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Order-disorder behavior in betaine arsenate studied by Raman scattering
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A. Klöpperpieper
Fachbereich Physik, Universita¨t des Saarlandes, D-66041 Saarbru¨cken, Germany

~Received 6 July 1999!

A detailed study of Raman polarized spectra in betaine arsenate~BA! is presented. The results obtained give
a significant contribution to the clarification of some controversial aspects of the critical behavior in BA. The
temperature evolution of the hydrogen bonds stretching modes shows that different types of hydrogen bonds
present different kinds of critical behavior. It also provides evidence of a proton ordering in the shorter
hydrogen bond, i.e., along thec direction, at the para-ferroelectric phase transition. An order-disorder mecha-
nism in the low-temperature region manifests itself by the progressive softening of the dynamical central peak
observed in the low-frequency spectra. Futhermore, a hint of a short-range ordering below 150 K was found
which is related to the existence of polar clusters even in the paraelectric phase.
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I. INTRODUCTION

Betaine arsenate, (CH3)3NCH2COO•H3AsO4 ~BA!, un-
dergoes two structural phase transitions: a ferrodistortive
roelastic phase transition atTc15411 K and a ferroelectric
phase transition atTc25119 K. The spontaneous polarizatio
appears in theac plane, with the major component along th
c axis.1 It was assumed that BA is orthorhombic aboveTc1,
with the space groupPbnm2. In the paraelectric-ferroelasti
phase, the space group of BA isP121 /n1.3 Below Tc2, the
space groupP1n1 was suggested.2

The order-disorder character of the phase transition in
at Tc2 was proposed from the high-frequency dielectric m
surements, performed in the 0.1 MHz–10 GHz range,4 where
relaxation-type dispersion was observed. These data w
analyzed assuming the occurrence of typical second-o
ferroelectric phase transition and the value ofeo was found
lower than the one reported by Klo¨pperpieper,1 while e` was
unusually high. An additional relaxational soft mode at low
frequency~room-temperature value 1/2pt53 cm21) was re-
vealed from submillimeter backwave oscillator response5 but
its temperature dependence was not reported. The analys
submillimeter as well as microwave data obtained in so
solutions of BA and its deuterated analogs~BA-DBA ! re-
vealed two soft relaxational excitations polarized along thc
axis4,5 which is an important result. It was therefore propos
that lattice dynamics of BA-DBA solid solutions involve
two temperature-dependent relaxational excitations
hence two subsystems of the ordered particles.5

Most of the experimental investigations of BA occasio
ally revealed some deviations from what is considered a t
cal ferroelectric behavior. Hysteresis loops in BA exhi
striking S-shaped curves in the temperature interval of 4
aboveTc2 and in the temperature interval of 2 K below Tc2.6

The onset of the saturation polarization occurs atTc2– 10 K,
approximately; at this temperature also an anomalous
crease of the heat capacity was observed.7 The pyroelectric
coefficient along thec axis revealed two anomalies localize
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in the temperature range 110–120 K.8 The real part of the
linear dielectric constant (e8) showed a quasiplateau just b
low Tc2; an additional anomaly ofe8 was observed at 4 K
below Tc2 at about the same temperature, where the py
electric current displayed a weak anomaly.8,9 Very recently,
two low-frequency strongly temperature-dependent rel
ation modes were revealed from dielectric measurement
BA and its strongly deuterated analog DBA92~degree of
deuteration: 92%!.10 One of these modes, called the hig
temperature mode~HT!, was found in the whole temperatur
range studied, while the other one, the low-temperat
mode ~LT!, was explicitly observed only belowTc2 in BA
and below 162 K in DBA92. The relaxation times of HT an
LT modes exhibited sharp anomalies at 120 and 110 K,
spectively. It was assumed that in BA the HT mode is rela
to antiferroelectric interactions and the LT mode is main
related to ferroelectric ones.10 New x-ray measurements pu
in evidence anomalies at 107 and 120 K and some precu
effects around 150 K in BA.11 The phase transition sequenc
observed in BA-DBA system was discussed in the fram
work of a unique phenomenological model where two co
peting instabilities ~ferroelectric and structural! were
considered.12 It was shown that BA-DBA represents a goo
example of a system where one of the order parameters
presses the instability related to the other one. Experime
dielectric and acoustic data obtained for the samples w
high degrees of deuteration~from 80 to 100%! were found in
good agreement with the proposed phenomenolog
model.13 Recently published results concerning Raman sc
tering in BA and DBA92 contributed to elucidate some a
pects of the phase transitions in these compounds.14 No soft
mode was detected. The temperature behavior of the inte
modes of the arsenate ions clearly shows important defor
tion of these units in both compounds. The existence o
least two types of hydrogen bonds was proposed and s
evidence for the ordering of protons nearTc2 in BA was
found. This result was obtained by analyzing the tempera
15 035 ©2000 The American Physical Society
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15 036 PRB 61YU. I. YUZYUK et al.
dependence of then2a and n2b fundamental internal mode
of the arsenate ions.

Albeit the intensive studies performed in BA and its de
terated analog, our understanding of the basic interact
and of the microscopic mechanisms that lead to the fe
electric phase transition are still far from being comple
Regarding the contribution of this work, particular attenti
is paid to both regions of external vibrations and stretch
modes of the hydrogen bonds. The Raman study perfor
in the region of the O-H stretching modes is particula
interesting, as direct information regarding the phase tra
tion can be obtained. A very detailed study of the behavio
the dynamical central peak provides a clear evidence of
existence of a relaxational mode. Thus an order-disor
character can be undoubtedly ascribed to the critical beha
of BA in the low-temperature region. A microscopic insig
into the mechanisms underlying the ferroelectric phase t
sition in BA is given.

II. EXPERIMENTAL PROCEDURE

The single crystal of BA used in this work has be
grown from aqueous solution. The sample had the form o
oriented and optically polished rectangular parallelepiped
33435 mm3. As the monoclinic angle in BA is 91.2°, th
sample was cut with faces normal toxia, yib and zic,
wherea, b, andc are the crystallographic monoclinic axes

The polarized Raman spectra of BA have been meas
in the right-angle scattering geometry. The 514.5 nm~300
mW! polarized light of an Ar1 laser Coherent INOVA 90
was used for excitation. The scattered light was analy
using a T64000 Jobin-Yvon spectrometer, equipped wit
charge-coupled device and a photon-counting device. Ide
cal conditions were maintained for all the scattering m
surements. The spectral slit width was about 1.5 cm21.

The sample was placed in a closed-cycle helium cryo
~10–300 K! with a temperature stability of60.2 K. The
temperature of the sample was estimated to differ by
than 1 K from the temperature measured with a silicon dio
attached to the sample holder. The temperature homoge
in the sample was achieved with a copper mask setup.

III. RESULTS AND DISCUSSION

A. External vibrations

According to x-ray data,3 all atoms occupy sites ofC1
symmetry in the paraelectric phase as well as in the fe
electric one. The unit cell contains four formula units in bo
phases. The dynamics of the crystal lattice is describe
terms of 321 optical and three acoustical phonons. As
lows from factor group analysis, in the paraelectric phase
can expect 12Ag (xx, yy, zz, xz) and 12 Bg (xy, yz)
Raman lines in the low-frequency region corresponding
the translations and the librations of betaine molecules an
arsenate ions. In the ferroelectric phase, all modes bec
both infrared and Raman active and therefore 22A8 (xx, yy,
zz, xz) and 23A9 (xy, yz) lines are allowed in the region o
the external vibrations.

The low-frequency Raman spectra of such a comp
crystal as BA with 108 atoms in the unit cell consist
strongly overlapped lines. Moreover, anharmonic lar
-
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amplitude reorientations of structural units in the unit c
have been evidenced in the room-temperature Raman s
tra. These reorientations give rise to a dynamical central p
and lead to a significant broadening of the low-frequen
spectra. However, by applying a fitting procedure it is po
sible to find allAg and most ofBg external vibrations pre-
dicted by the factor group analysis. The Raman spectra
BA at room temperature for six scattering geometries
shown in Fig. 1 and the corresponding frequencies are lis
in Table I.

The Raman spectra of BA~below 230 cm21) were fitted
with a sum of damped harmonic oscillators together with
Debye relaxator according to the general formula:

I ~v,T!'@11n~v,T!#FAR

vtR

11~vtR!2

1(
j 51

N

Ao j

vVo j
2 Go j

~Vo j
2 2v2!21~vGo j!

2G . ~1!

Heren(v,T) is the Bose-Einstein factor;Ao j , Vo j , and
Go j are the strength, frequency, and damping of thej th os-
cillator; AR and thetR are the strength and the relaxatio
time of the Debye relaxator, andN is the number of modes to
fit. For the purpose of the fit, the Rayleigh scattering wing
the lowest frequencies was modeled by a fixed Gaus
component with a half width of about 5–6 cm21 in the

FIG. 1. The low-frequency Raman spectra of BA at room te
perature for six scattering geometries.
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whole temperature interval. The wing due to the integ
contribution of the peaks at frequencies higher than 2
cm21 were conveniently modeled by fixed Lorentzian co
ponents. The relaxator was included into the fitting pro
dure for spectra obtained in theyy, zz, andzx orientations,
while spectra in thexx and others nondiagonal orientation
do not show any remarkable central peak.

The microscopic origin of this relaxator is suggested
the analysis of the Debye-Waller thermal factors of BA
the paraelectric phase. As was reported in Ref. 3 the lar
value of the libration of the betaine molecule at room te
perature have been observed around an axis parallel to
oxygen atoms of the carboxyl group. As show in Fig. 2, t
C1, O1, and O2 atoms of the betaine molecule and the
and O5 oxygen atoms of the arsenate ion exhibit the lar

TABLE I. Wave number~in cm21) of the observed Raman
bands for BA in the external mode region for the six scatter
geometries at room temperature and at 40 K.

290 K (Ag) 40 K (A8) 290 K (Bg) 40 K(A9)

41 42 43
47 47 45 47

51 51
59 57 59 54

62 62
70 68 69

70 75 76
85

84 90 84 90
91 97 100

101
100 107 103 104

112 111
116

123 122 120 121
125 127

137
142 146 141 145
156 156 155

163 162 164
177 173 172

179 178 181
186

192 204 200

FIG. 2. ORTEP plot of the one unit formula of BA at room
temperature.
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amplitudes of thermal vibrations along thec axis. In turn, the
O4 and O6 oxygen atoms of the arsenate ion have their l
est amplitudes along theb axis. X-ray-diffraction method
provides time-averaged information and the observed g
anisotropy of thermal vibrations may be caused by anh
monic reorientations which give rise to a dynamical cent
peak, in the corresponding geometries in Raman scatte
namely,zz andyy.

The temperature evolution of the low-frequency Ram
spectra is displayed in Fig. 3 and as can be seen from
results presented in Fig. 3~b!, the relaxator exhibits progres
sive softening on cooling and its strength decreases con
erably. Due to this process, low-frequency Raman lines
come narrower and therefore better resolved below 200
Temperature dependence of the frequencies of the fitted
man peaks and of the relaxator are shown in Figs. 4 an
respectively. As was mentioned above, the relaxation-t
dispersion implying the order-disorder behavior in BA w
previously observed at 1.6 GHz.4,10 The temperature-
dependent relaxator revealed in our Raman spectra be
1 THz, is obviously a different mode. Apparently, this hig
frequency relaxation was previously observed by Goncha
et al.5 at a somewhat lower frequency, although the tempe
ture dependence of this mode was not referred in the p
lishing data as far as we know.

As the temperature is lowered towardTc2, some modes
which are active in the ferroelectric phase start to app
below 140–150 K. As a result, the number of lines at 123
~just aboveTc2) is higher than expected from the facto
group analysis. This behavior is an evidence of an interm
diate regime characterized by a short-range order wh
starts to appear below 150 K, approximately. Due to
existence of this short-range order, polar clusters appear
infrared polar modes become active in Raman spectra. T
behavior is typical of ill-ordered systems15 and is consistent
with a nonzero spontaneous polarization observed in BA
above Tc2.8,16 Dielectric susceptibility and dielectric los
show a very important dispersion belowTc2 in the low-
frequency range,10 also typical for disordered systems. Mor
over, a nonlinear dielectricP-E curve has been observed
Tc214 K.1 This nonclosed S-shape hysteresis loop is also
evidence for an ill-ordered state.

The order parameter of this phase transition has aBu sym-
metry and the soft relaxation mode should be infrared ac
in the paraelectric phase. The activation of this relaxato
Ag Raman species is obviously caused by the breaking of
selection rules, since large amplitude relaxations are not
monic vibrations. As can be seen in Fig. 5, the recipro
relaxation time tR

21 fulfills the classical law for order-
disorder ferroelectric phase transition:17 tR

215g(T2Tc). A
linear least-squares-fit extrapolation oftR

21 as a function of
temperature yieldsTc'(12265) K. Nevertheless, the cen
tral peak vanishes below 110 K. A narrow central mode c
tered at the laser line has been evidenced between 110
140 K. The width of this peak is of a few cm21 and accurate
parameters cannot be evaluated from Raman data due t
Rayleigh scattering. A likely explanation for this behavior
that a further critical narrowing of the central peak is effe
tively prevented by very low-frequency relaxations. The
relaxations may arise from low-frequency cluster dynam
which vanish below 110 K.
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FIG. 3. The temperature evolution of the low-frequency Ram
spectra for thez(xx)y ~a! and for thex(zz)y ~b! scattering geom-
etries in BA.
As can be clearly seen in Fig. 4, most of the lines allow
in the ferroelectric phase only appear below 110 K. As
result the 22A8 and 21A9 Raman lines have been succes
fully observed~see Table I! in a good agreement with th
factor group analysis, implying that the ferroelectric state
finally reached below 110 K. In the ferroelectric phase lon
range electrostatic forces could result in a LO-TO splittin
As already known, the spontaneous polarization is very sm
in BA @1023 cm22 ~Refs. 8 and 10!# and consequently large

n

FIG. 4. The temperature dependences of the frequencies o
external modes in BA obtained from the fit of thez(xx)y ~a! and
from thex(zz)y ~b! low-frequency Raman spectra.
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LO-TO splittings are not expected. In fact, they have n
been detected at all in our Raman spectra in the ferroele
phase.

B. Hydrogen bonds vibrations

It is now beyond any doubt that the low temperatu
phase transitions in BA, which is of order-disorder type, m
be associated with the proton ordering and so it is interes
to know the temperature evolution of the Raman spectra
the frequency range corresponding to the hydrogen bo
modes.

The O– H•••O lengths in BA have been found to be b
tween 2.48 and 2.56 Å.3 With such a bond length, the proto
is situated in a double-well potential, as a rule. At roo
temperature, the Raman spectra of the stretching modes
bonds in BA have shapes similar to the KDP-type cryst
spectra with a dynamic distribution of protons between t
potential minima on the O– H•••O bonds. In the Raman
spectra of BA, the two broad O– H•••O stretching bands
were observed at about 2900 and 2200 cm21 followed by a
weak band at 1700 cm21, labeled A, B and C, respectively
in Fig. 6. As shown in Fig. 6, the high-frequency A band
superimposed with numerous C-H stretching lines and th
fore cannot be precisely studied. The line shape, intens

FIG. 5. The temperature dependence of the reciprocal relaxa
time tR

21 obtained from the fit. The solid line represents the b
linear fit. Typical error bars at high and low temperatures are in
cated.

FIG. 6. The Raman spectra of BA in the diagonal scatter
geometries at room temperature in the region of stretching vi
tions of the hydrogen bonds.
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and peak maximun of the B band exhibit large variations
distinct scattering geometries. Namely, no evidence of
stretching H-bond bands has been found inyy geometry. In
zz geometry the B band is centered at 2215 cm21 while in
xx geometry, the B band is strongly asymmetrical and c
sists of two bands centered at 2232 and 2382 cm21. These
peculiarities stem from the specific orientations of the
bonds in BA. As it was reported in Ref. 3, in the paraelect
phase, the AsO4

32 ions are linked by H bonds forming
quasiunidimentional zigzag chain along thec axis in the unit
cell. As can be seen in Fig. 2, one of these bon
(O4 – H13•••O4) is mainly oriented along thec axis, while
the other one (O6 – H15•••O6) is mainly along thea axis.
The betaine molecule is linked to the arsenate ion via t
hydrogen bonds which are mainly oriented along thea-axis.

As it is known, the intensities of stretching H-bond ban
show directional behavior in the Raman spectra. The high
intensities are observed when the electric field of both in
dent and scattered radiation are oriented parallel to
H-bond direction. Therefore, in case of BA, the B band ce
tered at 2215 cm21 in zzgeometry obviously originates from
the shorter H bond O4 – H13•••O4 ~2.48 Å!. The asym-
metrical B band inxx geometry is thus attributed to th
stretching vibrations of the remaining H bonds, orient
along thea axis.

The temperature dependences of the wave number o
B bands are presented in Fig. 7. The asymmetrical B ban
xx spectra was fitted by a sum of two damped oscillato
Both components in thexx geometry do not exhibit anoma
lies at 120 or 110 K. However, it is noticeable that the lo
frequency B band at 2232 cm21 ~value at room temperature!
shows hardening as the temperature is lowered from 29
180–190 K albeit no variation has been observed on furt
cooling. The frequency of the second B band at 2382 cm21

~value at room temperature! remains practically unchange
in the whole temperature range, implying that the bo

on
t
i-

g
a-

FIG. 7. The temperature dependence of the frequency of th
band obtained from the fit in thez(xx)y ~full circles! and in the
x(zz)y ~open circles! scattering geometries. The solid lines a
guides for the eyes.
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15 040 PRB 61YU. I. YUZYUK et al.
length does not change with temperature variation. In c
trast, a progressive decreasing of the peak maximum
been observed on cooling for the B band inzz geometry.
Furthermore, a very clearly defined drop has been detecte
Tc2. This downward shift of the peak maximum is a dire
evidence of the strengthening of the H bond belowTc2.18,19

Thus one can conclude that spontaneous polarization a
the c direction starts to appear due to the proton ordering
the shorter O4 – H13•••O4 hydrogen bond.

IV. CONCLUSIONS

These Raman-scattering experiments allow the deta
outlining of some important features of the lattice dynam
of BA and which are stated in the following. In the region
external vibrations, the experimental Raman spectra ar
good agreement with factor group analysis in bo
paraelectric-ferroelastic and ferroelectric phases. An e
dence of a short-range ordering occurring below 150 K w
found from the analysis of the temperature evolution of
low-frequency Raman spectra for different scattering geo
etries.

A dynamical central peak of appreciable intensity a
width was observed in the Raman spectra and it was w
fitted by a Debye relaxator, whose progressive softening
direct evidence of an order-disorder phase transition me
nism. The microscopic origin of the relaxation was attribut
to the reorientations of the betaine-arsenate units.

In an early paper on BA,Tc25119 K was referred as th
para-ferroelectric phase transition temperature,1 but after-
wards some anomalies below and aboveTc2 were revealed
with different techniques.8–11 Some features similar to
glasslike behavior have been disclosed in this pure c
pound and a transition to a mixed ferroelectric-glass ph
was proposed.8 This unusual behavior in a pure compound
due to the existence of antiferroelectric and ferroelec
competitive interactions which have their origin in some p
culiarities of the crystal structure of BA.

All protons are distributed among fourfold positions ofC1
symmetry in the unit cell and thus three kinds of symme
cally nonequivalent hydrogen bonds exist. As follows fro
it
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the analysis of our Raman measurements, the hydro
bonds oriented along thec axis and thea axis exhibit quite
different behavior on cooling and their ordering likely occu
at different temperatures. The ordering of protons in the
drogen bonds along thec axis occurs at 120 K and coincide
with the sharp anomalies of pyroelectric current and diel
tric amplitude of the HT mode. Although the temperature
the ordering of protons along thea axis is not clear in our
results, infrared spectroscopy provides a strong evidenc
the proton ordering in that direction near 110 K,20 where the
additional anomaly of pyroelectric current and the sha
anomaly of the dielectric amplitude of the LT mode we
observed.10 The spontaneus polarization progressively
creases and different external Raman lines, which are
pected in the polar phase, appear below 100 K. Thus, a fe
electric state is finally reached as the structure is orde
both ina and inc directions. Between 120 and 110 K BA i
therefore an ill-ordered system. This conclusion is consis
with previously reported dielectric dispersion data obtain
in a narrow temperature interval below 120 K.8

BA has thus proven to be an interesting exam
of a nominally pure compound where competitive intera
tions in the hydrogen bond network together with reorien
tions of betaines molecules and arsenate ions lead to nu
ous effects which are typical of ill-ordered systems. And,
we have shown, Raman-scattering results provide a mi
scopic insight into the nature of the competing instabilities
BA.
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