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Experimental evidence for a continuous phase transition in a multidimensional ferroelectric
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Two phase transitions in ferroelectric crystals of pyridinium tetrafluoroborate@C5H6N#1BF4
2 have been

characterized by x-ray- and neutron-diffraction studies and measurements of permittivity, pyroeffect, and
spontaneous polarization. AtT15238.7 K the crystals transform fromR3̄m to C2 symmetry, and atT2

5204 K to space groupP2. The ions are orientationally disordered in the prototype phase, and the ferroelec-
tricity below T1 is induced by the onset of ordering of the ions. The spontaneous polarization of 1.5mC/cm2

was found from pyroelectric-effect measurements. The anisotropy measurements of permittivity indicate
clearly that the phase transition atT1 is continuous, which is the unique case corroborating Landau’s approach
of deducing the character of phase transitions from symmetry considerations for multidimensional ferroelec-
trics. @S0163-1829~98!05506-4#
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I. INTRODUCTION

Ferroelectric properties reported recently for pyridiniu
tetrafluoroborate@C5H6N#1BF4

2,1 denoted PyBF4, were also
found in other pyridinium salts.2–4 A sequence of two phas
transitions is characteristic of this family of ferroelectr
crystals; PyBF4 undergoes a ferroelectric-paraelectric pha
transition atT15238.7 K, and another phase transition
T25204 K. Earlier second-moment NMR results5–9 revealed
a dynamical disorder of the ions in several pyridinium sa
at room temperature, so the transformation atT1 to the ferro-
electric phase can be expected to be connected with orde
of the ions. In the present study, techniques of single-cry
x-ray and high-resolution powder neutron diffraction as w
as dielectric measurements were employed for determin
the structure of the PyBF4 paraelectric phase, the symmetri
of the low temperature phases, and directions and ma
tudes of spontaneous polarization. They provide evidence
the multidimensional ferroelectric phase transition atT1 , and
confirm that it is induced by ordering of the ions. The te
perature dependences of the spontaneous polarization,
tric permittivity, and crystal strain indicate clearly that th
phase transition has a continuous character.

The transformation in the PyBF4 crystals pertains to a
long standing controversy concerning the character of ph
transition in multidimensional ferroelectrics. Landau’s the
rems I and II relate the character of ferroelectric phase tr
sitions to the orders of paraelectric and ferroelectric symm
try groups.10 In these theorems a phase-transition index
defined as the ratio of the order of the paraelectric symm
class divided by the order of the ferroelectric symme
class.11 According to the theorems, the phase transitions w
index 2 may be continuous, and with index 3 are all of t
first order. Meanwhile, the indices of phase transitions
hexagonal and cubic multidimensional ferroelectrics all
570163-1829/98/57~6!/3326~7!/$15.00
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equal or larger than 3. Coincidentally, no second-order ph
transitions in multidimensional ferroelectrics were know
Although Landau’s approach was later extended to hig
values of the indices,11–15until recently16 no single case of a
continuous phase transition in a multidimensional ferroel
tric was ever reported, to our knowledge. Therefore it w
postulated, that in the multidimensional ferroelectrics
first-order character induced to the phase transition is
to the fluctuation of the order parameter.17 Similarly, the
reasons for the absence of experimental evidence of con
ous transitions to incommensurate phases are curre
investigated.18 The transformation of PyBF4 at T1 fills the
gap in the experimental evidence on the continuous ph
transition in multidimensional ferroelectrics, and verifi
Landau’s method of deducting the character of phase tra
tions from symmetry considerations.

II. EXPERIMENTAL

Salt PyBF4 is formed in the reaction between pyridine an
tetrafluoroboric acid. Prior to our studies the substance
tained in this way was three times recrystallized. PyBF4 crys-
tals were grown from a water solution by slow evaporation
constant temperature. The maximum size of the grown rho
bohedral crystals was 10310310 mm. The habit of the crys
tals indicated that they belong to the trigonal system, si
larly as the other pyridinium salts.3,19,20 The PyBF4 crystals
are highly elastic and they are easily damaged by cutt
Even unshaped crystals often had broadened diffraction
flections. The x-ray structural studies were performed at 2
K on a single crystal of 0.230.330.2 mm. A KUMA diffrac-
tometer with a graphite monochromator andv-2Q scan
mode were applied. Two control reflections showed no s
nificant intensity change throughout the data collection. T
structure was solved21 and refined by full-matrix leas
3326 © 1998 The American Physical Society
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57 3327EXPERIMENTAL EVIDENCE FOR A CONTINUOUS . . .
squares.22 While the pyridine ring was located straightfo
wardly, the arrangement of peaks about the B atom appr
mated a regular octagon. After refining this initial mod
new peaks appeared at about 1.4 Å from B, testifying to
orientational disorder of the BF4 anions~see Fig. 1!. The H
site was located from a difference Fourier map. It was
cluded in structure-factor calculations, but only its isotrop
temperature factor was refined. The distribution of reflect
intensities indicated a centrosymmetric space group. Ne
theless, the structure was refined in space groupsR3̄m and
R3m, however, the latter was rejected in theR-factor test.23

The crystal data, as well as measurement and refinemen
tails are summarized in Table I, the atomic parameters of
final model are listed in Table II.

Symmetry of the low-temperature phases was investiga
by the powder method on deuterated PyBF4 crystals using a
high-resolution neutron powder diffraction at the Rutherfo
Appleton Laboratory.24 A polycrystalline deuterated PyBF4
was obtained as a product of the reaction between deute
pyridine ~99.5%! and fluoroboric acid. No isotope effect fo
T1 and T2 was confirmed by differential thermal analys
measurement. The compound was twice dissolved in he
water and recrystallized. The powdered spectra were
corded at three temperatures: 293, 230, and 4.5 K. The p
der data were analyzed by the programGSAS.25

Permittivity studies were performed at a frequency o
kHz using an impedance analyzer HP-4192A of Hewle
Packard. Dielectric studies were carried out in the tempe
tures from 100 to 300 K for samples of the si
33331 mm in two directions: parallel and perpendicular
the threefold axis of the trigonal system. The hysteresis l

FIG. 1. An ORTEPstereoview of the@C5H6N#1BF4
2 rhombohe-

drical structure determined by x-ray at 296 K, down direction@111#.
The thermal ellipsoids are drawn at 50% probability level, the
atoms are represented as small circles. The atoms of the@C5H6N#1

cations are shaded for clarity. The sites of the disordered F at
form nearly spherical distribution about well defined B atom at
center.
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was recorded by a Diamant-Drenck-Pepinsky bridge o
digital oscilloscope Hewlett-Packard HP-5600B. Measu
ments of the pyroelectric effect were made by an electro
eter type W-7-30.

III. RESULTS

A. Prototype phase structure

The unit cell comprises one pyridinium cation and o
anion BF4

2. Both ions are dynamically disordered. The p
ridinium cation rotates around its axis perpendicular to
ring plane, but the positions of the so-disordered atoms
and C are well resolved in one symmetry-independent s
cial position. Similarly, well resolved is the H atom. Th
cation is planar by symmetry requirements, the only indep
dent dimensions are C-C* ~each site contains 5/6 C and 1
N! of 1.3830~5! Å and C–H of 1.002 Å. The BF4 anion is
strongly disordered about the well-resolved B site. To mo
this disorder three symmetry-independent sites of the F a
have been included in the refinements; they are smeared
large temperature factors, as can be seen from theORTEP

~Ref. 26! drawing shown in Fig. 1. The angular dimensio
of the anion cannot be reliably determined from this stu

s

TABLE I. Crystal data and details of the x-ray measurement
PyBF4 at 293 K and of the structure refinement.

Formula @C5H6N#1BF4
2

Molecular weight 166.9
Crystallographic system trigonal
Space group R3̄m

a ~Å! 5.673~1!

a ~°! 97.33~1!

V (Å 3) 177.6~3!

Z 1
Dx (g/cm3) 1.56
m (Cu Ka) (mm21) 1.49
F(000) (e) 84
Reflections: collected 1853

observed (I .4s1) 445
independent (I .4s1) 108

Rint 0.031
R 0.12
wR 0.11
DFmax (e/Å3) 0.14
DFmin 0.22
Max shift/s 0.02
TABLE II. Fractional atomic coordinates and thermal parameters~Å 2, isotropic for the H atom, and
equivalent for the other atoms! for PyBF4 in the paraelectric phase at 293 K.

Atom x/a y/b z/c Ueq/U iso (Å 2)

C~1! 0.1623~6! 20.1623(6) 0 0.088~3!

H~1! 0.2800 20.2800 0 0.17~4!

B~1! 0.5 0.5 0.5 0.089~5!

F~1! 0.2460~24! 0.4703~30! 0.4703~30! 0.159~9!

F~2! 0.5 20.3466(49) 0.3466~49! 0.22~4!

F~3! 0.347~14! 0.347~14! 0.347~14! 0.12~6!
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3328 57CZARNECKI, KATRUSIAK, SZAFRANIAK, AND WAø SICKI
but they can be found in literature.27 The B-F~1!, B-F~2!, and
B-F~3! distances are 1.415~13!, 1.307~1!, and 1.30~1! Å, re-
spectively. The mean B-F distance of 1.365 Å in BF4

2

groups in the structures reported in literature27 is also likely
to be affected by disorder of the anions. The arrangemen
the ions in the structure viewed perpendicular to the thr
fold axis is shown in Fig. 2.

B. Unit-cell transformation

The unit-cell dimensions measured at various tempe
tures are listed in Table III. The room-temperature results
the single-crystal x-ray and high-resolution neutron pow
diffraction are in a very good agreement. The lo
temperature neutron data confirm the transformation of
structure to the monoclinic C-type Bravais unit cell, as illu
trated in Fig. 3. Apart from the dielectric measurements~see
below! the transition to the monoclinic system is evide
from the strain of the pseudorhombohedrical unit cells fr
their prototypic dimensions, as listed in Table III and sho

FIG. 2. Arrangement of the ions in@C5H6N#1BF4
2 viewed per-

pendicular to@111#: the same contents as in Fig. 1 is included. T
ions are arranged alternatively along@111#, for example in this
drawing the bottom and top@C5H6N#1 cations at 000 and 111 an
the BF4

2 anion located at 1/21/21/2 in the center of the cell all
on one of threefold axis. For clarity only six sites of disordered
atoms~these are symmetry related to F~1! in Table II and the text!
have been shown in each of the anions.
of
-

a-
f
r

e
-

t

in Fig. 4. Both distortions (a r2g r) andcr /ar increase when
the crystal is cooled belowT1 . The systematic absences in
dicate that the crystal assumes theC2 symmetry. This agrees
with the symmetry considerations for the possible type of
phase transitions.28 The distortions do not change marked
below T2 and the crystal remains monoclinic in the lowe
temperature range. The systematic absences of Bravais
tice C disappear and the two-fold axis parallel to they axis is
contradicted only by the observation of a weak~050! reflec-
tion, as shown in Fig. 5.

C. Electric permittivity measurements

In the trigonal system the most characteristic directio
are parallel and perpendicular to the threefold crystal a
The direction along the threefold axis of the crystal is also
optic axis allowing precise adjustments of the samples by
technique of conoscopic figures. Figure 6 presents the t
perature dependences of permittivity recorded on heating
sample cut out along the threefold axis, and for anot
sample cut out in the direction perpendicular to it. Tw
anomalies atT2 and T1 due to the phase transitions we
observed. The critical behavior of permittivity recorded
the direction perpendicular to the threefold axis atT1 reaches
a value close to 6000 and testifies to the occurrence o
ferroelectric phase transition. Only a small anomaly o
served atT1 in the direction of threefold axis confirms tha
the ferroelectric properties are confined to the plane perp
dicular to the threefold axis of the prototype phase. T
anomaly atT2 is considerably smaller and therefore indicat
a nonferroelectric phase transition.

D. Ferroelectric hysteresis loop

The dielectric hysteresis loops recorded at 240.4, 23
and 235.2 K in the direction perpendicular to the threefo
axis are shown in Fig. 7. The coercive field strongly ris
with decreasing temperature, which allowed us to limit t
temperature range of coercive field measurements to a
degrees below the Curie point. At 235 K, spontaneous po
ization reaches a value of about 1mC/cm2, while the coer-
cive field is of an order of 6 kV/cm. Observations of th
hysteresis loops provided final confirmation of ferroelect
the
tem-

ll
ses
squares
n with-
ms,
TABLE III. Unit-cell dimensions~Å, °! of PyBF4 measured at various temperatures. For 293 K
pseudomonoclinic and rhombohedral cell dimensions of prototypic structure are given, while for the
peratures below 238.7 K the dimensions of monoclinic BravaisC cell, and of the pseudorhombohedral ce
are listed. The rhombohedral cell volumeVr is half of Vm . The estimated standard deviations in parenthe
indicate the dimensions obtained from the Rietveld refinement on the powder data or from the least-
fit to automatically centered single-crystal reflections; the pseudosymmetric cell dimensions are give
out standard deviations. Subscriptsm and r denote the monoclinic and rhombohedral reference syste
respectively.

T ~K! am bm cm bm Vm ar5br cr a r5b r g r

293 7.494 8.519 5.673 101.14 355.2 5.673~1! 5ar 97.33~1! 5a r

293a 7.492 8.514 5.671 101.10 355.0 5.67074~7! 5ar 97.305~1! 5a r

230a 7.3468~2! 8.3995~2! 5.7114~2! 101.952~2! 344.8 5.580 5.711 97.84 94.65
220a 7.317~3! 8.299~3! 5.7475~3! 102.250~2! 338.5 5.510 5.747 98.10 96.79
4.5a 7.2347~2! 8.1993~2! 5.6783~2! 103.403~2! 327.7 5.467 5.678 98.82 97.15

aHigh-resolution neutron powder-diffraction data.
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57 3329EXPERIMENTAL EVIDENCE FOR A CONTINUOUS . . .
properties of PyBF4 below T1 . High values of the coercive
field hindered measurements of spontaneous polariza
from the hysteresis loops in a wide temperature range, so
resorted to the studies of the pyroelectric effect. No detec
of the hysteresis loop for the crystal cut out along the thr
fold axis testifies to the location of the spontaneous polar
tion vectors in the~00.1! plane.

FIG. 3. Rhombohedrical cell of@C5H6N#1BF4
2 viewed down

@111# and three monoclinic unit cells of six orientational states
shown in ~a!. The rhombohedrical versors are drawn with dash
arrows and denoted with subscriptr . All versors of the monoclinic
cell ~subscriptm! are indicated only for the orientational state
~superscript1!, while for the remaining two orientational states on
the bm axes are labeled. Also transformation matrices from
rhombohedrical cell to the monoclinical states are given. In~b! the
rhombohedrical cell is viewed perpendicular to@111# and to the 3̄
axis, and only the first monoclinic orientational state with indica
2 and 21 axes contained in theambm plane is shown.
on
e

n
-
-

e
d

e

FIG. 4. Temperature dependence of the strain in the pseu
rhombohedrical unit cell represented in term of the ratiocr /ar and
of the difference between anglesa andg ~see Table III!. The dotted
line has no physical meaning and is drawn merely for guiding
eyes. The estimated standard deviations are smaller than the s
the symbols~see the text!.

FIG. 5. Fragment of the high-resolution neutron powd
diffraction pattern recorded for@C5H6N#1BF4

2 with the indicated
peak corresponding to reflection~050!.
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3330 57CZARNECKI, KATRUSIAK, SZAFRANIAK, AND WAø SICKI
E. Measurements of spontaneous polarization
by the pyroelectric effect

The temperature changes of spontaneous polarization
termined on the basis of pyroelectric-effect measureme
are plotted in Fig. 8. The pyroelectric effect was measure
the range from 160 to 250 K. To pull the crystal into th
single domain state, it was cooled at the rate 2 K/min in
electric field of an order of 4000 V/cm. The heating ra
during the measurements was 0.5 K/min. The dependenc
spontaneous polarization is nonzero, belowT2 , and at 160 K
it assumes the value of 1.5mC/cm2 which is characteristic of
multidimensional ferroelectrics.29 However, the nonferro-
electric transition atT2 is manifested as a small anomaly
the temperature dependence of spontaneous polarizatio
temperatures above theT1 Curie point spontaneous polariza
tion vanishes, which additionally confirms that the symme
of its prototype phase is centrosymmetricR3̄m. The Curie-
Weiss constant is another characteristic parameter of fe

FIG. 6. Temperature dependence of electric permittivity m
sured in@C5H6N#1BF4

2 along~squares! and perpendicular~crosses!
to the threefold axis.

FIG. 7. Ferroelectric hysteresis loops recorded
@C5H6N#1BF4

2 at 240.4, 237.4, and 235.2 K.
e-
ts
in

e

of

In

y

o-

electrics. It equals 660 K, as determined from the linear
pendence 1/«(T) plotted in Fig. 9.

IV. DISCUSSION

The space group of the prototype phase of the PyB4
crystal in temperatures above the Curie pointT1 , has been
determined asR3̄m of the trigonal crystallographic system
Both cation and anion are located on a threefold invers
axis ~see Figs. 1, 2, and 3!. The disordered cations hav
additionally the symmetry of three mirror planes perpendi
lar to the bonds. Consequently, the disordered C and N
oms of the cation are distributed within one plane and exh
a pseudohexagonal symmetry. The BF4 group rotates in all
directions and its shape resembles a sphere with the b
atom at its center. It is apparent that the symmetries of
cation or anion are inconsistent with the symmetries of th
sites in space groupR3̄m, and that halting of any of the ionic

-

r

FIG. 8. Temperature dependence of spontaneous polarizatio
@C5H6N#1BF4

2 obtained from the pyroeffect measurements.

FIG. 9. Temperature dependence of reciprocal electric per
tivity closed to the ferroelectric phase transition atT1 in
@C5H6N#1BF4

2.



c-
le

o

th
s

ta
of

em
r
g

xi
in
ls

e
ic
s
In
s-
to

ol
o

re

iv
fu
d
is

as

n
fo
r

n.
cs
as

of

ls
ith

ri-

n

n in
of
es
cter.
ies,
ns.
n

on-
o 6
x-
en-

idi-
ally

-
tric
ing
at

are

re-
-

nnot
ups,
s
c-

tion

a

oes

le.

ich
ion
es-

ace

to

ar

57 3331EXPERIMENTAL EVIDENCE FOR A CONTINUOUS . . .
rotations will result in breaking the crystal symmetry. A
cording to Landau’s theory, the number of symmetry e
ments is reduced at the phase transition.28 All theoretically
possible subgroups for ferroelectric phase transitions fr
the point group 3̄m are compiled in Table IV. A transition to
point group 1 of the triclinic system can be excluded on
grounds of the precise neutron-diffraction measurement
the lattice constants~Table III!, which strongly indicate a
transition to the monoclinic system. Another experimen
verification of the crystal point symmetry is the direction
spontaneous polarizationPS . In the point group 3m the PS
vector would be directed along@00.1# parallel to the three-
fold axis ~Table IV!, in the monoclinic symmetry class 2PS
is perpendicular to the threefold axis of the prototype syst
and in the monoclinic classm there are no restrictions fo
inclination betweenPS and the threefold axis. The stron
anisotropy of the permittivity~see Fig. 6! means that the
ferroelectric direction is perpendicular to the threefold a
belowT1 , and the crystal symmetry is described by the po
group 2. The change of the crystallographic system is a
indicated by splitting of (hkk) r diffraction reflections at 230
K ~subscript r refers to the rhombohedral unit cell—se
Table III!. As further follows from the analysis of systemat
absences among the reflections, the ferroelectric phase i
scribed by theC2 space group of the monoclinic system.
the ferroelectric phase belowT1 spontaneous polarization a
sumes the directions of twofold axes retained of the pro
type R3̄m space group. There are three coplanar twof
axes at every 60°, all perpendicular to the threefold axis
the prototype phase, as shown in Fig. 3. Thus, PyBF4 is a
multidimensional ferroelectric.

The continuous character of the phase transition atT1 is
confirmed both by the diffraction an dielectric measu
ments. The spontaneous strain in the ferroelectric phase
cedes to zero when temperature rises toT1 , as shown in Fig.
4. The shape of the temperature dependence of permitt
is characteristic of the second-order phase transitions. To
ther verify this observation we analyzed the temperature
pendence of the reverse permittivity, shown in Fig. 9. It
linear and does not reveal any discontinuities near the ph
transition point. The ratio of the slopes of 1/«(T) in the
ferroelectric and paraelectric phases is 3.3, which is o
slightly higher than the value of 2, theoretically predicted
second-order phase transitions. This is usually conside
convincing evidence of a second-order phase transitio28

PyBF4 is the an example of multidimensional ferroelectri
with the continuous phase transition. The index of the ph

TABLE IV. Permissible symmetry relations between the pro
typic 3̄m point group and its ferroelectric subgroups.

Possible ferroelectric
subgroups

Directions of
polarizationa

Number of spontaneous
polarization directions

3m @111# 2
2 @101̄# 6
m @h1 l ,l 2h,1# 6
1 @hkl# 12

aThe equivalent directions referred to the hexagonal unit cell
@00.1#, @11.0#, @h0.1#, and@h8k8.18#.
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transition atT1 betweenR3̄m andC2 is equal to 6. Accord-
ing to Landau’s Theorem I,11 if the index of transformation
equals 2, the thermodynamic potential is an even function
the order parameter and the phase transitionmay becontinu-
ous. According to Landau’s Theorem II, if the index equa
3, the thermodynamic potential contains a cubic term w
respect to order parameter and the phase transitionsare of
the first order. Theorem II applies to the structure of py
dinium perchlorate, denoted PyClO4, undergoing at 247 K a
clearly first-order3 ferroelectric phase transition betwee
space groupR3m andCm ~index of the transition equals 3!.
Although the postulated mechanism of the phase transitio
PyClO4 and PyBF4 are both connected with the onset
ordering of the pyridinium cations, and their microstructur
are similar, these phase transitions are different in chara
It appears that this difference may be due to the symmetr
and consequently different indices of the transformatio
While Landau’s Theorems I and II apply only to transitio
indices 2 and 3, it was shown theoretically11,12 that all pos-
sible phase transitions with an index equal to 6 may be c
tinuous in character. All the cases with an index equal t
concern multidimensional transformations of trigonal, he
agonal or cubic prototype phases. The absence of experim
tal reports on any continuous phase transitions for mult
mensional ferroic crystals suggested that such theoretic
predicted phase transitions might not exist.17 The phase tran-
sition in PyBF4 at T1 provides a unique example of a con
tinuous phase transition in a multidimensional ferroelec
and supports the validity of Landau’s approach predict
from symmetry considerations the behavior of crystals
their transitions.30,31

In the nonferroelectric phase transition atT2 , the possible
symmetry changes according to the Landau’s theory
from C2 to triclinic P1 or P1̄, or monoclinic P2, P21 ,
P2/m or P21 /m space groups. Pyroelectric-effect measu
ments showed that belowT2 spontaneous polarization as
sumes a nonzero value, which means that the crystal ca
assume a symmetry of the centrosymmetric space gro
P1̄, P2/m or P21 /m. According to the unit-cell dimension
determined by the neutron high-resolution powder diffra
tion, the crystal remains monoclinic belowT2 . The two non-
centrosymmetric space groupsP2 andP21 can be discrimi-
nated by the systematic absences among diffrac
reflections. For space groupP21 reflections (0k0)m are sys-
tematically absent for oddk indices, while for space group
P2 there are no systematic extinctions~subscriptm indicates
a monoclinic unit cell with its@y# axis along the symmetry
axis, as shown in Fig. 4!. Figure 6 presents a fragment of
powder diffractogram in which reflection~050! is discern-
ible. This single violation of the systematic absences d
not exclude space groupP21 of the crystal belowT2 as it
may be due to the effect of multiple reflections in the samp
The differences between theP2 and P21 symmetries may
result from minute changes in orientations of the ions wh
can be discriminated by the most precise high-resolut
measurements only. This uncertainty requires further inv
tigation. At this point, the postulated sequence of sp
group changes at the phase transitions in PyBF4 is R3̄m to
C2 at T1 , and toP2 or P21 at T2 .

-
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V. CONCLUSIONS

A unique example of a continuous phase transition in
multidimensional ferroelectric of PyBF4 has been character
ized by diffraction and dielectric results. It corroborates La
dau’s approach in which the character of the phase tra
tions is deduced from the phase-transition indices.

The symmetry changes appear to be the main factor
ferentiating the character of phase transitions among
members of this family of multidimensional ferroelectr
crystals. Thus, the phase transition in PyBF4, 3̄mF2, is con-
tinuous, and in PyClO4, 3mFm, of the first order. Besides
the sequences of two phase transitions in these substa
are similar, for example, in PyClO4, T15247 K and T2
,

-

e

-
i-

if-
e

ces

5233 K, in pyridinium perrhenate, denoted PyReO4, T1
5330 K andT25250 K. The sequence of the phase tran
tions in PyBF4 has been established asR3̄m to C2 atT1 and
C2 to P2 or P21 at T2 . The transformations are consiste
with the observed disorder of the ions in the paraelec
phase aboveT1 . Further studies on the symmetries, stru
tures, and phase transitions of these group of ferroelec
are being carried out.

ACKNOWLEDGMENTS

We are grateful to Professor A. P. Levanyuk for help
discussions. This work was supported by the Polish Sc
tific Research Committee under Grant No. 2 P03B 078 1
r.

em.

-

-

-

.
y,

os

nal

r-

-

e

1P. Czarnecki, W. Nawrocik, Z. Pajaøk, and J. Waøsicki, Phys. Rev.
B 49, 1511~1994!.

2P. Czarnecki, W. Nawrocik, Z. Pajaøk, and J. Waøsicki, J. Phys. C
6, 4955~1994!.

3P. Czarnecki, J. Waøsicki, Z. Pajaøk, R. Goc, H. Mal”uszyńska, and
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