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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 tetrafluorobd@telsN]*BF,~ have been
characterized by x-ray- and neutron-diffraction studies and measurements of permittivity, pyroeffect, and
spontaneous polarization. At;=238.7 K the crystals transform frorR3m to C2 symmetry, and af,
=204 K to space group2. The ions are orientationally disordered in the prototype phase, and the ferroelec-
tricity below T, is induced by the onset of ordering of the ions. The spontaneous polarization @CIc&?
was found from pyroelectric-effect measurements. The anisotropy measurements of permittivity indicate
clearly that the phase transition®{ 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. [S0163-182@8)05506-4

[. INTRODUCTION equal or larger than 3. Coincidentally, no second-order phase
transitions in multidimensional ferroelectrics were known.
Ferroelectric properties reported recently for pyridiniumAlthough Landau’s approach was later extended to higher
tetrafluoroboratgCsHgN]*BF,~, denoted PyBE were also  values of the indice¥' " until recently® no single case of a
found in other pyridinium salt$-* A sequence of two phase continuous phase transition in a multidimensional ferroelec-
transitions is characteristic of this family of ferroelectric tric was ever reported, to our knowledge. Therefore it was
crystals; PyBl undergoes a ferroelectric-paraelectric phasePostulated, that in the multidimensional ferroelectrics a
transition atT,;=238.7 K, and another phase transition atfirst-order character induced to the phase transition is due
T,=204 K. Earlier second-moment NMR resditsrevealed {0 the fluctuation of the order parametérSimilarly, the
a dynamical disorder of the ions in several pyridinium salts'€asons for the absence of experimental evidence of continu-
at room temperature, so the transformatiof ato the ferro- ~ OUS transitions to incommensurate phases are currently
electric phase can be expected to be connected with orderiigvestigated® The transformation of PyBFat T, fills the
of the ions. In the present study, techniques of single-cryst#ap in the experimental evidence on the continuous phase
x-ray and high-resolution powder neutron diffraction as welltransition in multidimensional ferroelectrics, and verifies
as dielectric measurements were employed for determiningandau’s method of deducting the character of phase transi-
the structure of the PyBfparaelectric phase, the symmetries tions from symmetry considerations.
of the low temperature phases, and directions and magni-
tudes of.s'pontar)eous polarizatipn. They provi.d.e evidence for Il EXPERIMENTAL
the multidimensional ferroelectric phase transitiof at and
confirm that it is induced by ordering of the ions. The tem-  Salt PyBR is formed in the reaction between pyridine and
perature dependences of the spontaneous polarization, eldetrafluoroboric acid. Prior to our studies the substance ob-
tric permittivity, and crystal strain indicate clearly that the tained in this way was three times recrystallized. PyBiys-
phase transition has a continuous character. tals were grown from a water solution by slow evaporation at
The transformation in the PyBFcrystals pertains to a constant temperature. The maximum size of the grown rhom-
long standing controversy concerning the character of phadgohedral crystals was ¥Q.0x10 mm. The habit of the crys-
transition in multidimensional ferroelectrics. Landau’s theo-tals indicated that they belong to the trigonal system, simi-
rems | and Il relate the character of ferroelectric phase trankarly as the other pyridinium salfs®?°The PyBR crystals
sitions to the orders of paraelectric and ferroelectric symmeare highly elastic and they are easily damaged by cutting.
try groupst® In these theorems a phase-transition index isEven unshaped crystals often had broadened diffraction re-
defined as the ratio of the order of the paraelectric symmetrflections. The x-ray structural studies were performed at 293
class divided by the order of the ferroelectric symmetryK on a single crystal of 0.20.3x0.2 mm. A KUMA diffrac-
class'! According to the theorems, the phase transitions witttometer with a graphite monochromator amd2® scan
index 2 may be continuous, and with index 3 are all of themode were applied. Two control reflections showed no sig-
first order. Meanwhile, the indices of phase transitions innificant intensity change throughout the data collection. The
hexagonal and cubic multidimensional ferroelectrics all arestructure was solvéd and refined by full-matrix least
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TABLE I. Crystal data and details of the x-ray measurement of
PyBF, at 293 K and of the structure refinement.

Formula [CsHeN]™BF,~
Molecular weight 166.9
Crystallographic system trigonal
Space group R3m
a (A 5.6731)
a(°) 97.331)
FIG. 1. AnorTepPstereoview of thé CsHgN]"BF,~ rhombohe- Vv (A% 177.63)
drical structure determined by x-ray at 296 K, down direcfibhl). Z 1
The thermal ellipsoids are drawn at 50% probability level, the HDy (g/cn) 1.56
atoms are represented as small circles. The atoms ¢f0it;N]* u (CuKa) (mmh) 1.49
cations are shaded for clarity. The sites of the disordered F atoms(000) (e) 84
form nearly spherical distribution about well defined B atom at itsReflections: collected 1853
center. observed (>40) 445
independentI(>4o0) 108
square$? While the pyridine ring was located straightfor- R, 0.031
wardly, the arrangement of peaks about the B atom approxirR 0.12
mated a regular octagon. After refining this initial model, wr 0.11
new peaks appeared at about 1.4 A from B, testifying to therr, . (e/A?) 0.14
orientational disorder of the BRanions(see Fig. 1 The H  Af__ 0.22
site was located from a difference Fourier map. It was in-\yax shiftor 0.02

cluded in structure-factor calculations, but only its isotropic
temperature factor was refined. The distribution of reflection

intensities indicated a centrosymmetric space group. Neveiwas recorded by a Diamant-Drenck-Pepinsky bridge on a
theless, the structure was refined in space griR@re and  digital oscilloscope Hewlett-Packard HP-5600B. Measure-
R3m, however, the latter was rejected in tRefactor testt® ments of the pyroelectric effect were made by an electrom-
The crystal data, as well as measurement and refinement deter type W-7-30.

tails are summarized in Table I, the atomic parameters of the
final model are listed in Table II.

Symmetry of the low-temperature phases was investigated
by the powder method on deuterated PyBFystals using a
high-resolution neutron powder diffraction at the Rutherford The unit cell comprises one pyridinium cation and one
Appleton Laborator?* A polycrystalline deuterated PyBF anion BF,~. Both ions are dynamically disordered. The py-
was obtained as a product of the reaction between deuteratedinium cation rotates around its axis perpendicular to the
pyridine (99.5% and fluoroboric acid. No isotope effect for ring plane, but the positions of the so-disordered atoms N
T, and T, was confirmed by differential thermal analysis and C are well resolved in one symmetry-independent spe-
measurement. The compound was twice dissolved in heawgial position. Similarly, well resolved is the H atom. The
water and recrystallized. The powdered spectra were rezation is planar by symmetry requirements, the only indepen-
corded at three temperatures: 293, 230, and 4.5 K. The povgent dimensions are C*C(each site contains 5/6 C and 1/6
der data were analyzed by the prograsas? N) of 1.383@5) A and C—H of 1.002 A. The BFanion is

Permittivity studies were performed at a frequency of 5strongly disordered about the well-resolved B site. To model
kHz using an impedance analyzer HP-4192A of Hewlett-this disorder three symmetry-independent sites of the F atom
Packard. Dielectric studies were carried out in the temperahave been included in the refinements; they are smeared with
tures from 100 to 300 K for samples of the sizelarge temperature factors, as can be seen fromotkieep
3X3X1mm in two directions: parallel and perpendicular to (Ref. 26 drawing shown in Fig. 1. The angular dimensions
the threefold axis of the trigonal system. The hysteresis loopf the anion cannot be reliably determined from this study,

Ill. RESULTS

A. Prototype phase structure

TABLE II. Fractional atomic coordinates and thermal parametdrg isotropic for the H atom, and
equivalent for the other atornfor PyBF, in the paraelectric phase at 293 K.

Atom x/a ylb Zc Ueg/Uiso (A?)
c) 0.16236) —0.1623(6) 0 0.08@®)
H(1) 0.2800 —0.2800 0 0.1®)
B(1) 0.5 0.5 0.5 0.08%)
F(1) 0.24624) 0.470330) 0.470330) 0.1599)
F(2) 0.5 —0.3466(49) 0.346@9) 0.224)
F(3) 0.34714) 0.347114) 0.34714) 0.126)
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in Fig. 4. Both distortions ¢, — y,) andc, /a, increase when

the crystal is cooled below,. The systematic absences in-
dicate that the crystal assumes @2 symmetry. This agrees
with the symmetry considerations for the possible type of the
phase transition& The distortions do not change markedly
below T, and the crystal remains monoclinic in the lowest
temperature range. The systematic absences of Bravais lat-
tice C disappear and the two-fold axis parallel to ytesxis is
contradicted only by the observation of a wgak0) reflec-

tion, as shown in Fig. 5.

C. Electric permittivity measurements

In the trigonal system the most characteristic directions
are parallel and perpendicular to the threefold crystal axis.
pendicular tg111]: the same contents as in Fig. 1 is included. TheThg dire_Ction al,ong the.threef.old axis of the crystal is also its
ions are arranged alternatively alofgL1], for example in this OPtC axis allowing precise adjustments of the samples by the
drawing the bottom and tofCsHgN]* cations at 000 and 111 and t€chnique of conoscopic figures. Figure 6 presents the tem-
the BF,~ anion located at 1/21/21/2 in the center of the cell all lie Perature dependences of permittivity recorded on heating the
on one of threefold axis. For clarity only six sites of disordered FS@ample cut out along the threefold axis, and for another

atoms(these are symmetry related tolFin Table Il and the teyt ~Sample cut out in the direction perpendicular to it. Two
have been shown in each of the anions. anomalies aff, and T, due to the phase transitions were

observed. The critical behavior of permittivity recorded in

but they can be found in literatufé The B-K1), B-F(2), and the direction perpendicular to the threefold axig areaches
B-F(3) distances are 1.4183), 1.3071), and 1.301) A, re- @ value close to 6000 and testifies to the occurrence of a
spectively. The mean B-F distance of 1.365 A in ,BF ferroelectric phase transition. Only a small anomaly ob-
groups in the structures reported in literaflinis also likely ~ served afT; in the direction of threefold axis confirms that
to be affected by disorder of the anions. The arrangement dhe ferroelectric properties are confined to the plane perpen-

the ions in the structure viewed perpendicular to the threedicular to the threefold axis of the prototype phase. The
fold axis is shown in Fig. 2. anomaly afT, is considerably smaller and therefore indicates

a nonferroelectric phase transition.

FIG. 2. Arrangement of the ions ICsHgN]"BF,” viewed per-

B. Unit-cell transformation

The unit-cell dimensions measured at various tempera- D. Ferroelectric hysteresis loop

tures are listed in Table Ill. The room-temperature results of The dielectric hysteresis loops recorded at 240.4, 237.4,
the single-crystal x-ray and high-resolution neutron powdeland 235.2 K in the direction perpendicular to the threefold
diffraction are in a very good agreement. The low-axis are shown in Fig. 7. The coercive field strongly rises
temperature neutron data confirm the transformation of thevith decreasing temperature, which allowed us to limit the
structure to the monoclinic C-type Bravais unit cell, as illus-temperature range of coercive field measurements to a few
trated in Fig. 3. Apart from the dielectric measuremdgste  degrees below the Curie point. At 235 K, spontaneous polar-
below) the transition to the monoclinic system is evidentization reaches a value of abouT/cn?, while the coer-
from the strain of the pseudorhombohedrical unit cells fromcive field is of an order of 6 kV/cm. Observations of the
their prototypic dimensions, as listed in Table Ill and shownhysteresis loops provided final confirmation of ferroelectric

TABLE IlI. Unit-cell dimensions(A, °) of PyBF, measured at various temperatures. For 293 K the
pseudomonoclinic and rhombohedral cell dimensions of prototypic structure are given, while for the tem-
peratures below 238.7 K the dimensions of monoclinic BraGaisell, and of the pseudorhombohedral cell
are listed. The rhombohedral cell volurde is half of V,,,. The estimated standard deviations in parentheses
indicate the dimensions obtained from the Rietveld refinement on the powder data or from the least-squares
fit to automatically centered single-crystal reflections; the pseudosymmetric cell dimensions are given with-
out standard deviations. Subscriptsand r denote the monoclinic and rhombohedral reference systems,
respectively.

T (K) m o Cm Bm Vi a=b G a, =, Yr

293 7.494 8.519 5.673 101.14 355.2 5.603 =a, 97.331) =a,
293 7.492 8.514 5.671 101.10 355.0 5.670M4 =a, 97.3081) =g«

230" 7.34682) 8.399%2) 5.71142) 101.9522) 344.8 5.580 5711 97.84 94.65
220" 7.31713) 8.2993) 5.747%3) 102.25@2) 338.5 5.510 5.747 98.10 96.79
4.5 7.23472) 8.19932) 5.67832) 103.4032) 327.7 5.467 5.678 98.82 97.15

@High-resolution neutron powder-diffraction data.
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FIG. 4. Temperature dependence of the strain in the pseudo-
rhombohedrical unit cell represented in term of the ratita, and
of the difference between anglesandy (see Table Ill. The dotted
line has no physical meaning and is drawn merely for guiding the
eyes. The estimated standard deviations are smaller than the size of
the symbolgsee the text

000

(b)

FIG. 3. Rhombohedrical cell giCsHgN]*BF,~ viewed down
[111] and three monoclinic unit cells of six orientational states are
shown in(a). The rhombohedrical versors are drawn with dashed
arrows and denoted with subscriptAll versors of the monoclinic
cell (subscriptm) are indicated only for the orientational state 1
(superscriptl), while for the remaining two orientational states only
the b,, axes are labeled. Also transformation matrices from the
rhombohedrical cell to the monoclinical states are givern(bjrthe_
rhombohedrical cell is viewed perpendicular[d 1] and to the 3
axis, and only the first monoclinic orientational state with indicated
2 and 3 axes contained in tha,,b,, plane is shown.

INTENSITY [arb. units]

properties of PyBfFbelow T,. High values of the coercive
field hindered measurements of spontaneous polarization 1 62 T 64 — 1 66

from the hysteresis loops in a wide temperature range, so we d '[A] '

resorted to the studies of the pyroelectric effect. No detection

of the hysteresis loop for the crystal cut out along the three- FIG. 5. Fragment of the high-resolution neutron powder-
fold axis testifies to the location of the spontaneous polarizadiffraction pattern recorded fdiCsHgN]*BF,~ with the indicated
tion vectors in thg00.1) plane. peak corresponding to reflecti¢@50).
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FIG. 6. Temperature dependence of electric permittivity mea- FIG. 8. Temperature dependence of spontaneous polarization in
sured in[CsHgN]"BF,~ along(squaresand perpendiculaicrosses  [CsHgN]"BF,~ obtained from the pyroeffect measurements.
to the threefold axis.
electrics. It equals 660 K, as determined from the linear de-
E. Measurements of spontaneous polarization pendence E(T) plotted in Fig. 9.
by the pyroelectric effect

The temperature changes of spontaneous polarization de- IV. DISCUSSION
termined on the basis of pyroelectric-effect measurements
are plotted in Fig. 8. The pyroelectric effect was measured in The space group of the prototype phase of the RyBF
the range from 160 to 250 K. To pull the crystal into the crystal in temperatures above the Curie pdigt has been
single domain state, it was cooled at the rate 2 K/min in thejetermined asR3m of the trigonal crystallographic system.
electric field of an order of 4000 V/cm. The heating rateBoth cation and anion are located on a threefold inversion
during the measurements was 0.5 K/min. The dependence akis (see Figs. 1, 2, and)3The disordered cations have
spontaneous polarization is nonzero, belbwy and at 160 K additionally the symmetry of three mirror planes perpendicu-
it assumes the value of 15C/cn¥ which is characteristic of lar to the bonds. Consequently, the disordered C and N at-
multidimensional ferroelectrics, However, the nonferro- oms of the cation are distributed within one plane and exhibit
electric transition aff, is manifested as a small anomaly in a pseudohexagonal symmetry. The,Bffoup rotates in all
the temperature dependence of spontaneous polarization. diirections and its shape resembles a sphere with the boron
temperatures above tfig Curie point spontaneous polariza- atom at its center. It is apparent that the symmetries of the
tion vanishes, which additionally confirms that the symmetrycation or anion are inconsistent with the symmetries of their
of its prototype phase is centrosymmetR8m. The Curie-  sites in space grouR3m, and that halting of any of the ionic
Weiss constant is another characteristic parameter of ferro-

1.0 T T T kY
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FIG. 9. Temperature dependence of reciprocal electric permit-
FIG. 7. Ferroelectric hysteresis loops recorded fortivity closed to the ferroelectric phase transition @ in
[CsHeN]"BF, ™ at 240.4, 237.4, and 235.2 K. [CsHN] BF, ™.
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TABLE IV. Permissible symmetry relations between the proto- transition atT, betweenR3m andC2 is equal to 6. Accord-
typic 3m point group and its ferroelectric subgroups. ing to Landau’s Theorem{ if the index of transformation

equals 2, the thermodynamic potential is an even function of
the order parameter and the phase transitiay becontinu-

Possible ferroelectric Directions of Number of spontaneous

subgroups polarizatiof _ polarization directions ous. According to Landau’s Theorem ll, if the index equals
3m [111] 2 3, the thermodynamic potential contains a cubic term with
2 [101] 6 respect to order parameter and the phase transidonf

m [h+1,1-h,1] 6 the first order. Theorem Il applies to the structure of pyri-
1 [hki] 12 dinium perchlorate, denoted PyCJQundergoing at 247 K a

clearly first-ordet ferroelectric phase transition between
&The equivalent directions referred to the hexagonal unit cell argpace groufR3m andCm (index of the transition equals.3
[00.1], [11.0}, [h0.1], and[h’k".1]. Although the postulated mechanism of the phase transition in
PyCIO, and PyBR are both connected with the onset of
rotations will result in breaking the crystal symmetry. Ac- ordering of the pyridinium cations, and their microstructures
cording to Landau’s theory, the number of symmetry ele-are similar, these phase transitions are different in character.
ments is reduced at the phase transiffoAll theoretically It appears that this difference may be due to the symmetries,
possible subgroups for ferroelectric phase transitions fronand consequently different indices of the transformations.
the point group B are compiled in Table IV. A transition to While Landau’s Theorems | and Il apply only to transition
point group 1 of the triclinic system can be excluded on thendices 2 and 3, it was shown theoreticalty’ that all pos-
grounds of the precise neutron-diffraction measurements dfible phase transitions with an index equal to 6 may be con-
the lattice constant§¢Table Ill), which strongly indicate a tinuous in character. All the cases with an index equal to 6
transition to the monoclinic system. Another experimentalconcern multidimensional transformations of trigonal, hex-
verification of the crystal point symmetry is the direction of agonal or cubic prototype phases. The absence of experimen-
spontaneous polarizatidPs. In the point group & the Ps  tal reports on any continuous phase transitions for multidi-
vector would be directed alon@0.1] parallel to the three- mensional ferroic crystals suggested that such theoretically
fold axis (Table IV), in the monoclinic symmetry classRs  predicted phase transitions might not exisThe phase tran-
is perpendicular to the threefold axis of the prototype systemsition in PyBF, at T, provides a unique example of a con-
and in the monoclinic clasm there are no restrictions for tinyous phase transition in a multidimensional ferroelectric
inclination betweenPg and the threefold axis. The strong gnqg supports the validity of Landau’s approach predicting

anisotropy of the permittivitysee Fig. § means that the om symmetry considerations the behavior of crystals at
ferroelectric direction is perpendicular to the threefold axisiheir transitions®-3!

belowT;, and the crystal symmetry is described by thg POINt |1 the nonferroelectric phase transitionTat, the possible

gymmetry changes according to the Landau’s theory are

indicated by splitting of kkk), diffraction reflections at 230 o o
K (subscriptr refers to the rhombohedral unit cell—see from C2 to triclinic P1 or P1, or monoc_hmc P2, P2y,
Table I1l). As further follows from the analysis of systematic P2/ Or P2,/m space groups. Pyroelectric-effect measure-
absences among the reflections, the ferroelectric phase is d8€nts showed that beloW, spontaneous polarization as-
scribed by theC2 space group of the monoclinic system. In SUMES a nonzero value, which means that the crystal cannot
the ferroelectric phase beloW spontaneous polarization as- assume a symmetry of the centrosymmetric space groups,
sumes the directions of twofold axes retained of the protoP1, P2/m or P2, /m. According to the unit-cell dimensions
type R3m space group. There are three C0p|anar twofo|0determined by the neutron high-resolution pOWder diffrac-
axes at every 60°, all perpendicular to the threefold axis ofion, the crystal remains monoclinic beldly. The two non-
the prototype phase, as shown in Fig. 3. Thus, ByBFa  centrosymmetric space group®2 andP2; can be discrimi-
multidimensional ferroelectric. nated by the systematic absences among diffraction
The continuous character of the phase transitiomjais  reflections. For space grol2; reflections (&0),, are sys-
confirmed both by the diffraction an dielectric measure-tematically absent for od# indices, while for space group
ments. The spontaneous strain in the ferroelectric phase r&2 there are no systematic extinctiaissibscriptm indicates
cedes to zero when temperature rise$ 1o as shown in Fig. @ monoclinic unit cell with itfy] axis along the symmetry
4. The shape of the temperature dependence of permittivit§Xis, as shown in Fig.)4 Figure 6 presents a fragment of a
is characteristic of the second-order phase transitions. To fupowder diffractogram in which reflectiof050 is discern-
ther verify this observation we analyzed the temperature deble. This single violation of the systematic absences does
pendence of the reverse permittivity, shown in Fig. 9. It isnot exclude space group2; of the crystal belowT, as it
linear and does not reveal any discontinuities near the phas@y be due to the effect of multiple reflections in the sample.
transition point. The ratio of the slopes ofe{Tl) in the  The differences between tHe2 and P2, symmetries may
ferroelectric and paraelectric phases is 3.3, which is on|yesult from minute changes in orientations of the ions which
slightly higher than the value of 2, theoretically predicted forcan be discriminated by the most precise high-resolution
second-order phase transitions. This is usually consideredeasurements only. This uncertainty requires further inves-
convincing evidence of a second-order phase transifion. tigation. At this point, the postulated sequence of space
PyBF; is the an example of multidimensional ferroelectricsgroup changes at the phase transitions in RyBMR3m to
with the continuous phase transition. The index of the phas€2 atT;, and toP2 or P2, atT,.
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V. CONCLUSIONS

A unigue example of a continuous phase transition in the

multidimensional ferroelectric of PyBFhas been character-
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=233 K, in pyridinium perrhenate, denoted PyRed
330 K andT,=250 K. The sequence of the phase transi-

tions in PyBR has been established B8m to C2 atT, and

ized by diffraction and dielectric results. It corroborates Lan-C2 0 P2 or P2, atT,. The transformations are consistent

tions is deduced from the phase-transition indices.

phase abovd ;. Further studies on the symmetries, struc-

The symmetry changes appear to be the main factor diftures, and phase transitions of these group of ferroelectrics
ferentiating the character of phase transitions among th@re being carried out.

members of this family of multidimensional ferroelectric
crystals. Thus, the phase transition in PyBBmF2, is con-
tinuous, and in PyCIlQ 3mFm, of the first order. Besides,
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