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A guanidinium compound, [C(NH,)3]4C1,SOy, has been synthesized and characterized by x-ray diffraction,
calorimetric, dilatometric, and dielectric measurements, and by optical examination in polarized light. At room
temperature the initial crystal structure is orthorhombic, space group Cmc2, and it exhibits ferroelectric order.
The crystal is built of two anionic sublattices with different ion valency, and guanidinium cations, which
occupy three crystallographically different sites. On heating the crystal undergoes two first-order phase tran-
sitions: at 77 =352 K to the intermediate orthorhombic phase I, and at T-=356 K to the paraelectric tetragonal

phase I, space group /42m. The structure of the paraelectric phase is highly disordered and the prevailing part
of this disorder persists in the crystal lattice after the reverse transition. Thus, at first the crystal transforms
from the tetragonal phase to the disordered low-symmetry ferroelectric phase IV, which is metastable, and than
slowly crystallizes to the initial, ordered phase III. Despite the prominent order-disorder contribution to the
transition mechanism the ferroelectric polarization in [C(NH,);],C1,SOy is of displacive-type.

DOI: 10.1103/PhysRevB.72.054122

I. INTRODUCTION

The discovery of ferroelectric properties in guanidinium
aluminum sulfate hexahydrate,! C(NH,);Al(SO,), X 6H,0
(GASH), has aroused a wide interest in guanidinium com-
pounds. The guanidinium cation [C(NH,);]" (hereafter G)
belongs to the simplest organic chemical units, but exhibits
certain peculiar features, which play a prominent role for the
properties of solids. This cation is characterized by a rela-
tively small ionic radius, planar conformation, and high
symmetry? (D5, in a free state), and it is also a potential
H-donor in hydrogen bonds. As has recently been demon-
strated these features can be employed for engineering func-
tional molecular materials.>> Intense studies in this field
have brought about, among others, a novel class of nano-
porous crystals.* These layered materials with adjustable po-
rosity are based on two-dimensional H-bonded sheets com-
posed of guanidinium cations and the sulfonate groups of
organosulfonate anions. The same structural motifs, charac-
terized by the quasihexagonal patterns of NH---O hydrogen
bonds linking the ions, are formed in the structures of guani-
dinium perchlorate® and guanidinium nitrate.”® Both these
crystals undergo structural phase transitions. The first-order
phase transition in guanidinium nitrate is especially notewor-
thy since it is accompanied by a record shear strain visible in
a form of nearly 45% deformation of the crystal.” Moreover,
in this substance the temperature-induced H-site centering in
the medium-strength heteronuclear hydrogen bonds has been
evidenced.'” Thus hydrogen bonds have been shown to be
responsible for the structure and properties of all these ma-
terials. But on the other hand, there are the structures of
guanidinium salts with a minor role of the hydrogen-bonding
interaction. The best example is diguanidinium tet-
raiodoplumbate, the large-gap semiconductor showing a very
unusual pressure-temperature phase diagram.!' Among the
numerous transformable guanidinium compounds there are
also crystals undergoing ferroelastic phase transitions,'!-13
transitions associated with thermochromic effect,'* and oth-
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ers, but as far as we know, ferroelectric properties have been
observed exclusively in GASH and the several isomorphous
sulfates and selenates.> All the members from the GASH
group are ferroelectrics at room temperature and they occupy
a special position in the ferroelectric family owing to the
absence of the ferroelectric-paraelectric phase transitions.

In this paper we describe the structure and basic proper-
ties of tetraguanidinium dichloro-sulfate, G,Cl,SO,. This
compound is formed from a 2:1 stoichiometric mixture of
two simple guanidinium salts: GCl and G,SO,. While the
substrates do not undergo phase transitions and do not have
polar properties,'~!° the newly obtained crystal structure ex-
hibits ferroelectric order in a wide temperature range, includ-
ing room temperature.

II. EXPERIMENT

G,4Cl1,S0O, was synthesized by dissolving GCI and G,SO,
in molar ratio 2:1 in water. The substance obtained after
evaporation of the solvent was purified by threefold recrys-
tallization from water solution. Colorless and transparent
single crystals were grown by a slow evaporation method at
room temperature. Calorimetric measurements were carried
out by differential thermal analysis (DTA) using a home-
made apparatus. The DTA experiments were performed on
heating/cooling the samples at a rate of 3 K/min. The
samples were prepared from single crystals ground into a
fine powder. Oriented crystal plates with silver painted elec-
trodes were used for dielectric studies. Measurements of
complex electric permittivity as a function of temperature
were carried out in the frequency range from
1 kHz to 13 MHz with a Hewlett-Packard 4192A impedance
analyzer. The amplitude of the ac measuring electric field did
not exceed 2 V/cm. The temperature of the samples was
changed at a rate of 0.3 K/min in the vicinity of the phase
transitions and 0.5 K/min elsewhere. The dielectric hyster-
esis loops were recorded by a Diamant-Drenck-Pepinsky
bridge method?® at a frequency of 50 Hz. The temperature
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TABLE 1. Crystal data and structure refinement information for G4C1,SO, at 298, 345, and 360 K.

Temperature (K) 298
Crystal size (mm) 0.42X0.40X0.38
Space group Cmc2,
Unit-cell dimensions (A) a=14.213(3)
b=9.474(5)
c=14.414(4)
Unit-cell volume (A%) 1940.9(12)
Z/calculated density (Mg/m?) 4/1.394
Absorption coefficient (mm™!) 0.477
0 range for data collection (°) 2.58-26.07
Reflections collected/unique 192571925
Data/restrains/parameters 1925/1/116

Goodness-of-fit on F> 1.133

Final R indices [1>20(1)] R1=0.028, wR2=0.0794
R indices (all data) R1=0.047, wR2=0.0949
Extinction coefficient 0.0149(12)
Largest diff. peak and hole (eA™) 0.185 and —0.249

345
0.5X0.2X0.2
Cmc?2,
a=14.263(6)
b=9.473(2)
c=14.442(11)
1951.3(17)
4/1.386
0.474
2.58-27.05
2116/2116
2116/1/116
1.011
R1=0.0303, wR2=0.0793
R1=0.0912, wR2=0.0910
0.0005(5)

0.162 and —0.235

360
0.45X%X0.32X0.3
142m
a=10.138(5)
¢=9.493(2)

975.7(7)
2/1.386
0.474
2.84-25.08
977/475(R;,,=0.0284)
475/0/54
1.071
R1=0.0366, wR2=0.097
R1=0.065, wR2=0.1077
0.000(5)
0.181 and —0.208

dependence of spontaneous polarization was determined by a
pyroelectric charge method using a Keithley 6514 electrom-
eter.

The optical examinations of the G,Cl,SO, crystals were
carried out with a polarizing microscope Eclipse E600 POL
(Nikon) equipped with a Bertrand lens and Linkam cooling/
heating stage THMSE 600.

The x-ray diffraction data sets were collected on a KM-4
diffractometer equipped with graphite monochromated
Mo K« radiation. The #-26 scan mode at variable rate, de-
pending on the reflection intensity, was applied. The intensi-
ties were corrected for Lorentz and polarization effects. The
unit-cell dimensions were measured as a function of tem-
perature by least-squares fits to 33 automatically centered
reflections at fixed temperatures. The crystal was cooled/
heated with a nitrogen stream using an Oxford Cryosystem
device, the temperature was stabilized within 0.1 K.

The crystal structures were solved by direct methods with
the SHELXS97 program?!' and refined by a full-matrix least-
squares method on all F? data using the SHELXL97 program.??
All the heavy atoms were refined with anisotropic tempera-
ture factors. The H-atoms were located from the molecular
geometry and their isotropic temperature factors U, were
assumed as 1.2 times U,, of their closest heavy atoms. The
crystal data together with experimental and refinement de-
tails are given in Table I. The final atomic coordinates and
equivalent temperature factors are listed in Table II.

III. RESULTS
A. Calorimetric measurements

Figure 1 shows the result of calorimetric measurements
performed on the polycrystalline G4,C1,SO, sample. Evident
differences in the magnitude of thermal effects between the
heating and cooling runs are clearly seen. The huge anomaly

recorded on the first heating of the virgin sample is very
broad and its shape suggests the presence of two overlapping
peaks. Thus a sequence of phase transitions can be expected
in the temperature range between 350 and 380 K. The total
transition enthalpy AH" derived from the peak area amounts
to 13.5 kJ/mol, which corresponds to the entropy change
AS"=37.6 I mol™' K~'. The value of AS" is close to R In 92 (
R denotes a gas constant), which indicates an extremely high
degree of disordering of the crystal structure in the high-
temperature phase. Therefore, the behavior of the substance
on the cooling run was unexpected. As illustrated in Fig. 1, a
sharp single peak occurred at 352 K, but with the amplitude
and area much reduced when compared to those in the first
heating scan. The enthalpy of the reverse transition AH®
=2.54 kJ/mol is about 5 times lower than AH" and corre-
sponds to the entropy change AS°=7.26Jmol ! K~!
(R In2.4). The measurements in a wider temperature range,
up to 120 K, did not reveal any additional thermal anomaly.
Moreover, in a subsequent heating run only a single, small
peak at 355 K was observed. We conclude from these mea-
surements that the G,C1,SO, crystals undergo a different se-
quence of phase transitions on the first heating and cooling
cycles, and furthermore the prevailing part of the entropy
gain in the high-temperature phase is retained by the crystal
lattice after the reverse transition to the low-temperature
phase. To clarify this unusual behavior of the crystal, a series
of time-dependent calorimetric experiments has been per-
formed. In these measurements, subsequent heating-cooling
cycles were separated by the time periods from several to
several hundred hours and the peak area in the heating scans
was carefully monitored. Between the cycles the sample was
kept at room temperature. The representative DTA runs are
plotted in Fig. 2(a), while in Fig. 2(b) the time evolution of
the thermal anomaly is shown. It is apparent that the
anomaly grows gradually when the time period between the
measurements increases. The restoration of the crystal low-
entropy state requires about 2 weeks.
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TABLE 1II. Atomic coordinates and equivalent isotropic displacement parameters (A2) for G4C1,SO, at

298, 345, and 360 K.

X y z U

298 K
Cl 0.7542(1) 0.7540(1) 0.5763(1) 0.058(1)
S 0.5 0.7441(1) 0.8078(1) 0.029(1)
o(1) 0.5 0.6595(2) 0.8933(2) 0.044(1)
0(2) 0.5839(1) 0.7115(2) 0.7528(1) 0.044(1)
0(3) 0.5 0.8951(2) 0.8311(2) 0.051(1)
C(1) 0.8029(2) 0.9045(2) 0.8396(2) 0.043(1)
N(11) 0.8472(2) 0.9609(3) 0.9107(2) 0.055(1)
N(12) 0.7429(2) 0.8015(3) 0.8537(2) 0.064(1)
N(13) 0.8182(2) 0.9506(3) 0.7552(2) 0.059(1)
C(2) 0.5 0.8731(4) 0.5063(2) 0.044(1)
N(21) 0.5802(2) 0.9225(3) 0.4722(2) 0.058(1)
N(22) 0.5 0.7770(4) 0.5712(3) 0.059(1)
Cc@3) 0.5 0.8604(4) 0.1596(2) 0.046(1)
N(31) 0.5796(2) 0.9083(3) 0.1934(2) 0.060(1)
N(32) 0.5 0.7652(4) 0.0926(3) 0.070(1)

345 K
Cl 0.7539(1) 0.7539(1) 0.5760(1) 0.069(1)
S 0.5 0.7451(1) 0.8082(1) 0.036(1)
o(1) 0.5 0.6611(3) 0.8933(2) 0.054(1)
0(2) 0.5833(1) 0.7127(2) 0.7532(1) 0.054(1)
0(3) 0.5 0.8951(3) 0.8319(2) 0.062(1)
C(1) 0.8034(2) 0.9060(3) 0.8386(2) 0.049(1)
N(11) 0.8469(2) 0.9620(3) 0.9099(2) 0.065(1)
N(12) 0.7429(2) 0.8040(3) 0.8529(2) 0.077(1)
N(13) 0.8184(2) 0.9522(3) 0.7547(2) 0.071(1)
C(2) 0.5 0.8715(5) 0.5054(3) 0.052(1)
N(21) 0.5804(2) 0.9201(3) 0.4722(2) 0.068(1)
N(22) 0.5 0.7760(4) 0.5706(3) 0.072(1)
C(3) 0.5 0.8595(5) 0.1594(3) 0.056(1)
N(31) 0.5787(2) 0.9080(3) 0.1930(2) 0.071(1)
N(32) 0.5 0.7644(5) 0.0927(4) 0.083(1)

360 K
Cl 1.0 0.5 0 0.091(1)
S 0.5 0.5 0 0.068(1)
o(1) 0.4790(14) 0.5210(14) 0.1370(20) 0.092(14)
0(2) 0.5665(14) 0.4335(14) 0.1090(30) 0.099(4)
0(3) 0.4780(40) 0.3550(30) 0.0480(50) 0.080(10)
04) 0.5 0.3460(20) 0 0.101(16)
C 0.8147(3) 0.1853(3) 0.1421(5) 0.081(1)
N(1) 0.7663(3) 0.0778(3) 0.1938(4) 0.112(1)
N(2) 0.7557(3) 0.2443(3) 0.0353(6) 0.134(2)

B. Temperature dependence of lattice parameters

Several attempts have been made to measure the tempera-

360 K hindered the measurements, but for selected crystals
two distinct singularities in this temperature range have been

ture dependence of the lattice parameters of G,C1,SO, in the Obserf’ed in the temperature dependence of the uan'CeH di-
vicinity of the phase transitions, on the first heating of the ~ mensions, as shown in Fig. 3. The results of these dilatomet-
crystal. As a rule a coexistence of phases between 350 and  Tic studies evidence that G,Cl,SO, undergoes a sequence of
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FIG. 1. DTA heating and cooling runs measured for the poly-
crystalline, virgin G4,C1,SO, sample.

two successive phase transitions. The clearly discontinuous
changes at 7,=352 K and 7,=356 K indicate the first-order
character of both transitions. Henceforth in this paper the
room-temperature phase of the virgin G,Cl1,SO, crystals will

0384

DTA signal [mV]

(=)
1

o
'S
1
» w N
=

Normalized DTA peak area

e -sample 1
o - sample 2

0 100 200 300 400
t [

FIG. 2. Time evolution of the thermal anomaly in G4C1,SOy: (a)
DTA first heating run—1, and subsequent runs after 1 h-2, 6 days-3,
and 13 days—4 and (b) peak area as a function of the period of time
between the subsequent measurements.
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FIG. 3. Temperature dependence of the lattice parameters and
unit-cell volume.

be referred to as III, the intermediate phase as II, and the
high-temperature phase as I. At the transition temperature 7
the changes in the crystal lattice dimensions are very distinct,
but the orthorhombic unit-cell is preserved in the intermedi-
ate phase II. The abrupt increase in ¢ is compensated by the
shortening of a and b, so the volume change, which should
occur at the first-order phase transition, is probably very
small, below the accuracy of our measurements. It is worth
noticing that thermal expansion of the crystal along the main
crystallographic directions is the highest in the intermediate
phase II, but it is not reflected in the temperature dependence
of the unit-cell volume due to the compensation effect. The
transition at T, is also associated with profound changes in
the unit-cell dimensions as the crystal lattice loses its ortho-
rhombic distortion and becomes tetragonal (see Fig. 3). It is
interesting that the change in the crystal volume at 7, is
negative.

The change in the crystal symmetry was verified by opti-
cal examinations in polarized light. The crystal plate was
oriented approximately perpendicular to the [010] direction
of the orthorhombic phase III and the conoscopic pattern of
the sample was observed during the heating from
300 to 400 K. As clearly seen in Fig. 4, the conoscopic pat-
tern of G4C1,SO, in phase III is typical of biaxial crystals,
while after the transition to the phase I the crystal becomes
optically uniaxial, consistent with the symmetry change from
orthorhombic to tetragonal.

C. Crystal structure

In the phase III the structure of G4C1,SO, is orthorhom-
bic, space group Cmc2;. The crystal is built of two anionic
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FIG. 4. Conoscopic patterns of the G4Cl,SO, crystal in the
ferroelectric phase III at 350 K and in the paraelectric phase I at
365 K.

sublattices of monovalent CI™ and divalent SO42_ anions, and
guanidinium cations, as shown in Fig. 5(a). Therefore it
should probably be more appropriate to write the crystal for-
mula in the form G,SO4X2GCl. The chlorine ions are lo-
cated in general positions, while the SO42_ groups occupy
special positions. The S, O(1), and O(3) atoms of the tetra-
hedron lie on the mirror-symmetry plane, which implies C,
symmetry of the SO42_ group. There are three crystallo-
graphically different guanidinium ions in the structure: G(1)
(the numbering of the cations is consistent with the labels of
the carbon atoms in Table II) in a general site, and G(2) and
G(3) in special sites—both with their carbon atoms and one
of the nitrogens located on the symmetry planes. Apart from
electrostatic forces the cations and anions are tied by a three-
dimensional system of hydrogen bonds. Each chlorine is
connected to the neighboring guanidinium cations by seven
NH---Cl hydrogen bonds. The Cl—N distances in these
contacts were found in the range 3.252-3.620 A (3.390 A
on average). The SO42_ tetrahedron is linked to the cations
by 13 NH---O hydrogen bonds with the donor-acceptor dis-
tances between 2.819 and 3.043 A (2.901 A on average).
Although all hydrogen bonds in this crystal structure can be
classified as of medium or weak strength, their role in the
stabilization of the low-temperature phase III can be promi-
nent. The heating of the crystal to the vicinity of the transi-
tion temperature region does not result in significant struc-
tural changes, as seen from the data in Table II. At 345 K the
ions are still well ordered, but the temperature factors of the
atoms are enhanced. Several measurements have been made
to collect the data in the narrow temperature range of phase
II. The systematic extinctions pointed to the orthorhombic
space group Fmm?2, but the solution of the structure was
unsuccessful. The probable reason could be the coexistence
of phases and time-evolution of the Bragg intensities during
the data collection.

The model of the crystal structure in the high-temperature
phase I is shown in Fig. 5(b). In this phase the unit-cell
volume halves and the crystals become tetragonal assuming

space group I42m. The ¢ axis of the tetragonal unit-cell cor-
responds to the b axis of the orthorhombic phase III. In the
tetragonal unit-cell all the ions occupy special positions: the
C and N(2) atoms of the G cations are situated on the sym-
metry planes, the CI™ ions on the twofold symmetry axes,
and the S atoms from the SO42' groups are located at the

highly symmetric sites of 42m symmetry. The tetrahedron
symmetry is inconsistent with its site symmetry in the crystal

PHYSICAL REVIEW B 72, 054122 (2005)

SR o Py
Al LAy
@GP 725 \§
@;@;‘3& * PR

%
W

(Sd)

®
®

@ @
el
G40
B

@f\

i SR
X Chiv==y]
0 &R G

FIG. 5. The G4C1,SO, crystal structure (a) in the ferroelectric
phase III at 298 K viewed along [010] of the orthorhombic unit-
cell, and (b) in the paraelectric phase I at 360 K viewed along [001]
of the tetragonal unit-cell. To illustrate a relationship between the
orthorhombic and tetragonal unit-cells the same orientation of the
crystal lattice in both phases has been preserved. For clarity the
hydrogen bonds have been omitted. The thermal ellipsoids have
been drawn at 50% probability level.

lattice, which imposes disorder of the oxygen atoms. It was
established that this disorder was apparently higher than the
minimal twofold orientational disorder required by the sym-
metry of the crystal. It is plausible that the sulfate groups
perform rotations about their centers of gravity. In rotating
ions the sites of the oxygen atoms are smeared, which was
reflected in the refinement process in the anomalous large
thermal vibrations of the oxygen atoms along the directions
perpendicular to the S—O bonds. Therefore we modeled the
orientational disorder of the tetrahedron with partially occu-
pied oxygen sites located around the central S atom. This
model agrees well with x-ray diffraction data leading to the
low reliability factors as shown in Table I.
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FIG. 6. Temperature dependence of the real part of electric per-
mittivity ¢’ measured in the first heating-cooling cycle at 10 kHz
(a) along [001] and (b) along [110] of the orthorhombic phase III.
The vertical arrows mark the transition points. The inset shows the
fulfillment of the Curie-Weiss law in the paraelectric phase.

D. Dielectric properties

The symmetry change of the crystal from the polar space
group Cmc24, through the intermediate orthorhombic phase,

to the nonpolar one, space group I42m, suggests a possible
ferroelectric-paraelectric phase transition. This prediction is
justified by temperature dependence of electric permittivity
shown in Fig. 6. The dielectric constant is anisotropic, espe-
cially in the vicinity of the phase transitions. The component
measured along [001] of the orthorhombic phase III reaches
the maximum value, which is about four times higher than
that in the perpendicular direction [110]. On the first heating
of the virgin sample two dielectric anomalies, marked with
vertical arrows in Fig. 6, have been observed. The first one is
manifested as a stepwise increase in &’. Apparently, in both
directions the magnitude of this change is similar and in
consequence &’ = 35 for both components in the intermediate
phase II. Evident differences in the permittivity components
are detected at the transition to the high-temperature phase I.
While for ElI[110] the anomaly is not very profound, a sharp
peak corresponding to the ferroelectric-paraelectric phase

PHYSICAL REVIEW B 72, 054122 (2005)

transition occurs for the electric field orientation E|I[001].
Thus T,=T, is a Curie point and the clear anisotropy of
dielectric response proves that spontaneous polarization is
generated in G,C1,SO, along [001], consistent with the sym-
metry of the ferroelectric phase III. On cooling the crystal
from the paraelectric phase, only one sharp peak, character-
istic of first-order paraelectric-ferroelectric phase transition,
was observed. In the paraelectric phase, above T, the &'(T)
dependence obeys the Curie-Weiss law: &' —&,=C/(T-T,),
where &., is the high-frequency limit of electric permittivity,
C is the Curie-Weiss constant, and T, is the Curie-Weiss
temperature. The best fitting of the 10 kHz data in the tem-
perature range 354-370 K, as shown in the inset in Fig. 6(a),
was obtained with the following parameters: e,.=7, T
=328.2 K, and C=2860 K. But it should be stressed that for
different crystals we observed a certain scatter in the values
of these parameters, as well as the transition temperatures.
This effect originates most probably from the crystal imper-
fections and lattice strains. For example, the Curie-Weiss
constant values determined for different samples were within
the range of 2600—3400 K.

As seen in Fig. 6(a) the temperature cycling of the crystal
through the Curie point results in a remarkable increase of
the dielectric constant in the ferroelectric phase. Besides, be-
low 250 K some anomalies, not observed for the virgin
samples, have appeared. The dielectric response of the crys-
tal in the low-temperature region is illustrated in Fig. 7. The
anomalies in ¢’ and &" are strongly frequency-dependent and
their maxima shift to lower temperatures when the frequency
of the measuring electric field decreases. Such a behavior is
characteristic of dipolar relaxational processes. To analyze
the complicated changes in the dielectric functions we plot-
ted ¢’ and &” as a function of log(f) at different temperatures
(Fig. 8). In the temperature range between 255 and 150 K,
the loss curves show only one broad and asymmetric peak
with full width at half maximum about 2.3 decades, much
broader than the 1.14 decades expected for a monodispersive
Debye relaxator. This indicates a broad distribution of the
relaxation rates, and therefore, we applied a stretched-
exponential function of the Kohlrausch-Williams-Watts
(KWW) type?® for modeling the low-temperature dielectric
response of the crystal. The complex electric permittivity
&(w) may be written as a Fourier transform of the relaxation
function ®(7):

E\W) — &4,

A=y 3o, (1
€p— €x

where g is a static permittivity, and the KWW function takes

the form

(1) = exp[- (t/7)P]. (2)

The parameter 7 in Eq. (2) represents a characteristic relax-
ation time and 0 <=1 characterizes a distribution of the
relaxation times. Equations (1) and (2) were used to fit the &’
and &” data. The solid lines in Fig. 8 show the best fit of the
KWW function to the experimental points. The 8 exponents
obtained from the fitting procedure varied between 0.43 and
0.53, indicating a broad distribution of the relaxation times.
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FIG. 7. Temperature and frequency dependencies of the real (a)
and imaginary (b) parts of the electric permittivity of G4Cl,SOy,
measured after the reverse transition of the crystal from the
paraelectric phase. The electric measuring field was parallel to the
polar direction [001] of the ferroelectric phase III.

The temperature dependence of the 7-values determined us-
ing the KWW approach is depicted in Fig. 9. As shown, In(7)
is a linear function of 1/T, which testifies to the Arrhenius-
type behavior. Thus 7 obeys the activation relation:

7= 15 exp(E,/lkgT), (3)

where 7, is a reciprocal of the attempt jump frequency and
E, is the activation energy. The parameters calculated from
the fitting are as follows: E,=12.3 kJ/mol and 71,=4.5
X 107105,

It should be stressed that the singularities observed in the
low-temperature dielectric response of G,Cl,SO, disap-
peared for the samples kept at room temperature. It is also
important that freshly grown crystals exhibited a ferroelectric
domain structure [see Fig. 10(a)], but in the frequency range
studied the contribution of the ferroelectric domains and do-
main walls to the complex electric permittivity was rather of
minor importance, as clearly seen from the measurements of
the virgin crystal (Fig. 6). Obviously, cycling of the crystal

PHYSICAL REVIEW B 72, 054122 (2005)

16 - .

12+ .

25

8"

20

10
051

0.0 ! L 1 L
f[Hz]

FIG. 8. Frequency dependence of the dielectric functions &’ and
e” at several temperatures in the ferroelectric phase IV. The solid
lines are the fits with the Fourier transform of KWW function.

through T resulted in a finer domain pattern, and addition-
ally, the reverse transition from the paraelectric phase pro-
duced very fine ferroelastic domain structure, as shown in
Fig. 10(b). It was established that ferroelastic domains dis-
appeared at room temperature within a short time, which
varied between a few to 20 hours depending on the sample.
This process was correlated with the decay of the low-
temperature anomalies in dielectric functions.

E. Spontaneous polarization

The clear evidence of ferroelectricity in G4Cl1,SO, is pro-
vided by the ferroelectric hysteresis loops presented in Fig.
11. The measurements were performed during the heating of
the virgin sample [Fig. 11(a)] and subsequent cooling from
the paraelectric phase [Fig. 11(b)]. The 50 Hz electric field
was applied along the polar direction [001] of the ferroelec-
tric Cmc2, phase. As seen in Fig. 10(b), at 297 K the hys-
teresis loop is far away from saturation because of the high
coercive field. The coercive field decreases apparently with

12
-13
2 14+
£
-15 4
-16 .
0.004 0.005 0.006
1T K

FIG. 9. Arrhenius plot of the characteristic relaxation time de-
rived from the KWW fits.
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FIG. 10. Ferroelectric domain structure observed in the (010)
plane in phase I1I at 298 K (a); and ferroelastic domains in phase IV
at 340 K, observed on the crystal plate oriented perpendicular to the
fourfold axis of the tetragonal phase I (b).

increasing temperature, but only in close vicinity of the tran-
sition region does the loop starts to resemble the saturated
one. At 352 K the spontaneous polarization reaches a value
of 2 uC/cm? and the estimated coercive field is still high,
about 9.7 kV/cm. In the temperature range between 354 and
362 K a gradual vanishing of the loop was observed, prob-
ably due to the coexistence of phases in this temperature
region and certain diffuseness of the transitions related to
crystal imperfections and internal strains. On cooling the
sample, the transition was manifested much more abruptly.

E [kVom]

(b)

-2 T T T

-10 0 10
E [KVem]

FIG. 11. The hysteresis loops recorded on heating (a) and on
cooling (b) the G4Cl1,SO, crystal; the 50 Hz electric field was par-
allel to [001] of the orthorhombic phase IIL.
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FIG. 12. Temperature dependence of the spontaneous polariza-
tion measured by the pyroelectric method in phase IV (a) and in
phase III (b), for details see the text.

The hysteresis loop recorded at 350 K [Fig. 11(b)] indicates
a coercive field of about 6 kV/cm, that is much reduced
when compared to the value observed in the first heating
cycle. However, the value of P, is also reduced to about
1.5 uC/cm?. This may be a consequence of defects created
in the crystal structure at the transition point, but on the other
hand, the reverse transition is accomplished to the low-
temperature phase IV, which can be characterized by differ-
ent P, than the original ferroelectric phase III.

The spontaneous polarization of the crystal was indepen-
dently determined from the pyroelectric charge measure-
ments. The crystal was poled while cooling from the
paraelectric phase in the dc electric field of 3 kV/cm. Then
the pyroelectric charge was measured during the heating of
the sample at a temperature rate of 2 K/min. The tempera-
ture dependence of P, determined in this manner is shown in
Fig. 12(a). It should be stressed that the magnitude of P,
measured by the pyroelectric method is significantly higher
than the value estimated from the hysteresis loop [compare
Figs. 12(a) and 11(b). Two reasons should be considered to
explain this difference: either the hysteresis loop was still not
well-saturated, even in the vicinity of T, and hence the
lower value of P,, or the contribution to the pyroelectric
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charge from the secondary pyroelectric effect?* was signifi-
cant. The other question is the magnitude of P, in the ferro-
electric phase IIl. From the results presented in Fig. 11 one
can conclude that P; in this phase can be higher then in phase
IV. Therefore we have undertaken several attempts to mea-
sure spontaneous polarization directly in this phase using the
pyroelectric method. For this purpose the crystals had to be
poled in phase III without crossing the Curie point. Thus the
dc electric field of 10—15 kV/cm (i.e., the highest possible
field not leading to the breakdown) was applied to the
samples at 345 K and next the crystals were field-cooled.
Then after removal of the field, the pyroelectric charge was
measured during the heating. The results obtained in this way
for different crystals were characterized by a relatively high
scatter. This indicates a prominent role of defects in the prop-
erties of the “as-grown” G4C1,SOy crystals. Such defects can
cause a pinning of the local polarization, hindering the rever-
sal process during the cycling of the electric field or a trans-
formation of the crystal to the single-domain state. A repre-
sentative P,(T) course is shown in Fig. 12(b), curve (A), but
it should be stressed that the maximum value of P, measured
in this way varied between 1 and 3 uC/cm?. It seems that
the electric field applied was not enough to obtain the single-
domain crystals and to determine the total value of P,. Al-
though most of the crystals used in the pyroelectric experi-
ments showed a multidomain ferroelectric structure, similar
to that shown in Fig. 10(a), one of the samples tested exhib-
ited almost a single-domain state. The results of pyroelectric
measurements on this sample (without the application of the
electric poling field) are represented by curve (B) in Fig.
12(b). As seen, in this case we observe the highest value of
polarization of about 5.5 uC/cm? at low temperatures, but
the temperature dependence of P, is strongly affected by
temperature-induced relaxation of the local strains and lattice
imperfections and/or domain structure reconstruction.

IV. DISCUSSION

To elucidate the origin of ferroelectric polarization in
G4CL,SO4 we performed a careful analysis of the ferroelec-
tric and paraelectric structures. In phase III the spontaneous
polarization occurs along [001] and is mainly a result of the
ionic displacements. There are two main factors which deter—
mine the total polarization of the crystal. First, the SO4
anions are displaced along [001] by 0.267 A from their sym-
metric sites with respect to the CI™ neighbors. Second, there
are 16 guanidinium cations in the unit cell, which occupy
three different sites. Namely, there are eight G(1), four G(2)
and four G(3) cations. The three crystallographically differ-
ent cations are displaced in different ways with respect to
both anionic sublattices. These displacements are indicated
by the thin arrows in Fig. 13. Assuming point charges on the
ionic central atoms, the value of P, was calculated from the
ionic displacements. As shown in Fig. 13, the P, and P;3
vectors have the opposite senses and therefore the contribu-
tions of the G(2)- and G(3)-type cations are partially can-
celled, giving rise to the resultant component of the same
sense as P;. The summing up of all contributions gave the
value of 11.02 uC/cm? for the total spontaneous polariza-
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FIG. 13. Schematic illustration of the contributions to the total
polarization of the crystal. The displacements of the three crystal-
lographically different guanidinium cations with respect to the CI~
and SO, anions are shown with thin arrows.

tion of the crystal at 298 K. Similar calculations were made
using the structural data collected at 345 K. At this tempera-
ture the value of P; derived from the model amounts to
10.46 uC/cm?. Thus this simple point-charge approximation
quite reasonably reproduces the temperature behavior of Py,
and more important still, the model explains the displacive
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nature of ferroelectricity in G4Cl,SO,. Although it seems
that the magnitude of polarization may be overestimated due
to the effects which were not taken into account. Additional
contributions to spontaneous polarization may arise from the
molecular dipoles induced by slight distortions of the ionic
geometries in the crystal lattice, and charge distribution
along the hydrogen bonds.

The clearly displacive character of spontaneous polariza-
tion does not contradict an order-disorder mechanism of the
transitions in G4CI,SO,. The order-disorder contribution is
evident from the high value of the transition entropy and
structural models of the para- and ferroelectric phases. The
triggering of the rotations of the SO 42_ tetrahedron results in
an averaging of its interactions with neighboring ions, which
makes that the C1~ and SO,*” anions assume equidistant sites
in the tetragonal phase and the arrangement of the structure
becomes more symmetric. Thus dynamical disorder drives
the phase transitions leading to the vanishing of P in the
paraelectric phase. However, it should be noted that the mul-
ticonfigurational disorder of the SO,*” tetrahedrons may not
be sufficient to explain the total entropy change associated
with the transitions at 352 and 356 K. The additional contri-
bution to the transition entropy can arise from the disorder of
the cations. Although such a disorder was not directly evi-
denced by the structural data, the nitrogen atoms of the G
cations exhibit much more enhanced thermal ellipsoids in the
paraelectric phase, at 360 K, when compared to those at
345 K. Therefore it cannot be excluded that the cations are
split, but with relatively small angles between the equivalent
orientations. This type of disorder is rather difficult to detect
by standard crystallographic methods.??

It is also worth noting that the transition to the paraelec-
tric phase is associated with a negative change in the crystal
volume (see Fig. 3). Thus the crystal structure is more tightly
packed above T than below this temperature. The contrac-
tion of the crystal at 7 implies a negative pressure coeffi-
cient dT-/dp, which is characteristic of displacive-type
ferroelectric phase transitions.?’

The behavior of the G,C1,SO, crystals on cooling from
the paraelectric phase pertain to the most unusual. The
paraelectric-ferroelectric phase transition is accomplished
between the tetragonal phase I and phase IV of the symmetry
lower than that of the initial orthorhombic phase III. The
latter conclusion is derived from the observations of the fer-
roelastic domain structure. The symmetry change from te-
tragonal to orthorhombic would result in 90° domain walls
between the possible orientational states.”® As seen in Fig.
10(b), it is clearly not the case. The domain pattern observed
indicates that the crystal symmetry in phase IV can be mono-
clinic or triclinic. It is prominent that this phase is thermo-
dynamically metastable and its structure must be highly dis-
ordered, according to the results of calorimetric studies. The
plausible explanation may be as follows. The prevailing part
of the orientational degrees of freedom of dynamically dis-
ordered ions in the paraelectric phase is frozen below T- in a
static or a very long relaxation-time state. At room tempera-
ture, due to the structural relaxation processes, the crystal
transforms slowly to the ordered phase, which is most prob-
ably the orthorhombic phase III. Full crystallization requires
about 2 weeks. Much faster changes were observed in the
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ferroelastic domain pattern of the crystals kept at room tem-
perature. The decay time of the domain pattern was similar
as the time of disappearing of the low-temperature anomalies
in dielectric functions. This correlation indicates that the re-
laxational processes observed in G,Cl,SO, originates from
the fine ferroelastic domain structure rather than from the
structural relaxation of the metastable phase IV.

V. CONCLUSIONS

It has been demonstrated that the crystal of G,C1,SO,, a
synthesized compound from the guanidinium salts group, ex-
hibits ferroelectric properties at room temperature, similarly
as the well-known GASH. But it is different from the
GASH-type ferroelectrics owing to the presence of the
Curie-point. The spontaneous polarization of 3.6 uC/cm?,
derived from the pyroelectric-charge measurements in phase
IV, is the same as reported for GASH at room temperature.'
However, the experiments performed in the ferroelectric
phase III indicate that P; may be even higher than
5.5 uC/cm?’. The high value of P, is also predicted by the
model calculations based on the point-charge approximation
and the crystal structure in the orthorhombic Cmc2; phase.
Unfortunately, a precise determination of the net value of P,
in phase III failed due to the high coercive field, exceeding
15 kV/cm at room temperature. This high value of the coer-
cive field is related to the displacive mechanism of P, gen-
eration, which involves the relative displacements of the an-
ionic sublattices built of the monovalent CI~ and divalent
SO42_ ions, and the displacements of the guanidinium cat-
ions from their high-symmetry sites in the tetragonal phase.
Thus there are several contributions to P, associated with
profound changes in the crystal structure, which can be char-
acterized by different susceptibilities to the reversal pro-
cesses. The reversal of P; in G4C1,SO, seems to be also
strongly dependent on the density of lattice defects and the
related aging phenomena.

Of particular interest is the phase diagram of this ferro-
electric crystal. At ambient pressure the phase relations can
be summarized as follows:

phase III, Cmc2, | phase I] |

phase I, 1 42m

ol

T 352K
) e

phase IV, metastable

356 K

352K

Thus, in the temperature range below T, the crystal can
exist in the ordered ferroelectric phase III or in the disor-
dered ferroelectric phase IV, which shows metastable fea-
tures. The nature of such a behavior of the crystal requires
further studies.
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