papers,22,23 since then the Kittel model24 has been trans-
formed into a form explicitly containing those two
instabilities.25,26 In Refs. 27 and 28, a detailed analysis of the
simplest phenomenological model with FE and structural in-
stabilities was presented, with the Kittel model as a special
case. The dielectric response, the phase diagrams in the pres-
ence of an electric field, and the behavior of the hysteresis
loops were theoretically investigated from the following
free-energy expansion,

F =
1

2
�1	2 +

1

4

1	4 +

1

2
�2P2 +

1

4

2	4 +

1

2
�	2P2 − PE

�1�

where 	 is the structural order parameter, P is the polariza-
tion, E is the macroscopic electric field parallel to the polar
axis, �1=�1�T-Tc	�, �2=�2�T-Tcp�, and 
1, 
2, and � are
positive. �0 corresponds to the suppression of the FE or-
dering in the presence of a nonpolar order parameter. The
sign of � is of primary importance for the behavior of the
system. For ��0, the system may reveal, for example, a
trigger-type phase transition.29 Tc	=Tc2 is associated with the

AF transition temperature.
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The model shows six qualitatively different types of be-
havior characterized by two independent parameters � and
�,

� = ��1

�2
��
2


1
�1/2

and � = ��
1
2�−1/2 �2�

The parameter � reflects the difference in the temperature
dependencies between the energies for the nonpolar ordered
state �P=0, 	� 0� and polar state �P�0, 	=0� and the
parameter � determines the coupling between the order pa-
rameters. There are several regions in the �� ,�� plane which
describe a different behavior. These regions were called U, T,
S, I, W1, and W2 �Refs. 27 and 28�, and differ in the form
and temperature behavior of the dielectric anomaly at the
structural phase transition and the type of hysteresis loop
observed. With respect to the presence and type of double
hysteresis loops, the model is divided into regions with no
loops �U, W1, and W2�, double hysteresis loops diverging on
cooling �T� and double hysteresis loops converging on cool-
ing �S and T�. The presence of a FE hysteresis loops was
found in the regions S, I, W1, and W2, but was absence in
the regions U and T.

The model was successfully applied to deuterated betaine
arsenate �Ref. 28� over the complete concentration range.
Comparing our measurements with the model, some striking
similarities between the BP region and the T region, the in-
termediate region A and the S region, and the BA region and
the W2 regions have been found, both in the behavior of
���T� and in the behavior of the critical fields. This can be
seem by comparing the results obtained for the ���T�
behavior4 for the different concentrations and Figs. 3 and 6
with the results from Refs. 27 and 28. Here, the BP

FIG. 8. �x ,T� diagram at several pressures; 0,
200, and 400 MPa from bottom to top. The evo-
lution of the different regions and their stability
against the external pressure can be observed.
The points are extrapolations from the linear fits
in the �p ,T� phase diagrams, obtained from the
dielectric results for the different samples at �
=100 kHz �Refs. 1, 2, and 4� and from the mea-
surements of the hysteresis loops. Black and open
squares, anomalies in ���T�, black and open
circles, anomalies in tan ��T� �i.e., ���T��. The
brackets in tan ��T� indicate that the anomalies
much smaller than the others, so that the corre-
sponding anomaly in ���T� could not be ob-
served. From the hysteresis measurements, the
various types of order are indicated. AF, antifer-
roelectric, AF�, coexistence FE �ferroelectric�
and AF components, AF�, coexistence of two AF
components, G, Freezing process, G1, Vogel-
Fulcher, �VF�, i.e., collective relaxation, G2:
Arrhenius, �A�, i.e., single-ion relaxation, FE�,
FE with domain freezing process. Solid lines are
drawn to guide the eyes.
region can be characterized by a transition sequence PE
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�	=0, P=0�→nonpolar�	�0, P=0�, the intermediate
region for a sequence �	=0, P=0�→nonpolar�	�0, P=0�
→polar�	=0, P�0� or �	=0, P=0�→nonpolar�	�0, P
=0�→mixed�	�0, P�0�, and the BA region by a se-
quence: �	=0, P=0�→nonpolar�	�0, P=0�→mixed�	
�0, P�0�. In this way, this model seems to explain the
transition with concentration from an AF to a FE phase de-
pending on the value of the two model parameters. It should
be noted, however, that striking differences have also been
found and a quantitative analysis of the phase behavior ap-
plying this model was not possible. To conclude, it seems
clear that at least two order parameters are necessary to de-
scribe the system, but other contributions �e.g., for the pos-
sibility of first-order phase transitions� are required in order
to account for its rich properties.

C. H Bonds versus AsO4/PO4 groups

In the BA-BP system, proton tunneling might play a role
as the lengths of the H-bonds in the pure compounds are
found to be close to 2.5 Å, where a symmetrical double
minimum potential can be expected. There is, however, no
clear experimental evidence for this effect. A nonlinear shift
with increasing pressure in the ���T� anomalies between x
=51% and 100% could not be explained usiong the possibil-
ity of proton tunneling �nonphysical fit parameters�.21 The
interaction between the different dipolar contributions ob-
served in the hysteresis loops and current curves, which are
responsible for the two different anomalies and/or the plateau
in ���T� in these samples seems to be the only way to explain
this effect.

Furthermore, there is some evidence for the important
role of the proton degrees of freedom in BA and BP.15,17 This
is especially true in the case of BPI and the BP:BPI�x�
system.30,31 The distortion of the tetrahedra32,33 was shown to
contribute to the polarization, and this was also proposed as
a mechanism responsible for the ordered phase, where only
partial proton order was found. Raman results5 support the
importance of the tetrahedra dynamics in the various phases,
both with temperature and with concentration. The experi-
ments under increasing hydrostatic pressure and analysis
with the quasi-1D Ising model point toward the importance
of the interactions in the plane perpendicular to the polar

20
axis. The striking differences found in the BP/BPI

M. Maeda, and I. Suzuki, ibid. 96, 221 �1989�.
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system34,35 can also be explained by making the tetrahedra
and the bonds with the betaine molecule responsible for the
dipolar behavior. These are the main differences between the
two mixed systems and the three pure compounds.

The dielectric function �y� �field along the spontaneous
sublattice polarization� has been measured for pure BP
�Ref. 1� and found to depend on the uniaxial pressure applied
along the monoclinic axis y and x�, z� �directions in the
monoclinic plane without shear strain�. A shift of the transi-
tion temperature at TC2 only occurs if pressure is applied in
the y direction. Here, the slope �dTC2 /dpy�BP amounts to
−0.021 K/MPa, which is about one-third of the slope for
hydrostatic compression. A compression along the y axis re-
sults in a shortening of the H bonds connecting the phos-
phate tetrahedra, i.e., in a destabilization of the low-
temperature ordered phase. These bonds also contribute to
the AF or FE character of the ordered phase.20,21

The experimental results4 show that the local freezing of
the protons in their double-well potential occurs at lower
temperatures than the transition into the ordered phase, that it
is independent of the dipoles formed at these transitions and
corresponds to a relaxation process fitted with an Arrhenius
law. However, the freezing process, which follows the Vogel-
Fulcher law, is obviously related to the dipolar structure from
the transition into the ordered phase, as shown by the tem-
perature behavior of the critical fields of the hysteresis loops.
These can be associated with the tetrahedra degrees of
freedom.5

V. CONCLUSION

The temperature-concentration phase diagram of the
BAxBP1−x mixed crystal system and its behavior under ex-
ternal hydrostatic pressure has been discussed and analyzed
in terms of measurements of the dielectric hysteresis and
current curves. The ferroelectric, antiferroelectric, or mixed
character of different regions of the phase diagram have been
identified in the light of the complex hysteresis loops. Sev-
eral ferro- and antiferroelecric components compete along
the temperature-concentration phase diagram and are respon-
sible for the different behaviors observed in previous dielec-
tric measurements. The interplay of two order parameters,
one polar and the other nonpolar, seem to be behind the
complex behavior exhibited by this system
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