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Abstract—It is found that the ferroelectric phase transition in the ammonium sulphate crystal (NH,),SO, at
T =223 K isaccompanied by spontaneous twisting of samples around the a, b, and ¢ crystallographic axesin
the ferroelectric phase. This twisting, observed with a torsion pendulum, cannot be explained solely by the
change in symmetry mmm — mmz2 at the Curie point. It is supposed that the twisting is connected with acom-
plex rearrangement of the structural elements of the crystalline lattice below the Curie temperature. © 2001

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The effect of spontaneous twisting of asamplein a
torsion pendulum at temperatures lower than the Curie
point (T.) was first observed in pure proper ferroelas-
tics KH4(SeOs;), and KD5(SeOs), [1]. Later, this twist-
ing was observed in other ferroelastics, for example, in
K,ZnCl, [2], in crystals of the KH,PO, family [3], in
KLiSO, [4], and in some other materials. In al these
cases, crystals undergo displacive phase transitions
(PTs) which are accompanied by the appearance of new
components of the shear deformation in the ferroelec-
tric phase. Such components are absent in the high-
symmetry phase. If no new components of the shear
deformation appear at T, as, for instance, in a
Ba,NaNb;O,5 crystal at the ferroelectric phase transi-
tion (T = 858 K) from the tetragonal phase (4mm point
symmetry group) to another tetragonal phase (4/mmm),
then the twisting effect is not observed [5].

In this connection, it is of interest to clarify if afer-
roel ectric ammonium sulfate (NH,),SO, sample will be
twisted as aresult of a rhombic—+hombic PT when the
temperatureis changed. It isknown [6] that this crystal
has three components of shear deformationintheferro-
electric and paraglectric phases. In addition, none of
these componentsis a new shear component, but all of
them undergo an abrupt change at T [7, 8]. Moreover,
an anomalous behavior of the elastic and nonelastic
properties of the crystal subjected to twist deformations
was detected in the vicinity of T.. This behavior is
likely to be due to jumplike changes in the shear com-
ponents of the elastic rigidity at T [9].

Ammonium sulfate crystals undergo the ferroelec-
tric PT from the high-temperature rhombic phase with

D2 (Pnam) symmetry into the |ow-temperature rhom-

bic phase with C3, (Pna2) symmetry at the Curie tem-

perature T = 223 K [10, 11]. Thistransition is accom-
panied by the appearance of a spontaneous polarization
P, aong the c axis. The P, changesits sign at atemper-
ature of about 85 K [12]. Some characteristic features
(such as a small value of the Curie-Weiss constant
(Cew = 33.8 K), an anomalous behavior of the sponta
neous polarization in the vicinity of the 85-K tempera-
ture, etc.) allow one to classify (NH,),SO, as a weak
ferroelectric [13]. The mechanism of the ferroelectric
PT inthis crystal is quite complex and is still not com-
pletely understood in detail. The (NH,),SO, crystal unit
cell contains 60 atoms or four formula units. It isfairly
difficult to describe the structural rearrangement of this
crystal at Te. According to the idea formulated in [14],
one can suppose that two ferroelectric sublattices are
formed in (NH,),SO,, as well as in some other weak
ferroelectrics, at thetemperature of the ferroelectric PT.
These sublattices have oppositely directed spontaneous
polarizations Py, and P, (subscripts 1 and 2 indicate the
corresponding ferroelectric sublattices) with different
temperature dependences. The spontaneous polariza-
tions Py, and P, are due to displacements of the tetra-
hedrons (NH,), and (NH,), along the c axis. Twisting of
these tetrahedrons is caused by a rearrangement inside
the (SO,), and (SO,), groups. It isassumed that the dis-
tortion of the (SO,), and (SO,), groups and their rota-
tion at some angle take place at the Curie temperature.
Their rotation angle depends on the temperature of the
sample (below the Curie point).

It is obvious that the rearrangement of different
structural elements of acrystal a T = T can lead to a

1063-7834/01/4304-0722%$21.00 © 2001 MAIK “Nauka/ Interperiodica’



UNUSUAL SPONTANEOUS TWISTING OF AN (NH,),SO, CRYSTAL

complex deformation of ammonium sulfate samplesin
the ferroelectric phase. The main purpose of this work
was to measure the spontaneous twist of ammonium
sulfate crystal samples under a change in temperature
in the vicinity of T and in the range corresponding to
the ferroelectric phase. We also investigated the mech-
anism of this phenomenon by analyzing the macro-
scopic deformation of a sample in atorsion pendulum.

1. EXPERIMENTAL

The (NH,),SO, crystals were grown by the isother-
mal evaporation method at T = 303 K from a saturated
water solution with pH = 4. To prepare the ammonium
sulfate solution, a twice-recrystallized substance was
used. Samples for measurements were cut out in the
form of barswith the rectangular cross section having a
sizeof 2 x 2 x 18 mm. The length of these bars was ori-
ented along the a, b, or ¢ crystallographic axes. We will
refer to these samples as x-, y-, and z-oriented samples,
respectively.

The amount of the twist deformation was measured
by means of a setup, based on an inverse torsion pendu-
lum [15], with the relative error not exceeding +5 x 1075,
The twist deformation created in the sample led to the
rotation of the disk of the pendulum torsion system at
some angle. The rotation angle ¢ was measured by
capacitive sensors in the case of considerable twist
deformations and by photoelectric sensors in the case
of small deformations. The experimental curves ¢(T)
were automatically recorded by an XY-coordinate
recorder. The sample temperature was measured with
an error of £0.5 K.

2. RESULTS AND DISCUSSION

The results of measurements of twist deformations X
obtained in the cooling regime with a cooling rate of
about 0.2 K/min for samples with x, y, and z orienta-
tionsare shownin Fig. 1. Itisclear that the twist defor-
mations are absent in the paraglectric phaseat T > T =
223 K. However, the samples of all three orientations
are spontaneously twisted in the ferroelectric phase.
The X,, X,, and X, deformations are initially changed in
ajump a T., and then a gradualy increasing twist
deformation is observed in the X,(T), X/(T), and X/T)
dependences in the course of cooling in the ferroelec-
tric phase. The maximal value of the X deformation is
observed for samples of the z orientation, while the
minimal one is observed for samples of the x orienta-
tion. For samples of the zand y orientations, the jumps
in deformation AX a T were found to be AX, =3 x 1073
and AX, = 1.2 x 107, respectively. The temperature
dependence of the spontaneous twist of the (NH,),SO,
samples, recorded in the heating and cooling regimes,
demonstrates a qualitatively similar behavior (Fig. 2).
Since the dependences of In(X — AX) upon In(T; —T)
shown in Fig. 3 are linear over the interval AT = T —
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Fig. 1. Temperature dependences of the X twist deforma-
tionsfor samples of (1) x, (2) y, and (3) z orientations.
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Fig. 2. Temperature dependences of the twist deformation X
for the z-oriented sample in the heating and cooling runs.
Arrows indicate the directions of the temperature change.

T =20 K, the experimental X(T) curves were approxi-
mated over thisinterval by a power-law function:

(X=AX) =A(Tc-T)", 1

where A is a temperature-independent factor and n is
the exponent.

The dope of the linear parts of the In(X — AX) =
{In(Tc — T} plotsisthe same for samples of they and
z orientations. From this slope, the exponent n in
Eqg. (1) wasfound to be =0.5.

To understand the reason for the sample twisting in
the torsion pendulum, let us first find the relation
between the twisting angle and the characteristics of
the crystal inthe casewhere atorque M isapplied to the
sample. Since one of the sample ends is fixed in the
pendulum and the torque M is applied to the other end,
anonuniform deformation will be produced in the sam-
plein torsion oscillations. It is obvious that this defor-
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Fig. 3. Dependences of In(X —AX) upon In(Tc —T) for sam-
plesof (1) y and (2) z orientations.

mation is varied both along the sample length and over
any of its cross sections as one moves away from the
torsion axis. In any cross section of the sample, the
shear deformation is maximal at the periphery, i.e., in
the exterior layers, while the deformation of the central
part of the sample along the torsion axis is absent.

Note that, in the torsion pendulum, the elastic tor-
siond rigidities C,, C,, and C, are functions of different
components of the shear rigidity for samples of thex, y,
and z orientations, namely, C, = f(Css; Cgg), Cy = f(Cys;
Ces), and C, = f(Cyy; Coo).

For an anisotropic sample (for instance, of the z ori-
entation) of arectangular cross section, in the case of a
linear relation between the stress o and the deformation
X, thetwisting angleis

$,=MI/C, (2

where | is the sample length and C, is the torsional
rigidity.

Suppose, for simplicity, that we deal with apurefer-
roelastic crystal having anovel shear deformation com-
ponent Xz, which appears spontaneously at Tc. In this
case, the shear component o5 of the external stressis
related to the deformation Xs as

05 = CosXs. (©)
Then, one can write down the torque causing the sam-
ple to twist around the z axisin the form

al2 3

M = 2[0zdS = 2a [ CgsXezdz = c55x5%, (4)
0

where a isthe transverse dimension of the sample.
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The torsional rigidity C, for samples of the z orien-
tation can be written, according to [16], as

J' sin kXndx J’ n
_ 642’ 17
T[4 Z Z kn K2 . n
n — —
C44 C55 (5)
256a 1
Z E—
n —_ —
Cu C55

where the coefficients n and k take the valuesn =1, 3,

candk=1,35, ... inthetemperature interval near
Tc. If, for example, the Cs5 component becomes “ soft”
(Cs5 < C,y) When the temperature approaches T, then
Eqg. (5) will have the form

256a°
C, = TCSSZZ’ (6)
T 1 2
where
“ 1T el
Z _2‘5’ Z‘ZE‘% 0
2 k=1
Thus, we have
C, = Csa/3. (8)
Substituting Egs. (4) and (8) into Eq. (2), we get
3l
0, = =X ©)

It is seen that, in the vicinity of the Curie point, the
twisting angle ¢ of the sample in the torsion pendulum
is proportional to the shear deformation X of the proper
ferroelectric crystal. The coefficient of proportionality
in Eqg. (9) depends only on the sample geometry and
does not depend on the elastic properties of the crystal.
One can assume that this relation is also valid for the
case of spontaneous deformation of the samplesin the
absence of external forces. Then, according to Eg. (9),
the sample will twist if some component of the shear
deformation X appears as a result of the PT, as is the
case with the ferroelectric PT. However, (NH,),SO, is
not a proper ferroelastic, and a spontaneous twisting of
(NH,),SO, crystalsin atorsion pendulum at T < T is
quite an unexpected phenomenon. It cannot be solely
due to the change in symmetry mmm — mm2 at
the PT.

However, we should take into account that, in spite
of the fact that no softening of the elastic rigidity com-
ponents of the crystal takes place at the Curie point, an
abrupt change in both the longitudinal and the shear
components of the elastic compliance matrix was
detected [8]. The latter can serve as the reason for the
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sampl e twisting in the torsion pendulum with changing
temperature.

The complex stressed state of a sample realized
under the experimental conditions is characterized by
the torsional shear modulus G. This modulus is deter-
mined by both the corresponding shear components of
the elastic compliance tensor and the longitudinal com-
pliance component along the twisting axis [17], which
are mutually related. This can be verified by comparing
the temperature dependences of the twist deformation
of az-oriented samplein thevicinity of T intwo cases,
namely, in the presence and in the absence of an exter-
nal tensile stress g, applied to the sample along the ¢
axis (Fig. 4). It isclearly visible that, in the presence of
the tensile stress o, = 3 x 10° Pa, the deformation X, is
changed more sharply in the vicinity of Tg; that is, the
twist and stretching deformations of the (NH,),SO,
monocrystal are tightly connected with each other.

Since the rotation of the SO, tetrahedrons takes
placeinthe (NH,),SO, structurewhen it is cooled from
the paraglectric phase through T and their rotation
angle has a pronounced temperature dependence in the
ferroelectric phase, one can assume that the SO, tetra-
hedron rotation is connected with the twist deformation
and the spontaneous twisting of the sample. At the
same time, the displacement of the SO, groups in the
course of the PT contributesto the tensile and compres-
sive deformation (longitudinal deformations). In other
words, the twist deformations of (NH,),SO, are con-
nected with the microscopic mechanism of the ferro-
electric PT, while the spontaneous twisting of samples
is due to the spontaneous polarization of the crystal.

It is obvious that, in the case of torsional oscilla-
tions, a nonuniform deformation appears in the sample
along its radius. This deformation is characterized by
the gradient terms 0X,,/0y and dX,5/0z for x-oriented
samples, 0X,,/0x and 0X,4/0z for y-oriented samples,
and 0X3,/0x and 0X,/dy for z-oriented samples.

It is known that the nth-rank tensor is transformed
according to the same irreducible representation as the
product of its n coordinates does. In particular, the P
polarization, which is the first-rank tensor, is trans-
formed as its z coordinate. The X5, deformation (the
second-rank tensor) is transformed according to the
same irreducible representation as the product of its
coordinates zx. Therefore, in the case of samples of the
z orientation, the nonuniform deformations 0Xs/dx and
0X,/0y are transformed as the polarization P,. For this
reason, if in samples of the z orientation the spontane-
ous polarization P; appears in a jump at T, then the
nonuniform deformations 0Xs/0x and 9X,/dy, which
initiate the rotation, also appear in a jump simulta-
neously with this polarization. Dueto theinverse piezo-
effect, the jump of the polarization P; at T should lead
to an abrupt change in the X;, X,, and X5 deformations,
which are related to P; by the piezoelectric moduli dg;,
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Fig. 4. Temperature dependences of the twist deformation X
for a sample of z orientation in the vicinity of Tg: (1) for
zero external stressand (2) for external tensilestresso = 3 x
10° Pa applied along the twisting axis.

d3,, and dg5 [6]. Note that the abrupt change in the lon-
gitudinal and shear components of the elastic compli-
ance was experimentally observed in (NH,),SO, at the
first-order ferroelectric PT [8].
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