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The dielectric properties of mixed betaine phosphate,  betaine phosphite

BP BPI

000 (BP, o BPL ) ferroelectric crystals were investi-

gated in a wide frequency range from 20 Hz to 3 GHz. Although the dielectric anomaly is clearly observed close to the ferroelectric
phase transition temperature T = 121 K, the dielectric dispersion is very broad around and below this temperature. Temperature
dependences of the dielectric strength, the mean relaxation frequency and the spontaneous polarization cannot be described
together according to the Landau theory for ferroelectric phase transition with a single order parameter or according to the quasi-
one-dimensional Ising model. The polarization shows a pronounced distribution in the ferroelectric phase and only a partial
ordering of hydrogen atoms occurs down to the lowest temperatures. The unordered hydrogen atoms form a glassy phase and its
formation is observed in dielectric spectra at very low temperatures. The proton freezing temperature was estimated.
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1. Introduction

Nowadays, ordered systems with ferroelectric, anti-
ferroelectric or (and) multiferroic properties are very
popular due to their outstanding dielectric, piezo-
electric, piroelectric and other properties [ﬂ]. In order
to control these properties, the doping or the substi-
tutions are often used. However, too big amount of
impurities can smear out the ferroelectric proper-
ties. Various ferroelectric phase smearing scenarios
are possible, for example, the dipolar glass phase or
the nonergodic relaxor phase can appear in doped
materials at low temperatures [E]. Therefore, investiga-
tions of disordered systems with relaxor, dipolar glass
or other properties are also very important [E].
Betaine phosphate (BP) (CH,),NCH,COOH,PO,
and betaine phosphite (BPI) (CH,),NCH,COOH,PO,
are crystals consisting of amino acid betaine as an
organic, and phosphoric and phosphorous acids, re-
spectively, as an inorganic component. The structure
of both compounds is very similar [@]. The PO, or,
respectively, PO, groups are connected by hydrogen
bonds and form quasi-one-dimensional chains along

the monoclinic b axis [E]. The betaine molecules are
arranged almost perpendicular to this chain along the
a direction and are linked by one (BPI) or two (BP)
hydrogen bonds to the inorganic group [H]. The anti-
ferrodistorsive phase transition is observed in BPI at
355 K and in BP at 365 K (the symmetry change is
P2 /m - P2 [c) [E, H]. At higher temperatures the PO,
or HPO, groups and the betaine molecules are disor-
dered. They both order in the antiferrodistortive phase,
but the hydrogen atoms linking PO, or HPO, groups
remain disordered [f].

Ordering of these hydrogen atoms is a physical ori-
gin of the ferroelectric or the antiferroelectric phase
transition, respectively. The ferroelectric phase tran-
sition was observed in BPI at 220 K (the symmetry
change at the phase transition is P2 /c > P2)) [E]. At
low temperatures in BP two phase transitions were ob-
served: the ferroelectric transition at 86 K (the sym-
metry change at the phase transition is P2 /c > P2))
and the antiferroelectric phase transition at 81 K (the
microscopic origin is related with a doubling of the
unit cell along the a direction) [H]. The temperature
dependence of the static dielectric permittivity of both
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crystals fits very well a quasi-one-dimensional Ising
model. So, the coupling between the dipoles within
the chains is much stronger than that one between
the dipoles in neighboring chains [E, ﬁ]. Antiferro-
electric order is established in BP at T_= 81 K [E] in
such a way that the O-H---O bonds order ferroelec-
trically within the one-dimensional chains whereas
neighbouring chains are linked antiferroelectrically
[E]. In BPI, however, neighbouring chains are linked
ferroelectrically below T = 216 K [f]]. Deuteration of
hydrogen-bonded ferroelectrics leads to significant
changes of the physical properties and shifts the tem-
peratures of dielectric anomalies to the higher values
[E]. For example, the ferroelectric phase transition in
DBPI was observed at 297 K [E]. Only the antiferro-
electric phase transition was observed in deuterated
BP (DBP) at 119 K []. Therefore, the hydrogen
bonds are very important for phase transitions in BP
and BPI crystals at low temperatures.

According to the dielectric investigations of BPI,
the dielectric dispersion in microwave frequency
range close to the ferroelectric phase transition tem-
perature fits the Debye equation and the relaxation
frequency is a linear function of the temperature in
the paraelectric phase []. At lower frequencies (be-
low 1 GHz) in BPI an additional dielectric dispersion
was observed, which is obviously related with dynam-
ics of ferroelectric domains [EE. Close to the ferro-
electric phase transition, the spontaneous polariza-
tion was observed in BPI [@]. A similar behaviour of
dielectric dispersion was observed in BP crystals [B].
There the Debye model is also valid and the relaxation
frequency has a minimum close to the ferroelectric
phase transition temperature.

The BP BPI__system was extensively studied ex-
perimentally [] and theoretically [@, ]. It is
established that the low-temperature part of the (7, x)
phase diagram of the BP BPI, _system consists main-
ly of (i) the ferroelectric phase for 0 < x < 0.1, (ii) the
antiferroelectric phase for 0.65 < x < 1, and (iii) the
so-called glass phase for 0.1 < x < 0.65.

The main difference between the nondeuterated
BP BPI, and deuterated DBP DBPI _systems is the
highest temperatures of the dielectric anomalies in
deuterated crystals. Both compounds show an abrupt
decrease in T_ at small x with ferroelectricity com-
pletely destroyed at x > 0.1. The increase in T, when
hydrogen in hydrogen bonded ferroelectrics is re-
placed by deuterium was described theoretically [@].

Although a lot of investigations were performed
for the mixed betaine phosphate-betaine phopshite
crystals with the ferroelectric or the dipolar glass
properties, the phase boundary between the ferro-
electric and dipolar phase, i. e. mixed crystals with

x = 0.1, has not been investigated up to now. The
aim of this work is to investigate dielectric proper-
ties of BP,  BPI ,, in a wide frequency range. We will
demonstrate that the ferroelectric phase transition in
BP, BPI,,, is complex: the order and the disorder
coexist in these crystals in a wide temperature range.

2. Experiment

BP  BPI ,, crystals were grown by a controlled eva-
poration method from H,O solution containing be-
taine with 94% phosphorous acid (H,PO,) and 6%
phosphoric acid (H,PO,). More details about the
growth of BP BPI _crystals are in [@] The single
crystals were oriented along the monoclinic b axis.
The complex dielectric permittivity e* = €' - ie" was
measured using the HP4284A capacitance bridge in
the frequency range 20 Hz to 1 MHz. In the frequen-
cy region from 1 MHz to 3 GHz measurements were
performed by a coaxial dielectric spectrometer with
a vector network analyzer Agilent 8714ET. All
measurements were performed on cooling with the
controlled temperature rate of 0.25 K/min. Gold was
used for contacting. Typical dimensions of the sam-
ples were ~10 mm? area and ~0.5 mm thickness.

3. Results and discussion

Temperature dependences of the complex dielectric
permittivity & = ¢' - ie" of BP  BPI ,, crystals at sev-
eral frequencies in the ferroelectric phase transition
region are shown in Fig. E] At low frequencies (be-
low 24 MHz) the position of dielectric permittivity
maximum is frequency independent, indicating the
ferroelectric phase transition temperature T = 121 K.
There is a strong dielectric dispersion around and be-
low the ferroelectric phase transition temperature T
in the wide frequency range. At higher frequencies
(above 24 MHz) the temperature of dielectric permit-
tivity maximum T _ strongly increases with increasing
frequencies.

The experimental data were described with the
Cole-Cole formula:

* A
€ =8w+78, (1)

1+(i0t.)™

where Ae is the dielectric strength, T .18 the mean and
most probable Cole-Cole relaxation time, ¢_ is the
contribution of phonon modes and electronic polari-
zation to the static dielectric permittivity, and o is the
parameter of the Cole—Cole distribution of relaxation
times. The Cole-Cole parameters of ferroelectric dis-
. . . R
persion are presented in Fig. . Only the parameter ¢_
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does not vary with temperature. The dielectric disper-
sion looks like the Debye type dispersion only at high-
er temperatures (T >> T ). On cooling the parameter
of distribution of relaxation times & of all investigated
ferroelectrics increased. The extremely high value for
ferroelectrics « = 0.3 is observed at T < T, that dis-
plays the extremely broad distribution of relaxation
times. This clearly differs from the monodispersive
character, observed in BPI [] (a, = 0.04), DBPI
[edl (a__=0.12) and DBP,, DBPI ,, (a__=0.2) [1]],
while « deviates from its zero value only near 7. The
temperature dependence of the relaxation frequency
v.= 1/(2n7 ) shows a minimum, this indicating the
critical slowing down in the presented crystal. Such
non-typical (for ferroelectrics) and not so easy-to-
understand behaviour of distribution width & shows

Temperature (K)

v, Hz

100 kHz
24 MHz
77 MHz
250 MHz
1 GHz

Fig. 1. Temperature dependence
of complex dielectric permittivi-
ty for BP  BPI ,, crystals (ferro-
electric phase transition region).

that the Cole-Cole formula is not suitable for dielec-
tric dispersion below T in the presented crystals (for
enough high « and usual mean 7 the shortest re-
laxation times of Cole-Cole distribution of relaxation
times lose their physical meaning).

The quasi-one-dimensional Ising model was
used to fit the dielectric strength of ferroelectric dis-
persion [@]:

-1
2J
re=S exp| — —L _ L )
T kT ) kT | > )
where J

; and ] are the nearest neighbour intrachain
and the effective mean field interchain coupling con-
stants. The parameters obtained from the best fit

T (K)
_w =QJ
Fig. 2. Frequency dependence
of complex dielectric permittiv-
ity for BP  BPI ,, crystals. The
solid lines are the best fit accord-
Frequency (Hz) Frequency (Hz)

ing to Eq. 4.
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e (v) =A8J' a)r—f(r) gzr. (4b)
2 1+ (o)
The value of the Tichonov regularization param-
S . . L
eter o, = 4 was determined as optimal. The distribu-
tions of relaxation times of the investigated ferroelec-
trics are presented in Fig. @ In the ferroelectric phase
Temperature (K) the non-symmetric distribution of relaxation times
has been obtained.
<
&)
= 0.9
8
~
8
< T (K)
Temperature (K)
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W
< ©
=
0.3
Temperature (K)
Fig. 3. Cole-Cole parameters for BP  BPI , crystals.
0.0.
(the solid line in Fig. E) are C = 28296 K, J /k,= 15, 12 _11 ~10 -9 _8 _7

]”/kB=86 K and ]”/ J,=5.73.

The temperature dependence of the relaxation
frequency shows a curvature in the high tempera-
ture phase (Fig. H). The temperature dependence of
the relaxation frequency according to the quasi one-
dimensional Ising model [@] is given by

v, =v_exp| ——— | cosh| —
2J) Jy
x| exp| ——— |- —|,

where AU is the activation energy for the reorienta-
tion of the dipole, and v_ is the attempt frequency.
Using the parameters ]H and ] obtained by means of
Eq. (2), the best fit according to Eq. (3) results in the
values v_=0.65 THz, AU/kB: 481 K.

The distribution of relaxation times f(7) has been
calculated directly from dielectric spectra according
to the formulas

(4a)

log{, s}

Fig. 4. Distributions of relaxation times for BP  BPI
crystals.

We consider proton moving in the asymmetric
double-well potential. The movement consists of fast
oscillations in one of the minima with occasional ther-
mally activated jumps between the minima. Here we
neglect quantum tunneling, which is significant for
protons at low temperatures. The jump probability is
governed by the Boltzmann probability of overcom-
ing the potential barrier between the minima. It was
shown that the relaxation time of an individual hydro-
gen bond dipole in such [@] a system is given by

—7 eXp [Eb/kB(T_YE))]. (5)
2cosh (A/2kgT)

This equation is similar to the Vogel-Fulcher one,
except the dominator, which accounts for the asym-
metry A of the local potential produced by the mean
field influence of all the other dipoles. Thus, the local
polarization p (time-averaged dipole moment) of an
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individual O-H--O bond is given by the asymmetry
parameter A [@]:

p = tanh(A/2k, ). 6)

We further consider that the asymmetry A and the
potential barrier E, of the local potential of the O-
H--O bonds both are randomly distributed around
their mean values A and E, j according to the Gauss-
ian law resulting in the distribution functions:

1 E,—E,)
1 (A-A4,)°
(A) = ———-exp| - —=% |, (8)
/ N2mo, b 207

where 0, and ¢, are the standard deviations of E, and
A, respectively, from their mean values.

The distribution function of relaxation times is
then given by

OE,
d(Int)

whereE, (A, 7)isthedependence of E, on A foragiven ,
derived from Egs. (7) and (8).

Fits with the experimentally obtained relaxation-
time distributions were performed simultaneously for
seven different temperatures using the same param-
eter set: 7,=4.32- 10" sand T, = 0 K (as it should
be for the ferroelectric phase transition). The results
are presented in Fig. H as solid lines. The average local
potential asymmetry A , the average potential barrier
E, and the standard deviations o, and o,, are temper-
ature dependent as demonstrated in Fig. E At higher

fn 7y =[ 1 (4) f1E,(4,7)] da, ()

EJk,
o, /k,

Efk, o, [k, (K)
Alk,, 0, /k, (K)

Temperature (K)

Temperature (K)

temperatures (T >> T) the average local potential
asymmetry A and the standard deviation of asym-
metry o, are small (A/k,= 37 Kand 0,/k, = 0.9 K for
T = 153 K). In the ferroelectric phase on cooling the
average asymmetry A and the standard deviation o,
strongly increased. However, in the presented ferro-
electrics the average asymmetry A is strongly higher
than the standard deviation o,. In the paraelectric
phase on cooling the average potential barrier E,
increases and the standard deviation oy decreases,
strongly correlating with the curvature of tempera-
ture dependence of the mean Cole-Cole relaxation
time and the application of quasi-one-dimensional
Ising models. The temperature dependence of the
average potential barrier E,, has a maximum at T,
strongly correlating with slowdown of phase transi-
tion dynamics.

The spontaneous polarization of BP BPI mixed
crystals was investigated previously by the pyroelectric
method []. Different approaches can be used to de-
scribe the temperature behaviour of the spontaneous
polarization of ferroelectrics. According to the Ising
model [[17]

(04,)= - (10)
J (o 4J
sinh? Mﬂexp b
kT kT

Moreover, according to this model the transition
temperature T, is determined by the condition

ad
kyT,

B~ Clsing

kB TC Ising CXp| — = JJ_- (11)

Alk
o,/k,

Fig. 5. Temperature depen-
dence of double-well potential
parameters for BP, BPI
crystals.
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The obtained transition temperatureis T, ing = 24 K.
Thus, we cannot describe with the Ising model for-
mulas all the dependences together: P(T), Ae(T) and
v(T), because the mismatch between T ~T ing is sig-
nificant. This becomes understandable from the below
presented experimental results that the spontaneous
polarization shows a remarkable distribution. The qua-
si-one-dimensional Ising model presupposes homoge-
neity [@] and cannot describe the non-homogeneous
ferroelectrics. However, in nature crystals (including
ferroelectrics and the same “pure” betaine phosphite)
without impurities do not exist. A fundamental query
is that at which concentration of impurities the discrep-
ancy from the quasi-one-dimensional Ising behaviour
becomes significant and essential. In the case of betaine
phosphate the answer is 6%.

From the distribution function w(A) of the local
potential asymmetry the distribution function w(p)
of the local polarization of the hydrogen bonds can
be deduced:

_ 2k,T
" g, 1)
(12)
% exp[— [a tanh (p)—atanh (p, )],

202 (2k,T)>

which transforms in the form known for the RBRF
[@] model when substituting

o, =2J\qz +Af, (13)

and

A, = 2AJp, (14)
where p is the average polarization, J is the mean
coupling and AJ is the rms variance of the coupling.
The calculated distribution functions w(p) of the lo-
cal polarization are presented in Fig. E(b). As we can
see, they behave exactly as expected for an inhomoge-
neous ferroelectric [g],
Knowing the distribution function w(p), both the
average (macroscopic) polarization
1
p=[pw(p)dp,
-1

(15)

and the Edwards—Anderson glass order parameter
¢ 2
q,, =[P w(p)dp (16)
-1

can be calculated. The calculated average polarization
values are presented in Fig. E(a). As can be seen, the
calculated average polarization is the best fit for ex-

E
S
O
S
A,
Temperature (K)
T (K)
=
2
-1.0 -0.5 0.0 0.5 1.0

p

Fig. 6. Temperature dependence of the spontaneous po-
larization (a) (points are calculated according to Egs.
(12) and (15), the line is taken from [16]) and the dis-
tributions of the local polarization (b) for BP  BPI ,,
crystals.

perimental results presented in []. We can conclude
that the extraction of continuous relaxation time dis-
tribution directly from the broadband dielectric spec-
tra allows observing the distribution of local polariza-
tion inside ferroelectrics.

The dielectric dispersion does not vanish below
the ferroelectric phase transition temperature (Fig. ﬁ).
The dielectric dispersion at very low temperatures has
been observed in pure BPI [é] and DBPI [B]. The
main difference with the pure BPI is a maximum of
" in the ferroelectric phase. The position of dielectric
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loss maximum is frequency dependent (indicated by
an arrow in Fig. B). This behaviour was described by
the Vogel-Fulcher relationship [@]:

E,

‘,:‘%e'kﬂrm—%u’

(17)

where T is the temperature at which the measured
imaginary part of dielectric permittivity £" passes
through a maximum, v, is the frequency approached
with T — oo; E is the activation energy, T, is the
freezing temperature.

The best fit of v with the Vogel-Fulcher equation is
shown as a solid line in Fig. E The obtained parameters
are v, =2.12 GHz, E =293 K, and T,=5K. The freezing
phenomena in betaine phosphite with a small admix-
ture of betaine phosphate reveal the characteristics of
a transition into a dipolar glass state: the slowing down
of the dipolar degrees of freedom exhibits a broad

15 T T T T
(o)
6
//0
o
&
104 el i
© g
=
(o]
5L i
20 30 40
T, .. (K

max

Fig. 8. Measurement frequency versus the dielectric loss
maximum temperature for BP  BPI ., crystals (low
temperature region).

4

Temperature (K)

Fig. 7. Temperature dependence
of complex dielectric permittiv-
ity for BP  BPI ,, crystals (low
temperature region).

distribution of the relaxation rates, with the width of
the distribution exceeding by orders of magnitude the
width of a monodispersive Debye process. Similarly to
DRADA [@] crystals, BP| BPI , crystals also exhibit
a phase with the coexisting ferroelectric and dipolar
glass order at lower temperatures, where part of pro-

tons is frozen-in along the one-dimensional chains.

Conclusions

The dielectric properties of mixed BP  BPI ,, ferro-
electric crystals were investigated in a wide frequency
range from 20 Hz to 3 GHz. Although the dielectric
anomaly is clearly observed close to the ferroelectric
phase transition temperature T _= 121 K, the dielec-
tric dispersion is very broad around and below this
temperature. Temperature dependences of the di-
electric strength, the mean relaxation frequency and
the spontaneous polarization cannot be described to-
gether according to the Landau theory for ferroelec-
tric phase transition with a single order parameter or
according to the quasi-one-dimensional Ising model.
So, BP  BPI ,is not a typical ferroelectric. The local
polarization shows a pronounced distribution in the
ferroelectric phase and only a partial ordering of hy-
drogen atoms occurs down to the lowest temperatures.
Unordered hydrogen atoms form a glassy phase and its
formation is observed in dielectric spectra at very low
temperatures. Proton freezing temperature was esti-
mated.
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TARPINE FAZE TARP FEROELEKTRIKAMS BUDINGOS TVARKOS IR
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Santrauka

Straipsnyje pateikti betaino fosfato,, betaino fosfi-
to,,, placiajuos¢iy dielektriniy tyrimy rezultatai. Nors
feroelektrinio fazinio virsmo aplinkoje yra stebima
dielektriné anomalija, ji negali buti aprasyta klasikiniy
feroelektrikams budingy désniy pagalba. Feroelektrinéje
fazéje dielektriné dispersija yra labai plati ir asimetriska.
Apskaiciuotas Cole-Cole relaksacijos trukmiy pasiskirs-
tymo parametras didéja mazéjant temperatiirai ir Zemose
temperatirose pasiekia labai didele (feroelektrikamas)
0,3 verte. Pasinaudojus dielektriniais spektrais, nustatyti
$iy kristaly relaksacijos trukmiy pasiskirstymai. Sie platiis
ir asimetrigki pasiskirstymai i§ esmés skiriasi nuo siaury
pasiskirstymy, dazniausiai stebimy feroelektrikuose. Pa-
siskirstymai buvo nagrinéjami pagal dvigubo minimumo

potencialo modelj. I$ pasiskirstymy nustatyti dvigubo
minimumo potencialo parametrai: potencialinio bar-
jero aukscio vidurkis ir dispersija; potencialinio barjero
asimetrijos vidurkis ir dispersija. Pasinaudojus Siais pa-
rametrais, apskaiciuoti lokalinés poliarizacijos pasiskirs-
tymai ir vidutiné (makroskopiné) poliarizacija. Gautos
makroskopinés poliarizacijos vertés gerai sutampa su eks-
perimentiskai nustatytomis vertémis. Sie rezultatai rodo,
kad net zemose temperatiirose feroelektrinéje fazéje dalis
protony lieka nesusitvarke, jie toliau mazéjant temperati-
rai sudaro stiklo faze. Sios fazés susidarymas yra stebimas
dielektriniuose spektruose labai Zemose temperatirose.
I§ Zematemperatiiriniy dielektriniy spektry pavyko nu-
statyti protony uz$alimo temperatiras.
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