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Abstract. Dielectric properties of quasi-one-dimensional hydrogen-bonded chains are studied
for mixed crystals of antiferroelectric betaine phosphate and ferroelectric betaine arsenate at three
different mixing concentrations,x = 0.1, 0.3, and 0.4 (x being the concentration of arsenate).
For mixed crystals withx = 0.3 and 0.4 dielectric study revealed dimensionality crossover at
around 82 K, where the quasi-one-dimensional nature was turned into three-dimensional Curie–
Weiss behaviour on lowering the temperature, well above the antiferroelectric transition point.
For x = 0.1 mixed crystal, on the other hand, the crossover point was almost coincident with
the antiferroelectric transition point, showing still too-weak interchain coupling and strong one-
dimensionality, almost to the point of antiferroelectric transition. For this system, the electric
bias field effect revealed temperature-dependent nonlinearity of the dielectric constant, which
may be ascribed to a development of competition between antiferroelectric and ferroelectric
interchain couplings, the latter growing with increasing bias field and lowering temperature.

1. Introduction

Since the first discovery of antiferroelectricity in BP, (CH3)3NCH2COOH3PO4, betaine
phosphate, by Alberset al [1] betaine compounds have been of great interest to many
research workers [2]. BP first attracted attention because of its antiferroelectric phase
transition at 86 K without cell doubling. Subsequent x-ray [3], dielectric and Raman [4–7],
elastic constant [8], and heat capacity [9] studies revealed its phase transition sequence, as
follows. The highest-temperature phase with a monoclinic space groupP 21/m undergoes
an antiferrodistortive transition with unit-cell doubling along thec-axis atTc1 = 365 K to a
paraelectricP 21/c phase. After transforming into an antiferroelectric phase atTc2 = 86 K,
the crystal undergoes a third transition atTc3 = 81 K, which is characterized by another
cell doubling along thea-axis. Deuteration of acidic protons in BP does not changeTc1, but
significantly increasesTc2 up to 155 K [10, 11]. High-pressure work showed coalescence of
Tc2 with Tc3 at 85.6 K when the applied pressure was reaching 8 MPa [12]. Interestingly,
when a d.c. electric field was applied above a critical value,Ecr = 5.5 kV cm−1, a field-
induced ferroelectric transition took place instead of the original antiferroelectric transition
[6, 13].

Betaine arsenate (BA, (CH3)3NCH2COOH3AsO4) exhibits a ferroelastic transition at
Tc1 = 411 K and a ferroelectric transition atTc2 = 119 K [14]. Another transition
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corresponding toTc3 was also observed at 102 K [15]. Deuteration of acidic protons
raisedTc2 up to 172 K, but at very high deuteration, over 75%, a phase transition to an
antiferroelectric phase was observed instead of the original ferroelectric transition [16, 17].
Deuteration does not affect theTc1-transition, similarly to the case of BP. Schell and Müser
[18, 19] analysed the temperature dependence of the dielectric function, to find that the
Curie–Weiss law held only within the small temperature range 0< T − Tc2 < 8 K, but
a weakly coupled one-dimensional Ising chain model was appropriate in the temperature
regionT − Tc2 > 8 K.

The experimental facts above reveal that in BP and BA a delicate competition exists
between antiferroelectric and ferroelectric orderings, and also in the dimensionality of the
interactions. The remarkable isotope effects show that the antiferroelectric and ferroelectric
transitions are related to the hydrogen dynamics and ordering. These crystals have hydrogen
bond chains which connect inorganic anions along theb-axis in BP [3] and thec-axis in
BA [20]. No explicit interchain hydrogen bonds exist, and zwitterionic betaine molecules
are connected to the anions of the chain by different hydrogen bonds directing almost
perpendicular to the chain. The existence of this additional hydrogen bonding differentiates
BP and BA from the prototypical hydrogen-bonded one-dimensional (1D) ferroelectric
crystal, caesium dihydrogen phosphate. Although BP and BA are not isomorphous, and
the two hydrogen-bonded chain axes have a considerable lattice mismatch (b = 7.852 Å
for BP and c = 8.128 Å for BA), mixed single crystals, BP1−xAx , can be grown for
almost the whole range of arsenate concentrationx [21, 22]. Maeda and Suzuki performed
dielectric measurements on BP1−xAx mixed crystals, and found antiferroelectric transitions
for 0 6 x 6 0.4 and ferroelectric transitions for 0.9 6 x 6 1.0, but a dipole glass phase for
0.5 6 x 6 0.85 [20].

In the present work we want to examine in more detail the dielectric responses of
mixed crystals, BP1−xAx , in the region ofx including the antiferroelectric/dipole glass
phase boundary(x = 0.4) and well inside the antiferroelectric phase (x = 0.1 and
0.3) to understand the nature of the competing interactions and dimensionality crossover
phenomenon.

2. Experimental procedure

The dielectric constants were measured by use of a programmable electrometer (Keithley
617) controlled by a personal computer. The quasi-static dielectric constantεs was measured
along theb-axis by applying a stepwise voltage change1V across the sample capacitorCs

and measuring the accumulated charge1Q(t) which has flowed out of the sample surface.
The response to the stepwise voltage change is approximated by

1Q(t) = 1Q0(1 − e−t/τ ) + at (1)

whereτ was about 1 s. The second term represents a leakage current, anda was∼0.5 pA
in our system. The data on the accumulated charge typically betweent = 3 s and 10 s were
fitted by the above equation, and1Q0 was determined. We then obtainedεs from

εs = 1P

1E
= 1Q0

A

d

1V
(2)

whered and A denote the thickness (typically 0.7 mm) and area of the sample capacitor.
In order to ensure freedom from the bias field effect and possible hysteresis we tried to
remove the after-effect of1V by applying a healing voltageVn in staircase steps before
applying a new1V :

Vn = (−k)n1V (3)
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wheren represents the step number increasing fromn = 1 to 7, k is an arbitrary fractional
number (0.7 in the present work), and each step voltage was applied for as long as 5 s.

Figure 1. The temperature dependence of the quasi-static dielectric constantεs for BP1−xAx

mixed crystals. (a)x = 0.4; the solid curve represents the Curie–Weiss law of equation (4) in
the text withC = 1700 K andT0 = 71.3 K. (b) The same data as in (a); the solid curve shows
the quasi-one-dimensional chain model of equation (5) in the text, with parameters also given in
the text. (c)x = 0.3; the solid curve represents the Curie–Weiss law fitted to the experimental
data betweenTc2 = 75.0 K andTx = 81.7 K.

Polarization–electric field (P –E) hysteresis loops were measured by use of a prog-
rammable digital oscilloscope. A sine wave from the function generator (HP3310A) was
amplified by a home-made power amplifier (×100) and applied to the sample capacitor.
The response signal of the crystal was fed to the digital oscilloscope (LeCroy 9420)
through an operational amplifier (LF356) for data acquisition and processing, where the
linear background was automatically subtracted as in the standard Sawyer–Tower circuit.
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3. Experimental results and discussion

3.1. The temperature dependence of the dielectric constant

In figure 1(a) we have shown the temperature dependence of the dielectric constant of
BP0.6A0.4 mixed crystal, where we can see a narrow region of Curie–Weiss behaviour
before the antiferroelectric phase transition occurs atTc2 = 75.3 K. The best-fitted curve
shown in the figure obtained from the Curie–Weiss law

εs = C

T − T0
(4)

givesC = 1700 K andT0 = 71.3 K. The experimental data show a distinct deviation from
the best-fit curve in the temperature region aboveTx = 82.5 K. The region aboveTx was
best fitted by the quasi-1D Ising chain model previously applied to caesium dihydrogen
phosphate [23, 24], BP [25], and BA [17]:

εs = ε∞ + A

T exp(−2K‖/T ) − K⊥
. (5)

HereK‖ andK⊥ represent the intra- and inter-chain coupling constant, respectively. From
the fitting of figure 1(b) we obtainA = 3.8 × 106 K, ε∞ = 44.7, K‖ = 289.7 K and
K⊥ = −0.32 K, which implies a strong ferroelectric coupling within the chain but a very
weak antiferroelectric coupling between chains. In figure 1(c) the dielectric constant of
BP0.7A0.3 mixed crystal is shown as a function of temperature across the antiferroelectric
phase transition atTc2 = 75.0 K. The Curie–Weiss law again fits the experimental well
data betweenTc2 and Tx (=81.7 K), with C = 1174 K andT0 = 66.2 K. Here again the
sharp kink in the dielectric constant curve is clearly observed atTx, which designates the
1D-to-3D dimensionality crossover.

Figure 2. The temperature dependence of the quasi-static dielectric constantεs for (a) BP0.9A0.1

mixed crystal, and (b) pure BP. The solid curve in (a) shows the quasi-one-dimensional chain
model of equation (5) in the text, fitted to the data aboveTc2 = 85.4 K.

For BP0.9A0.1 (figure 2(a)) and pure BP (figure 2(b)), however, the temperature
dependence of the dielectric constants can be best fitted by the quasi-1D chain model
all the way through toTc2, although we can observe a cusp deviation starting at justTc2
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for BP0.9A0.1. Clearly the 1D nature of BP is persistent to the point of antiferroelectric
transition at the lower arsenate concentrations ofx 6 0.1.

In each of the sets of experimental data shown in figures 1 and 2, we could recognize
another kink anomaly at a temperature (Tc3) lower than that of the main phase transition at
Tc2. These correspond to the unit-cell-doubling transition along thea-axis. For BP0.9A0.1

and pure BP,Tc3 was found at 81 K, belowTc2 by less than 5 K. For BP0.6A0.4 and
BP0.7A0.3, on the other hand, theTc3-anomaly was observed to be further away fromTc2

and the corresponding cusps were more distinctive.

(a) (b)

Figure 3. Polarization–electric field (P –E) double hysteresis loops observed for BP0.9A0.1,
at temperatures (a) between 86.3 K and 76.1 K, and (b) between 82.9 K and 80.0 K (the
Tc3-transition region) at a higher resolution of temperature.

At present we do not understand the nature of the interchain coupling and thus the
microscopic origin of the dimensionality crossover. However, we can point out some hints
based on the crystallographic data for BP and BA. From the structural data for BA [20]
one can recognize that the two hydrogen atoms connecting carboxylic oxygens of betaine
and arsenate oxygens are bound to the arsenate side, thus locating minus-one charge at the
carboxylate group. Zwitterionicity of betaine is accomplished between this carboxylate
group and the cationic centre at quaternary nitrogen. Certainly this very large dipole
moment of betaine will act to enhance the interchain coupling efficiently. For BP, on the
other hand, Schildkamp and Spilker found [3] that one of the hydrogen (deuterium) atoms
connecting betaine and phosphate is disordered in the antiferrodistortive paraelectric phase,
suggesting dynamical disorder of the proton (or deuteron) in this hydrogen bond. Larger
acidity of phosphate explains the more delocalized nature of the proton. The zwitterionicity
of betaine thus decreases. Reduced electrostatic interaction and also dynamical disorder
will weaken the interchain coupling. This mechanism will contribute to maintaining the
one-dimensionality of BP. When the concentration of BA increases above a threshold value
in mixed crystals, the locally enhanced arsenate-to-arsenate interchain coupling caused by
highly zwitterionic betaines will mediate the interaction between the whole chains. The
dimensionality crossover phenomenon may thus take place when the lattice sum of the local
interchain coupling exceeds a critical value for the collective long-range dipolar ordering.
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Figure 4. The relative capacitance,Cr(T , Vb) = C(T , Vb)/C(T , 0), measured for BP0.9A0.1, as
a function of temperature and d.c. bias voltage. (a)T > Tc2, (b) Tc3 < T < Tc2, (c) T < Tc3,
and (d) still lower temperatures down to 64.1 K.

This is, of course, expected to occur more easily in the mixed crystals with higher arsenate
concentrations, as is observed in our experiment.

3.2. P–E hysteresis characteristics

Double hysteresis loops were observed for BP0.9A0.1 as shown in figure 3, which confirms
the antiferroelectric phase, and gives an estimation of the coercive fieldsEc and sublattice
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Figure 4. (Continued)

polarizationsPa. Near the lowest transition temperatureTc3 = 81 K we could observe in
figure 3(a) a doubling distortion of the sublattice hysteresis loops, which was re-examined in
more detail at higher temperature resolution as shown in figure 3(b). This is an observation
of the electric-field-inducedTc3- (cell-doubling) phase transition from the high-temperature
(before the cell doubling) antiferroelectric phase to the low-temperature (after the cell
doubling) antiferroelectric phase. Though this phenomenon is observed only in a small range
of temperature, 82.0 K < T < 80.5 K, figure 3(b) shows clearly that the low-temperature
phase (T < Tc3) is more stabilized against the high-temperature phase (T > Tc3) in the
electric field, i.e.,∂Tc3/∂E > 0 in the E–T phase diagram. Electric field effects on the
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dielectric anomaly atTc3 have already been studied by Haraet al [6], but they claimed
no effect on theTc3-transition temperature. The present hysteresis loop observation at a
temperature very close toTc3 shows clearly that∂Tc3/∂E 6= 0, and has proved to be a more
sensitive method of verifying such subtle effects.

3.3. The bias field effect on the dielectric constant

It has been reported for BP that above the critical fieldEcr = 5.5 kV cm−1 the field-induced
ferroelectric transition takes place instead of the antiferroelectric transition [6, 13]. Hara
et al [6] reported a bias field effect on the dielectric constant for field intensity above 2.8
kV cm−1. As a first step in investigating the mechanism of this field-induced transition, we
examined the effect of small bias field for BP0.9A0.1. We measured the ratio ofC(T , Vb)

to C(T , 0) as a function of the bias voltage, whereC(T , Vb) denotes the capacitance of the
BP0.9A0.1 sample measured with a bias voltageVb applied at temperatureT . In figure 4 we
have shown the relative capacitance,Cr(T , Vb) = C(T , Vb)/C(T , 0), obtained at several
temperatures between 88.0 K and 64.1 K. Figure 4(a) shows that we have no significant bias
field effect aboveTc2 unless we come very close toTc2 = 85.4 K. At temperatures between
Tc2 and Tc3 (figure 4(b)) a quadratic increase of the relative capacitance with increasing
bias field becomes apparent with a small asymmetry with respect to the direction of the
bias field. BelowTc3 (figure 4(c)) the asymmetry of the functionCr(T , Vb) with respect
to Vb grows and gives double-well minima inCr(T , Vb) with a local maximum appearing
at zero bias field. On further decreasing the temperature below 73 K (figure 4(d)) the
maximum inCr(T , Vb) was observed to shift toward theVb > 0 side (e.g., 9 V at 64.1 K)
and increasing bias field tends to makeCr(T , Vb) < 1. Since the bias field dependence of
Cr reflects the nonlinear part of the dielectric constant, the temperature-dependent change
in the nonlinear contribution, the quadratic term at temperaturesT > Tc3 and an additional
quartic term atT < Tc3 suggest a growing complexity of competing interactions. Though
the microscopic origin for the competing interactions awaits further study, hydrogen bonding
and the associated dynamics must be a key to understanding it because of the remarkable
isotope effect on controlling the competition [10, 17]. Experimental work with microscopic
probes such as magnetic resonance [26, 27] will contribute to solving the problem.

4. Conclusion

Betaine phosphate/arsenate (BP1−xAx) mixed crystals are found to show the dimensionality
crossover phenomena forx > 0.1 before the antiferroelectric phase transition, and this
phenomenon was interpreted by assuming that the arsenate groups tend to drive betaine
groups toward the zwitterionic states and enhance the local interchain coupling.

A field-induced cell-doubling transition was observed in the hysteresis loop
measurement, and an electric field dependence ofTc3 was found—in contrast to the previous
report. The electric bias field effect in BP1−xAx (x = 0.1) was observed to show a
qualitative change in the nonlinear dielectric response of the system as temperature was
lowered from aboveTc2 to below Tc3, implying field-induced phase instability due to
competing interactions.

More extensive studies using microscopic probes are required to explore the microscopic
mechanism underlying the competing interactions being strongly dependent on temperature
and electric bias field in the BP1−xAx systems.
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