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Abstract—The heat capacity of NH,LiSO,, RbLiSO,, and Cs,(NH,), _,LiSO, crystals and its behavior over
a broad temperature range including the phase transition regions were studied. The entropy changes corre-
sponding to structural transformations in these crystals were found not to be characteristic of straightforward
ordering of structural blocks. The results obtained are discussed in terms of phenomenologica theory and

model concepts. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The numerous compounds with the general chemi-
cal formula AA'CX, (A, A, and C are cations, and X is
an anion) form a representative family of crystals pos-
sessing a (-K,SO,-type structure (space group G; =

D ;ﬁ —Pmen, z = 4) over a certain temperature interval.

The praphase of this structure is the hexagona a-
K,S0O, structure (space group G, = Dgh —P6;/mmc, z=
2), which can exist only if the tetrahedral ionic groups
CX, aredisordered in orientation [1]. However, the hex-
agonal phase has not been observed experimentally in
al crystals with the B-K,SO, structure. Thea —
phase transition has been reliably established to occur
in several oxygen-containing compounds with identical
A and A' cations, for instance, in K,SO,, K,SeO,, and
K,CrO, [1]. However, in many crystals with A # A,
either phase transitions to the hexagonal phase with
space group P6,/mmc have not been observed up to the
melting point or the space group of the hexagonal phase
has not been established unambiguously. Considered,
however, from the standpoint of model concepts, the
praphase G, may also exist in crystals of thistype [2].
As the temperature is lowered, the stable crystal
modification 3-K,SO, frequently transforms into a fer-
roelectric, ferroelastic, or incommensurate phasein sin-
gle or successive reversible phase transitions. The
diversity of distorted phases depends, to a considerable
extent, on chemical pressure, which can be varied
through proper isovalent substitutions of cations and
anions in the B-K,SO, structure. This is convincingly
illustrated by the crystal series ALiSO,, whose symme-
try within a certain temperature interval is orthorhom-
bic with space group Pmcn [1]. Inthese compounds, the
SO, tetrahedral groups are linked together by the LiO,
tetrahedrato form a network. Depending on the size of
the A cation, phase transitions to the ferroelastic phase

with space group G, = (Cg’h )—-P112,/n and z = 4 occur
under cooling either directly (CsLiSO,—CLS) or viaa
series of intermediate structural forms including the
incommensurate phasel: Pmen — | — P2;/c11 —
P1ln — P112/n (RbLiSO~RLS). In NH,LiSO,
(NLYS), the ferroelastic monoclinic phase P112,/nisnot
observed down to liquid-helium temperatures and the
phase transition from Pmcn is accompanied by the
onset of aferroelectric state (space group P2,cn, z=4)
in the region of ~160 K. This transition is followed by
a transition to the ferroelastic phase P2,/c11 (z = 8).
Recent studies of the Cs,(NH,); _,LiSO, (CNLS) have
revealed that the P112,/n — P2,cn phase transition
occurs only in compounds corresponding to the narrow
concentration region x = 0.3-0.5 [3].

The TILiSO, crystal (TLS) has also been reported
fairly recently to have an orthorhombic phase (Pmcn) at
room temperature, which transfers, in a series of struc-
tural transformations under cooling, to a monoclinic
phase with a still unknown space group [4-6]. When
heated above 531 K, TLS transfers to a hexagonal
phase; however, its space group, P65 (z = 24), does not
fit with the a-K,SO, structure.

As for the KLiSO, compound (KLS), it has been
found to exist in a hexagonal and an orthorhombic
phase, but their space groups have not yet been estab-
lished unambiguously [1].

Some experimental data obtained, in particular, in
structural studies suggest that the Gy(P6;/mmc) —~
G;(Pmcn) — G, phase transitions in AA'CX, and
A,CX, compounds are driven by ordering of the CX,
tetrahedral ionic groups[1, 2, 7]. The fact that ordering
of the NH, tetrahedra does not contribute noticeably to
the mechanism of phase transitions in ammonium-con-
taining crystalsis supported convincingly by studies of
ND,LiSO, [8]. Data obtained in structural studies of
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ALiSO, crystals, however, are not aways convincing
enough to warrant unambiguous conclusions regarding
the mechanism of the transitions involved. It would
seem at first glance that arguments for the ordering of
tetrahedra carry more weight and that the order—disor-
der model ispreferable[9-11]. However, acomparative
analysis of the structure of anumber of crystals[12] has
shown that the extent of ionic disorder depends on the
relative cation size.

It is known that, as a fundamental thermodynamic
property, the entropy of a phase transition AS makes it
possibl e to describe the mechanism of structural distor-
tions and that its magnitude depends not to a small
degree on the anharmonicity of critical-ion vibrations
[13]. Inthelimiting cases, i.e., for aweakly anharmonic
(displacive phase transformations) and a strongly
anharmonic potential (order—disorder transitions), the
values of AS differ greatly; they are ~0.1R and =0.7R
(RIn2), respectively.

Although many of the physical propertiesof ALiSO,
crystals have been studied in considerable detail [1], the
thermophysical aspects of phase transitions have not
been probed adequately, in particular, using calorime-
try. Reliable data on the entropy change associated with
a second-order transition from the orthorhombic phase
Pmcn have been obtained for CLSonly [14]. It hasbeen
found that AS= 0.2R is much closer to the value char-
acteristic of displacive transitions. Calculations made
with the model of stage-by-stage ordering of tetrahedra
as aresult of P6;/mmc — Pmcn —» P112;/n struc-
tural distortions [2] revealed that correlationsin vibra-
tions of critical ions can cause a substantial decreasein
transition entropy. In this case, ASfor CLSis~0.3Rfor
each of the two phase transitions.

The present communication reports on heat capacity
measurements for the NLS, RLS, and CNLS crystals
performed within a broad temperature interval includ-
ing the regions of structural transformations. The mea-
surements were carried out with the aim of broadening
our understanding of possible values of the entropy and
mechanisms of phase transitionsin ALiSO, crystals.

2. EXPERIMENTAL TECHNIQUES

CNLS (x = 0.95), NLS, and RLS crystals were
grown from agueous solutions by slow evaporation at
310 K. The identification and characterization of the
samples were performed in three steps. Room-temper-
ature x-ray diffraction studies alowed us to verify the
absence of starting components as impurities and of
foreign phases. The optical homogeneity of the samples
was established using a polarization microscope. In the
last stage of characterization, a DSM-2M differential
scanning microcalorimeter was employed to perform
calorimetric studiesin thetemperature range 120-520 K.
Samples were in both crystal and powder form. The
phase transition temperatures of the samples under
study were found to coincide satisfactorily with avail-
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able data obtained earlier by other techniques [1]. The
same calorimetric method was used in more thorough
thermophysical measurements carried out in the region
of high-temperature phase transitionsin NLSand RLS.
The rate of temperature variation in both heating and
cooling runs was 8 K/min in all experiments, and the
sample mass varied in the range 0.10-0.15 g. A more
detailed description of experimenta factors regarding
the determination of the phase transition enthalpy and
entropy can befound in [15].

Although the high-temperature phase transition in
NLS was studied by us earlier using differential scan-
ning calorimetry (DSC) [15, 16], we repeated these
experiments in this work on alarge number of powder
and single-crystal samples prepared under different
crystallization conditions. These statistical data permit-
ted us, first, to unambiguously determine the number of
phase transitions in NLS and, second, to obtain more
reliableinformation concerning the behavior of the heat
capacity.

Below 373 K, the behavior of the heat capacity of
NLS and CNLS crystals was investigated with adiabatic
calorimetry. The samples were plane plates with masses
of 1.288 g (NLS) and 1.585 g (CNLS). The measure-
ments were conducted in a fixture similar to that
employed in [17] for heat capacity measurements on
uniaxial ferroelectrics. The heat capacity of the fixture
was determined in a separate experiment. The heat
capacity of sampleswas measured in discrete (AT = 1.0—
2.5 K) and continuous (dT/dt = 0.16-0.50 K min™) heat-
ing modes. In the immediate proximity of the low-tem-
perature transition in NLS, quasi-gtatic thermograms
were obtained with a heating rate of 3 x 102 K min.

3. EXPERIMENTAL RESULTS
3.1.NLS

Figure 1 presents experimental data on the specific
heat C,(T) of an NLS crystal obtained within a broad
temperature range with an adiabatic (110373 K) and a
differential scanning (350-520 K) calorimeter in con-
tinuous and discrete heating modes. DSC does not pro-
vide sufficient accuracy in determining the absolute
values of heat capacity. Therefore, the data obtained
using this method were referred to adiabatic calorime-
ter measurements in the range 355-373 K.

Two heat capacity anomalies associated with a
sequence of phase transitions between the paraglectric
(Pmen), ferroelectric  (P2;cn), and ferroelastic
(P2,/c11) phases were detected.

The thermodynamic parameters of the high-tempera-
ture phase transition studied on alarge series of samples
proved reproducible to within acceptable limits. The
location of the heat capacity maximum T, = 460.5K var-
ied from one sample to another within 1.5 K. To deter-
mine the magnitude of the excess specific heat AC, and
the temperature interval of its existence in the P2;,cn
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Fig. 1. Specific heat of NLS over a broad temperature interval. The dashed line is the lattice specific heat. The top inset shows a
thermogram obtained in the heating mode near T,. The lower inset shows the excess specific heat in the vicinity of T».

and P2,/c11 phases, the regular component, i.e., lattice
specific heat (shown in Fig. 1 by a dashed line) was
found. We used the combined Debye-Einstein function
Ca(T) = A\D(Op/T) + ALE(O:/T) to fit the experimen-
tal data obtained far from the phase transition points
(114-203 and 308-373 K). The average deviation of
the experimental points from the smoothed curve was
approximately +0.5%. This procedure revealed that an
excess specific heat is present within a broad tempera-
ture interval both above and below T, (Fig. 1). These
findings correlate with earlier data on the behavior of
thermal expansion and birefringence [3, 18]. In this
case, the increased change in the enthalpy due to the
Pmcn — P2;cn transition obtained in the present
measurements, AH,; = 1300 + 150 Jmol—%, as compared
to the value of 1170 + 200 J mol~ derived from heat
capacity measurements performed on NLS within a
narrower temperature interval [15], appears natural. It
should aso be pointed out that none of the NLS sam-
ples studied by us revealed a splitting of the heat capac-
ity anomaly at T, into two peaks, which was observed
in [19] and assigned to the existence of a sequence of
phase transitions within a range 2-3-K wide.

The position of the heat capacity peak maximum
T, =287.7 K, accepted in the first stage as the temper-
ature of the second transition, agrees satisfactorily with
the values reported, for instance, in [1]. No other heat
capacity peaks were found between T; and T, and
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below T, within the scatter of experimental points.
Thus, our high-precison measurements performed
using the very sensitive calorimetric method also argue
convincingly against the existence of additional anom-
aliesinthe NL S heat capacity allegedly associated with
phase transitions occurring in the temperature range
330-350 K [20], near 250 K [21], and at 225 K [22].

Studies of NL S using quasi-static thermography in
the immediate vicinity of the phase transformation at
T, areillustrated in the upper inset to Fig. 1. The pat-
tern of the thermogram suggests heat absorption at the
transition. The phase transition temperature (T, =
287.6 + 0.1 K) was refined, and the enthalpy jump
(latent heat) was determined, dH, = 310 £ 15 Jmol .

Isolation of the lattice component revealed that the
excess specific heat of NLS below T,, which is not con-
nected in any way with the absorption of latent heat,
though small (AC, = 0.025C,; near T,), does neverthe-
less exist within a fairly broad temperature interval
(40-K wide) near T, (see lower inset to Fig. 1). With
inclusion of AC(T), the total enthalpy change associ-
ated with the P2,/c11 — P2;cn phase transition and

defined as AH, = J’AdeT + OH, was found to be

385+ 35 Jmol.

Repeated measurements of C,(T) in the vicinity of
the low-temperature phase transition performed in the
continuous heating mode at different rates (dT/dt =
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Fig. 2. Excess specific heat of NLSnear T, measured in suc-
cessive heating cycles. Numerals 1-4 label successive
experiments.

0.28-0.47 K min™) revealed the influence of thermal
cycling on the magnitude and position of the excess
heat capacity peak maximum at T, (Fig. 2). The largest
value of (ACp)ma Was measured in the first experiment,
whichischaracteristic of clearly pronounced first-order
phase transitions. Subsequent deviations of the magni-
tude of (AC,)n Observed to occur from one experi-
ment to another may be assigned, in particular, to deg-
radation of the thermal contact between parts of the
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crystal, which may form as aresult of sample cracking
caused by a noticeable jump in volume. However, the
changes in transition enthalpy from one experiment to
another turned out considerably smaller than the deter-
mination error. Under these conditions, the temperature
of the maximum (AC,)« varied within 0.6 K. In view
of acertain lack of reproducibility of the experimental
data as afunction of the sample heating rate, we should
accept for the transition temperature the val ue obtained
in the conditions closest to equilibrium, more specifi-
caly, that obtained in the quasi-static thermographic
measurements.

3.2.CNLS

The behavior of the specific heat of CNLSwith tem-
perature was studied using adiabatic calorimetry and is
displayed graphically in Fig. 3a. Also shown for com-
parison are earlier data on CLS aobtained and reported
in [14] (with the participation of one of the present
authors). As expected, partial substitution of ammo-
nium for cesium does aff ect the thermodynamic param-
eters, both far from and near the phase transition. The
temperature of the heat capacity maximum, considered
as the temperature of the Pmen — P112,/n phase
transition, rose in the solid solution by 5 K to become
Ty = 207.2 £ 0.7 K. The regular specific heat deter-
mined using same approximating function as used ear-
lier for NLS is shown in Fig. 3a by dashed lines. This
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Fig. 3. Temperature dependence of (a) the specific heat and (b) excess specific heat of (1) CNLSand (2) CLS[14]. The dashed line

isthe lattice specific heat.
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for RLS.

guantity turned out to be higher for the solid solution
throughout the temperature interval studied. Asfor the
excess specific heat, its behavior for CNLS changed
markedly (Fig. 3b). The narrow AC(T) peak observed
in CLS flattens out and becomes substantially smaller
in magnitude at T,. Note also that the regular specific
heat was described in [14] by a polynomial. Both in
CLS and CNLS, the Pmcn — P112,/n phase transi-
tion is a second-order transformation; therefore, the
change in enthalpy was determined by integrating the
AC,(T) function. No noticeable effect was observed of
the way in which C4(T) was represented on the
enthalpy of the Pmcn — P112,/n phase transition in
CLS (AH¢ s =335+ 25 Imol™); indeed, the difference
iswithin the accuracy of determining AH. In the case of
CNLS, the enthal py of the transition increased, as com-
pared to CLS, to reach AHqy s = 460 + 50 J mol—.

3.3.RLS

Since the phase transitions in RLS occur at temper-
aturesabove 370 K, the heat capacity of thiscrystal was
studied using the DSC method only. Figure 4 plots the
temperature dependence of the anomalous specific
heat. Three heat capacity peaks can be clearly discerned,
with the maxima lying at T, = 475 K, T; = 460 K, and
T, =439 K. Asfor theanomaly at T,, it mergeswith the
heat capacity peak at T,. Thisis, however, not of any
importance here, because we are interested primarily in
changes in the thermodynamic parameters associated
with the symmetry change Pmcn — P112,/n. This
distortion of the structure is a result of four successive
phase transitions occurring in RLS and of the direct
transformation to CLS. Therefore, our analysis of the
AC,(T) dependence for RLS was not aimed at answer-
ing questions regarding with the separation of the con-
tributions from each of the successive Pmen — | —
P2,c11 — P11n transitions to the enthalpy change
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AH, 3 = Z(AH, + AH, + AH,) = 1030 + 150 J mol. As
for the P11n — P112,/n transformation, the corre-
sponding enthalpy change was small, AH, = 70 Jmol—.
Thus, the total enthalpy change connected with the
structural transition from Pmen to P112,/n in RLS is
1100 J mol .

4. DISCUSSION OF THE RESULTS

The experimental results obtained in thiswork make
it possible to determine and anayze the thermody-
namic characteristics associated with the phase transi-
tions in ALiSO, crystals, in particular, the magnitude
and behavior of the anomalous specific heat AC, and
entropy AS, as well as to establish the applicability of
some thermodynamic relations connecting the thermo-
physical properties and other properties. The total
entropy changes in the case of first-order phase transi-
tions are defined by the sum of two contributions, AS=

oS+ I(ACp/T)dT . The first term is due to the abrupt

change in the transition parameter at the transformation
point and is calculated from the latent heat, dS= OH/T,.
For second-order transformations, the quantity AS is
naturally identified with the second term only.

The thermodynamic description of the phase transi-
tion sequenceinthe NLScrystal isoutlined in[23]. The
free energy F was presented as a function of the transi-
tion parameters & and n corresponding to librations of
the tetrahedral groups and macroscopic polarization P

AF = 0"+ BE'+YE + &P+ aP
2
+A(N: +N3) +By(n;+n3) +Bnin; (D)
3

+C(N;+n3) +HE(M:+n3) + ...
Because both transitions in NL S are first-order trans-
formations, the following relations were suggested in
[23l:a =0 (T-T),A=A(T-T,), T, >T,,B<0,and
B, < 0. The condition of the minimum 0AF/0P = 0

implied that & = —(al€)P,, in which case the free energy
can be written as afunction of two variables, AF(P, n):

AF = a(a/e)’PZ +B(ale) PL +y(ale) Py
+AMI+N5) +B(n;+n2) +Bnins

+C(ni+nd)’ +u(ale)’Py(ni +n3) + ...
Because only the coefficients a and A are temperature-

dependent, the total entropy change associated with the
phase transition sequence Pmcn — P2;cn —

P2,/c12 will be
OAF/AT = —AS = a;(ale)’Pi + A(ni+n3). (3)

No. 4 2005
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In accordance with [23], the conditions of stability of
the NLS phases can be written as

Pmcn: P,=¢=n,=0;, a>0,a>0,A>0,
P2,cn: Ps£20; &§#0; n,=n, =0, (4)
P2,/c11: P, =0; & =0; nf = n§ = r]z.

Hence, the entropy change at the Pmcn — P2;cn
phase transition can be identified with the first term on
the right-hand side of Eq. (3). The corresponding rela-
tion connecting the jump in entropy 8S, with the jJump
in polarization &P at the transformation point T, can be
cast as

35S, = a(ale)’dP2. (5)

A specific feature of the DSC technique employed by
us in high-temperature studies, in particular, on NLS,
consistsinthat it does not permit separation of the con-
tributions to enthal py (and entropy) associated with the
jump in the order parameter at afirst-order phase tran-
sition point and the gradual approach of the order
parameter to the saturation level. In other words, DSC
data cannot always provide a reliable conclusion con-
cerning the nature of atransition. The studies reported
in[16, 24] did not reveal any clearly pronounced jumps
in the birefringence An or polarization Pg at T,. How-
ever, a study [18] carried out with the participation of
one of the present authors showed that the pattern of the
strain behavior and of the quasi-static thermogram
argue persuasively for the presence of jumpsin volume
and enthalpy at the Pmcn —» P2;c¢n transition point. It
seems appropriate to quote a conclusion made in [25]
on the determination of the order of atransition in con-
troversial cases, which we believe to be correct: “...the
observation of latent heat (a jump in a transition
parameter) in at least one of a set of samples indicates
the transformation in a given substance to be a first-
order transition.” Thus, according to experimental evi-
dence[18], thetransition occurringin NLSat T, can be
unambiguously assigned to first-order transformations.
At the sametime, it isknown that the polarization [24],
birefringence [16], and thermal expansion coefficients
[18] of NL S undergo a change within a broad tempera-
ture interval between T, and T,. These facts imply that
the parameter of the transition increases gradually with
decreasing temperature. Because the entropy change,
according to Eq. (3), scales as the square of the transi-
tion parameter, there should al so be excess specific heat
in abroad temperature interval below T,. Experimental
data convincingly demonstrate that the Pmcn —
P2,cn phase transition is fairly close to the tricritical
point. This conclusion follows from the rel ative magni-
tude of the jump in enthalpy and its total change,
oH,/AH,; = 0.2, which turned out to be substantially
smaller than 1. It seems appropriate at this point to
recall the studies of the anomal ous part of birefringence
inNLSbelow T, [16], which led to asimilar conclusion
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concerning the position of the transition with respect to
the tricritical point.

In view of the above, the cal orimetric data presented
in [19], where the excess specific heat was found to
exist in NLS only within a narrow temperature region
AT =5K near T,, cannot be considered reliable. In this
case, most likely, the part of the anomal ous heat capac-
ity associated only with the absorption of latent heat
was detected. Indeed, integrating the AC,(T) function
yielded AH, = 2.9 J g [19], which is close to the
enthalpy jump dH, = 2.2 £ 0.9 J g determined and
reported by usin [18].

Taking the value of dH,; and the Curie-Weiss con-
stant C = 5.6 K [24], we can use Eq. (5) to estimate the
polarization jump at T, assuming therelation a,(a/e)? =
(21WC)T, [26] to be valid. The calculated value dP, =
0.1 uC cm? correlates satisfactorily with the figure
0.05-0.10 uC cm corresponding to the fastest varia-
tion of polarization near T, [24]. The reliability of the
experimental values is also corroborated by the results
of fitting the changes in the enthalpy dH, and the rela-
tive volume oV,/V = 4 x 10 [18], as well as of the
parameter characterizing the response of the crystal to
pressure, dT,/dp = 0.6 K GPa [1], to the Clapeyron—
Clausius relation dT,/dp = T,0V,/(VOH,). The calcu-
lated enthalpy jump 8H; = 1.5 J g agrees with the
experimental value to within attainable accuracy [18].

The above data al so make it possible to determine the
el ectric field-induced temperature shift of the Pmen —
P2,cn phase transition with the use of the “€electrical”
Clapeyron—Clausius relation dT,/dE = —dP,/0H,)T,
[26]. Unfortunately, we are not aware of any experi-
mental study of the T,(E) dependence. A comparison of
the calculated data (for T,) with experimental data (for
T,) suggests, however, that the high-temperature phase
transition (for whichwehavedT,/dE=1x 107K mV™)
is more stable against an electric field than the
P2,cn — P2,/c12 transformation (dT,/dE = 20 x
107K mV-1[27]).

X-ray diffraction measurements performed on NLS
show the SO, tetrahedrain the ferroel astic phase of NLS
to be completely ordered. Thus, the P2,cn — P2,/c11
structural transformation is actually atransition between
ordered phases, so the corresponding change in the
entropy should be substantially smaller than Rin2. How-
ever, since both space groups are subgroups of the Pmen
phase, they are not connected with each other through a
group—subgroup relation; therefore, this structural trans-
formation occurs between two irreducible representa-
tions and should be aclearly pronounced first-order tran-
sition [1]. The experimenta data obtained by us agree
with the structure transformation model. The total
entropy change AS, = 1.33 £ 0.04 Jmol~ K= (0.16 R)
did turn out to be small and characteristic of displacive
transformations. As for the relation connecting the
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enthalpy change at the transition point with its total
change, 6H,/AH, = 0.81, it argues for the P2,cn —
P2,/c11 transition (unlike the transition at T;) being
fairly far from thetricritical point.

In accordance with [28], the excess specific heat
below T, should satisfy, as follows from Eq. (1), the
relation

2
AC? _ EZA/BZ—BA'GJ 12C
OoTo0 - 74 +=—=(T=T). (6)
o A2 0O A

Here, in accordance with Eq. (4), B = (4B, + B,) and
A" = A(T, —T)). As seen from Fig. 5a, the excess spe-
cific heat squared isindeed alinear function of temper-
ature over afairly broad interval (15-K wide) near T..
This fact allowed us to derive expressions relating the

coefficients of the potential in Eq. (1) A?/ B =17 x

102 Jmol-tK2and AY/C =1.2 x 102 2 mol2K-3 and
the quantity T, — T, = B%4A;C = 10 K. The degree of
proximity of the first-order (B < 0) transition to the tri-
critical point was established using the expression [28]
N = (B%(3A;CTp))¥?=-0.22.
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In accordance with Egs. (3) and (4), the entropy
change &S, is connected with the abrupt appearance of

anew transition parameter, 1 f + r]§ , a T,. The corre-
sponding jump in volume, dV,/V = —4.6 x 10%, is cal-
culated from the Clapeyron—Clausius equation using
the data on the effect of hydrostatic pressure, dT,/dp =
—26 K/GPa[1]. Thus, at the phasetransitions Pmcn —»
P2,cn (8V,/V = -4.0 x 10%) and P2,cn —» P2,/cl1,
the unit cell volume of NL S undergoes changesin vol-
ume which are similar in magnitude and opposite in
sign.

Studies of the elasticity and optical properties
showed the Pmcn — P112;/n transition in CLS to be
satisfactorily described in terms of the Landau phenom-
enological theory [29]. We carried out a similar analy-
sisfor the temperature dependence of the heat capacity
of thiscrystal. The behavior of the square of theinverse
excess specific heat of CLS near T, turned out to bein
agreement with Eqg. (6) (Fig. 5b). As seen from Fig. 5b,
thisrelation is not met for CNLS. The reason for these
discrepancies is most probably associated with the fact
that, although CNL S was characterized as a crystaline
compound, the ammonium ion could play the part of an
impurity that makes the phase transition diffuse and
distorts the real behavior of the excess specific heat.

Asfor the entropies of the phase transitionsin CLS
(A s=1.66+ 0.13 IJmolt K1) and CNLS (A s =
2.24+ 0.23 Jmolt K1), the difference between themis
seen to be larger than the experimental error of their
determination. One of thereasonsfor theincreasein AS
may be associated with the fact that the transition in the
solid solution approaches the tricritical point lying on
the T(x) line [3], which governs the stability of the
Pmcn phase.

As dready pointed out, the assignment of heat
effectsin RLS to particular phase transitions is compli-
cated by their being close in temperature. However, the
structure of RLS contains, within certain temperature
intervals, ferroelastic phases P2,/c11 and P112,/n,
which also occur in NLS and CLS, respectively. While
the entropy changes due to the same P2,/c11 mono-
clinic distortion are relatively small, the total value for
NLS (AS, + AS, = 4.24 + 0.42 I mol K-Y) is substan-
tially larger than that for RLS (AS, + AS, + AS; = 2.08 +
0.20 J molt K-1). Also, the difference between the
entropies greatly exceeds the error of their determina-
tion. However, the entropy changes due to the forma-
tion of the P112,/n monoclinic phasein CLS (1.66
0.16 J mol=t K1) and RLS AS, + AS, + AS; + AS, =
2.25+ 0.22 IJmol~* K1) are closer in magnitude.

The mechanisms of the phase transitions occurring
in crystals with an a-K,SO, or 3-K,S0O, structure have
been considered in severa experimenta and theoretical
studies [1, 2, 7]. In many cases, the researchers were
inclined to believe that the SO, tetrahedra, which are
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disordered over four positions in the a-K,SO, phase
and over two positions in the 3-K,SO, phase, become
ordered after phase transitions and occupy only one
position in different distorted phases of symmetry
|lower than Pmen; in other words, transitions from the o
and 3 phases should be of the order—disorder type.
Straightforward model concepts suggest that the
sequence of these transitions should be accompanied
by changesin the entropy of R(In2 + In2).

However, avail able experimental data do not always
agree with the expected large value of AS. As estab-
lished reliably by repeated measurements [1], only for
K,SO, undergoing a single transition G, — G;
(Pmcn) isASindeed equal to RIn4. The situation is dif-
ferent for K,SeO,, where the same phase transition
involves one-half the above entropy change, AS= Rin2
[2], and is apparently accompanied by partial ordering
of the tetrahedra. As the temperature decreases further,
however, this crystal undergoes three successive phase
transitions [1], for which the changes in entropy are
very small (<0.1 R) and argue rather for the mechanism
of dlight atomic displacement than for ordering in the
case where the symmetry islower than Pmen. This sug-
gestion is also substantiated by the observation of asoft
mode in the 3 phase of this crystal [1].

As already mentioned, the a phase does not formin
ALiSO, up to the melting or decomposition tempera-
ture. The entropy changes due to the phase transitions
from the Pmcn orthorhombic phase in the crystal s stud-
iedin[4, 14] and the present work are summed upin the
table. The main point to mentionisthat, except for TLS,
all the entropy changes ASdetermined by various meth-
ods are substantially smaller than the expected value
RIn2 = 0.7R, if we assume that the SO, tetrahedra
occupy two equivalent positions in the Pmen phase.

It would be instructive to point out that the kind of
phase transition that occurs and its proximity to the tri-
critical point for different ALiSO, compounds turned
out to be different. The Pmcn structure suffers distor-
tions as a result of a second-order transformation in
CLS and CNLS and of a first-order transition in the
other crystals. Note also that, according to [4], the total
entropy change of RIn2 occurs in TLS in a narrow
region near T; therefore, the distance of the transition
from the tricritical point is quite large (at least as com-
pared to NLS).

It is known [13] that second-order transitions may
give rise to strong correlations, which appear in the ini-
tiad phase long before the transition temperature is
reached. The analysis of CLS in [9] was based on the
structural model of disordered tetrahedra, because inclu-
sion of the anisotropy of thermal vibrationsresulted in an
improvement of the magnitude of the R factor. Monte
Carlo studies of the order—disorder modd (four-state
model [1]) were applied in [2] to P6/mmc —
Pmcn — P112,/n successive phasetransitionsin CLS
under the assumption that the crystal has a hexagonal
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Thermodynamic parameters of the phase transition (PT)
from the Pmen phasein ALiSO, crystals

Crystal T, K AS)/R | PT order | Reference
NLS 461 0.35 I Thiswork
RLS 475 0.25 I "
CNLS 207 0.27 1

CLS 202 0.20 0 [14]
TLS 288 0.69 I [4]

phase, which has not been observed experimentaly. It
was established that the presence of strong short-range
tetrahedron correlations (caused by competitive inter-
actions among the tetrahedra) in the disordered hexag-
onal and the partially ordered orthorhombic phases
resultsin adecreasein thetransition entropy by afactor
of more than 2 with respect to RIn2. This conclusion is
in satisfactory agreement with the experimental value
of the entropy change for CL S (see table).

The above reasoning no longer seems convincing
when one invokes data obtained by other researchers
who analyzed competing models of the structure of
ALiSO, crystals. It wasfound in[11], for instance, that
for RLS the modd that considers anharmonic vibra-
tions of the tetrahedra is the most appropriate. Prefer-
ence was given, however, to the model assuming their
disorder over two positions, in accordance with the
observation of two maxima in the electron density dis-
tribution for oxygen atoms. However, the data reported
in [12], where, as we believe, the structure was most
carefully analyzed, seems more substantiative. Evi-
dence for the vibrations of SO, tetrahedrain the Pmcn
phase of NLS, RLS, and RCL S being characterized by
different degrees of anharmonicity was presented.
Electron density mapsfor NLSindicate that the oxygen
atom does indeed have two equilibrium positions cou-
pled by tilting of the SO, group. After the transition to
the G, phase, the oxygen atom orders in one of these
positions. The rubidium analog reveal s the same situa-
tion, although less clearly pronounced. However, small
additions of cesium (~9 mol %) radically change the
electron density distribution around the oxygen atomin
the RCLS structure [12] and the double-peak pattern
corresponding to two oxygen positions disappears. The
structural data obtained were used to calculate the
parameters of the two-minimum potential confining the
vibrations of a regular rigid tetrahedron. It turned out
that the height of the potentia barrier 1.2kgT,; permits
assignment of the transition from the Pmcn phase to
“pure” order—disorder transformations only in NLS. In
the ferroelectric phase, the potential becomes asym-
metric, with the stable tetrahedron configuration corre-
sponding to one of the disordered phase configurations.
Thebarrier height in RLSisonly 0.75kgT;, which indi-
cates a considerable decrease in tetrahedron vibration
anharmonicity asaresult of thetetrahedral cation being
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replaced by a spherica one. The most remarkable
observationisthat, asthe Rbionispartially replaced by
thelarger Csinthe RCLS compound (Rb, ¢Cs; 1 LiSO,),
the potential barrier decreases in height by nearly four
times (<0.2kgT;). This convincingly shows that the
vibrations of critical ions in each of the crystals are
anharmonic to different degrees, which should natu-
rally manifest itself in the entropy of a phase transition.
Asseenfromthetable, the variation in ASfrom one sam-
pleto another correlates with this hypothesis; indeed, the
transition entropy decreases with increasing cation size.
Thus, the increase in the cation ionic radius in the

ALiSO, series[(NH, (143 A) —= Rb* (148 A) —~

Cs' (1.65A))] isapparently capable of suppressing dis-
ordering of the SO, tetrahedra.
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