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Abstract. Foradeuterated solid solution of 15% antiferroelectric betaine phosphate (BP) and 85%
ferroelectric betaine phosphite (BPI), measurements of the dielectric permittivity at frequencies
20 Hz < v < 1 MHz are reported. The freezing phenomena in PBPBPIy g5 reveal the
characteristics of a transition into a dipolar glass state with peculiarities due to the quasi-one-
dimensional structure. Using the Kutnjak model a glass temperature of 25 K is estimated for
deuterated DB§15DBPIygs and one of 10 K for protonated BPsDBPlogs. The relaxation

time distribution extracted from the experimental data by means of Tikhonov regularization and
calculated in the region of the dielectric dispersion shows an asymmetric behaviour especially at
lower temperatures, which is interpreted as being caused by a Gaussian distribution of activation
energy and double-well potential asymmetry as well.

1. Introduction

The compounds betaine phosphate (BP: {{DCH,COOH;POy) and betaine phosphite (BPI:
(CH3)NCH,COOH;P0;) are molecular crystals of the amino acid betaine and phosphoric
and phosphorous acid, respectively. In both compounds the inorganic components (PO
or PQ; groups) are linked by hydrogen bonds to quasi-one-dimensional chains [1]. BP
exhibits a ferroelastic phase transition at about 365 K followed by two phase transitions
at 86 K and 81 K [1]. Antiferroelectric order is establishedTat = 86 K [2]. At this
temperature the O—H-O bonds order along the one-dimensional chains and the chains are
linked antiferroelectrically [3]. At 355 K BPI transforms into an elastically ordered state
and exhibits ferroelectric order belofx = 216 K [1,4]. The two almost isostructural
compounds form solid solutions at any concentration [4]. It has been shown that atintermediate
concentrations the long-range electric order is suppressed [4] and no spontaneous polarization
occurs [5,6]. The mixed crystal BRBPlyg exhibits relaxational behaviour typical for an
orientational glass state [7], with a hindering barrgy/ k, = 252 K. Investigations of the
dielectric properties of BfsBPlygs showed freezing phenomena typical for the transition
into a dipolar glass state. The activation energy was found t6,p&, = 518 K [9].

Deuteration of hydrogen-bonded ferroelectrics leads to significant changes of the dielectric
properties and shifts the phase transition temperature to higher values [10]. This isotope
effect has already been studied in deuterated crystals of the betaine family, namely betaine
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phosphate (DBP) and betaine phosphite (DBPI) [2, 11]. The low-frequency dielectric
measurements of DBPI showed [11] that the transition temperature is shifted up to 297 K.
Dielectric investigations of -irradiated DBR 15DBPIy g5 showed a lower activation energy
E,/k, = 3116 K and a higher estimated glass temperature [[2]= 554 K as com-

pared with the non-deuterated sample opBBPIlygs. The local proton and deuteron order

in BPy15BPlpgs and DBR 15DBPIygs has been recently investigated using high-resolution
electron paramagnetic resonance (EPR) spectroscopy techniques such as electron—nuclear
double resonance (ENDOR) and electron spin-echo envelope modulation (ESEEM) [13, 14].
The results showed that the random-bond random-field (RBRF) Ising model explains quite
well the temperature behaviour of DBRDBPI, g5, whereas proton tunnelling has to be taken
into account for the explanation of the experimental results foy B8Py gs. Surprisingly, it

has also been demonstrated that a kind of local proton order still exists within the chains below
150 K in these mixed crystals [14], which can be understood as an intra-chain order as will be
shown in the present paper.

In this paper the results of dielectric investigation of deuterated betaine phagphate
betaine phosphitgs in the region of the low-frequency dielectric dispersion are presented.
The distribution of relaxation times is extracted from the complex dielectric spectra by using
the Tikhonov regularization technique [15] and simulated assuming a distribution of both the
activation energy and the attempt frequency. On the other hand, the analysis and comparison of
the dielectric data for the deuterated and protonated samples is done according to the Kutnjak
model [16] leading to a more accurate glass temperature.

2. Experimental procedure

DBPy 15DBPIg g5 crystals were grown by controlled evaporation froagtsolution containing
betaine with 85% of BPO; and 15% HPO,. By analogy with DBPI [11] one expects that only

the protonsinthe O—H-O bonds of the inorganic4#O; and PO, groups should be replaced

by deuterons. For the dielectric spectroscopy, gold-plated single crystals were oriented along
the monoclinich-axis. The complex dielectric constasit = ¢ — i¢” was measured by a
capacitance bridge HP4284A in the frequency range 20 Hz to 1 MHz. The typical sample size
was 50 mmarea and 1 mm thickness. The value of the measurement voltage was 0.5 V. Further
decrease of the measurement voltage does not change the results for the dielectric permittivity.
All measurements have been performed on heating with the rate of about 0.1 K imihe
dielectric dispersion region. No differences in the value of the dielectric permittivity have
been observed for cooling and heating due to the low value of the measurement field and
the absence of temperature gradients in the sample. The temperature was measured with a
calibrated silicon diode (Lake Shore type DT-470-DI-13). For the temperature-dependent
measurements a Leybold VSK-4-320 cryostat was used.

3. Results and discussion

For DBRy 15sDBPIy g5 no anomaly ire’ indicating a polar phase transition can be detected down
to the lowest temperatures. A Curie—Weiss law is valictfan the temperature range between
300 K and 200 K with Curie-Weiss constartyy = 29238 K, andl = 83 K (see the inset

in figure 1(a)). A much better fit can be achieved using a quasi-one-dimensional Ising model.
In this case the static dielectric constant can be expressed [17] by

a’:C/{T(exp(—ZJ”/kBT)—JL/kBT)} (1)
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Figure 1. Temperature dependencesetf(a) ande” (b) for DBPy 15DBPIp g5 at the following
frequencies (kHz)I: 0.1;0: 1; A: 2; x: 10; v: 40; <$: 200; +: 1000. The inset shows the
temperature dependence gf1for DBPy 15DBPIg g5 at the frequency 100 Hz. Dashed line: the
fit with the Curie-Weiss law; solid line: the fit with the quasi-one-dimensional Ising model.
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whereJ; andJ, are the nearest-neighbour intra-chain and the effective mean-field inter-chain
coupling constants, respectively, akgl is the Boltzmann factor. From the best fit in the
temperature range between 300 K and 70 K we have obtained the valaesl5 820 K,

Jy/ky = 1725 K, andJ, /k, = —27.9 K. The negative sign of, means that 15% of the
antiferroelectric phosphate units are able to change the inter-chain interaction coupling from
a ferroelectric one in ferroelectric phosphite to an antiferroelectric one in the mixture due to a
decrease of the correlation distance between dipoles.

In the temperature region between 100 K and 20 K dispersion effects dominate the dielec-
tric response in the frequency range under study (figures 1(a) and 1(b)). The temperature—
frequency behaviour of ande” is typical glassy behaviour: with decreasing measurement
frequency the maximum of shifts to lower temperatures followed by the maximunef
It is interesting to note that the absolute valuesbis nearly three times higher than for
the non-deuterated sample 8BEBPly g5 [9]. The frequency dependencedfands” at fixed
temperatures provides clear evidence that the frequency dependeficerafich broader than
that over 1.14 decades typical for the Debye dispersion (figure 2). The freezing phenomena in
DBP,.15DBPIy g5 reveal the characteristics of a transition into a dipolar glass state. The slowing
down of the dipolar degrees of freedom exhibits a broad distribution of relaxation times, as
has been studied in detail for the most prominent dipolar glasses such ds KriaO; [18],
Rb;_(NH4),H2POy [19], Rby . (NH4), H2ASO, [20, 21], with a distribution width exceeding
by orders of magnitude the width of a monodispersive Debye process [22,23]. In orientational
glasses (OG) the reorienting moments freeze in random configurations [24]. The interplay
of site disorder and frustrated interactions is responsible for the freezing transition which
bears similarities with the spin-glass transitions in dilute magnetic systems [25] and with the
relaxational dynamics in canonical glasses [24].

g ¢

Figure 2. The frequency
A dependences ofs’ and &”
10' 10° 10° 10° 10° 10° 10" for DBPg1sDBPlpgs at the

v, Hz tgr’ggeratures (Ka: 71;00: 51,
O. .

First, the experimental data are fitted to the Cole—Cole function [26]:
£ = g0 + Ag/(1 + (iw7)17) 2)

whereAce is the relaxator strength,is the most probable relaxation timejs the distribution
coefficient e, is the contribution of all higher-frequency modes to the dielectric permittivity,
andw = 2mv is the angular velocity. The data calculated using the Cole—Cole formula are
shown as solid lines in figure 2. The temperature dependences of the fit paratiigtersnd

7 are shown in figure 3. The distribution function of the relaxation tinfer the Cole—Cole
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Figure 3. Temperature dependences of the fit parameter@), « (b) and Ae (c) for
DBPy 15DBPIlpgs. The parameters of the line drawn according to a Vogel-Fulcher law in (a)
are given in the text.
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function is symmetrically shaped around the most probable relaxation time. Whef.5
the relaxation times are distributed over three decades. Such a wide distribution of relaxation
times can mean that non-equilibrium effects or quantum fluctuations play a significant role at
those temperatures whexereaches high values. The most probable relaxation time follows
a Vogel-Fulcher lawt = toexp{E,/k, (T — Tp)}, with 7o = 9 x 1071 s, E,/k, = 330 K,
andT, = 26 K as indicated by the solid line in figure 3(a). The activation endfgyk,
is bigger than that at 252 K in BRBPIly¢ [7] and close to that at 290 K in pure deuterated
betaine phosphite [8] but nearly twice lower than in pure BPI as measurgd BNDOR [27]
and dielectric measurements [28]. The deviation of the fit from the experimental points at
the low-temperature end of the temperature scale of figure 3(a) is caused by the shortcomings
of the Cole—Cole model as shown in the next section. Below the transition temperature into
the glassy state the protons are frozen in at random in their double-minima potentials, as in
RADP [19], but along the one-dimensional chains.

A careful inspection of figure 2 shows that the imaginary part of the dielectric permittivity
is not exactly symmetrically shaped as it should be in the case of a real Cole—Cole dispersion.
Such an asymmetry has already been observed gsBPly4 [7]. Instead of using other
models like the Havriliak—Negami or Kohlrausch-Williams—Watts ones, we extracted the
exact distribution functionf (r) of the relaxation times from the complex dielectric data
represented by the general equation

s*:goo+/ A dr. 3)
0

1+iwt
The algorithm used is based on solving this integral equation of Fredholm type using
the Tikhonov regularization technique with a self-consistent choice of the regularization
parameters. The method has been explained in detail in reference [15]. Another paper
applying this technique to deuterated rubidium ammonium dihydrogen phosphate appeared
recently [30]. The values of* were taken from the experiment. The distribution functions
obtained at different temperatures are presented in figure 4. Whereas at higher temperatures

T T T T T
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Figure 4. Relaxation time dis-
tributions at different tempera-
0r tures obtained by Tikhonov regu-
larization from equation (3). The

0 error bars show the range of con-
fidence provided by the algo-
rithm.
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the relaxation time distribution function appears to be symmetrical and can be described
well by a Cole—Cole-type distribution, it becomes asymmetrical with decreasing temperature,
and the relaxation time distribution width increases considerably. At lower temperatures the
dielectric relaxation times are very asymmetrically distributed with along tail towards to shorter
relaxation times or higher frequencies. Due to this, the mean relaxation time of the distribution
and the most probable relaxation time no longer agree one with another. Consequently, as the
application of the Cole—Cole model is no longer allowed for the data analysis, it leads to the
wrong t-values at lower temperature as seen in figure 3(a).

The temperature-dependent width and asymmetry of the relaxation time distribution can
easily be simulated (see figure 5) by assuming a distribution of the activation efigagd
the inverse attempt frequeney as well. As shown in reference [31], the correlation time for
uncorrelated hopping over the barrier in an asymmetric double-minimum potential obeys the
form

exp{E,/kp(T — To)} )
2cosiA/2kgT)

where the activation enerdy, is a measure of the potential step size @nid the asymmetry

of the double-well potential related to the local site polarization. Taking into account the
Gaussian distributions of both parameters around their mean vAlygs; = 330 K and

Ao/ kp = 0 Kwith variancesrg / kg = 40 Kando 4/ kg = 400 K, respectively, the numerical
simulation fits the experimental relaxation time distribution shown in figure 4 rather well. The
numerical simulation with 12 000 items,, = 10~° s, andTy = 25 K is presented in figure 5

for the same temperatures as in figure 4.
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Figure 5. Simulation of the relaxation time distributions at the same temperatures as in figure 4 by
means of equation (4) with the parameters given in the text.

This result is in fact a little surprising as regards the zero mean of the asymmetry of
the double-well potentials, inasmuch as the ENDOR results for non-deuterageeBB® g5
[13,14] clearly showed a hon-zero mean of the local proton polarizations of the hydrogen bonds
in the chain coinciding with a non-zero mean of their local potential asymmetry. As regards
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the dielectric data, however, only a zero average of the asymmgtrse 0 corresponding
to a zero average of the electric polarization leads to a successful simulation. It appears to
be very implausible that this discrepancy arises due to deuteration. In fact, the dielectric
relaxation is concerned with the reorientation of elementary electric dipolar moments and
not with that of single hydrogen bonds. The elementary electric dipolar moments could be
clusters of hydrogen bonds within a chain or even a single chain itself. The relatively low
attempt frequency /., = 10° s7! indicates a large mass of the elementary dipoles and
supports this explanation. As mentioned above, the temperature dependersteoafed that
the inter-chain interaction is antiferroelectric in the mixture. The experimental results mean
then that the average local proton polarization measured by the local magnetic resonance
technique is not tantamount to a long-range global ferroelectric or antiferroelectric order
but expresses the local order within a single chain or in a part of it. From the comparison
with the ENDOR results one can conclude that betaine phosphate/phosphite mixed crystals
behave like a proton glass without any long-range order. However, the presence of the one-
dimensional structure of the phosphate/phosphite chains linked by hydrogen bonds has an
interesting consequence. Because of the much stronger intra-chain coupling of the protons
with respect to that to neighbouring chaing,/J, | >~ 6.2, a local proton order within a chain
is developed independently of that in neighbouring chains below a temperature of about 150 K
that has not yet been observed in other proton glasses.

Because of the asymmetric distribution of relaxation times, the observed experimental
data were additionally analysed using the model suggested by Kuth@g#kl6]. The idea of
this model is to get rid of any shape of the distribution function of the relaxation times. For this
purpose, the variabl&v) = [¢'(v) — ex0]/[€5s — €o0] IS introduced witheg ande,, denoting
static and high-frequency permittivities. By determining the value of the frequegnior a
given$ and for all accessible temperatures, it is possible to construct an Arrhenius plot, the
so-called3-plot, shown in figure 6(a). Notable cases &re> 0 ands — 1 which correspond
to the high- and low-frequency ends of the spectrum of relaxation times. Most interesting is,
of course, the limi — 1, which reveals the temperature evolution of the slowest element in
the spectrum and which is most important for slow motion or glass freezing.

From figure 6(a) it is evident that fér> 0.9 the deviation from the Arrhenius behaviour
is manifested as a bend of the Arrhenius plot. The solid lines in this figure have been calculated
using the Vogel-Fulcher expression witld-alependent Vogel-Fulcher temperature. Due to
the rather low value ofj it is not possible to observe a significant bend ofdfmirves even at
low values ofs. In figure 6(b) we show, as a function ob for 0.9 < § < 0.95. Itis clearly
seen that fos — 1 the Vogel-Fulcher temperature extrapolates to 24.8 K. This value is in
good agreement with the value obtained from the temperature behaviour of the most probable
relaxation time.

The same model has been used for the non-deuterated sampkBBR g5. The results
are shown in figures 7(a) and 7(b) with an extrapolated Vogel-Fulcher tempefatsrg0 K.

4. Conclusions

Finally, one can conclude that protonated and deuteratggsBPly g5 exhibit an orientational

glass state at low temperatures where the protons or deuterons are frozen in along the one-
dimensional chains. The value of the activation endigykz = 330 K clearly manifests that

the orientational order is related to the proton or deuteron order, showing typical activation
energies ranging from 200 K to 900 K [29, 31]. In contrast to the case for other proton glasses,
as aresult of the quasi-one-dimensional structure of the phosphate/phosphite chains formed by
the hydrogen bonds, a local intra-chain order of the protons sets in far above the glass transition
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Figure 6. The Arrhenius representatiotplot) of DBPy 15sDBPIg g5 where the points are obtained
from the reduced dielectric constant and the lines are fits using the Vogel-Fulcher expression (a);
the Tp-dependence o (b).

at about 150 K. The dielectric data at low temperatures result in broad loss peaks indicating a
wide distribution of relaxation times. The analysis of the complex dielectric permittivity data
by means of the Cole—Cole model and the Tikhonov regularization technique demonstrates that
the relaxation time distribution becomes strikingly asymmetric at temperatures below 50 K
and, consequently, the Cole—Cole analysis is then no longer correct. From the best fit, the
temperature dependence of the most probable relaxation time has been extracted. It follows
a Vogel-Fulcher law with the Vogel-Fulcher temperatlife= 26 K. The Kutnjak analysis
results in nearly the same temperatufig = 25 K. For the protonated sample 8RBPIg gs,

Kutnjak analysis give$, = 10 K, whereas because of the low Vogel-Fulcher temperature the
most probable relaxation time roughly follows an Arrhenius law [9] within the experimental
accuracy. The striking change of the Vogel-Fulcher temperature due to deuteration clearly
indicates the importance of quantum tunnelling innBBPly g5 mixed crystals.



210

J Banys et al

4 L

| | |
0.028 0.032 0.036

T'1K'1
06—FT—7FT——7T T T T

1 1
0.020 0.024

0.14 - .

- 012 "™ i
N

= 010

0.08 - .

006 | L | L | L | L | L | L | L
08 08 090 092 094 09 098 100

O
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from the reduced dielectric constant and the lines are fits using the Vogel-Fulcher expression (a);
the Tp-dependence oh (b).
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