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Abstract—Crystals of Cs,(NH,4); _,LiSO, (0.39 < x < 1.0) solid solutions are grown and investigated using
polarized light microscopy and measurements of the birefringence in the temperature range 100-530 K. The
(%=T) phase diagram of the Cs (NH,), _,LiSO, solid solutionsis constructed. It is demonstrated that, upon sub-
stitution of ammonium for cesium in the CsLiSO, crystal, the phase transition temperature gradually increases
to such a degree that the ferroel astic phase can exist at room temperature. The triple point of intersection of the
Pmcn, P2;cn, and P112,/n phase boundariesis determined. It is established that the introduction of ammonium
in small amounts has an unusually strong effect on the refractive properties and character of the ferroelastic
phase transition in the CsLiSO, crystal. © 2004 MAIK “ Nauka/lnterperiodica” .

1. INTRODUCTION

Crystalsof the ALiSO, (A =K, NH,, Rb, Cs) family
contain LiO, and SO, tetrahedral groupsthat arelinked
into a framework structure of the tridymite type (cat-
ions A occupy large-sized holes). These crystals are
convenient model objects for investigating phase tran-
sitions owing to the great diversity of phases and
sequences of changesin the symmetry upon phase tran-
sitions. Moreover, structural transformations occurring
in these materials are primarily associated with step-
by-step orientational ordering of structural groups[1].

For crystals with a large-sized Cs" cation, namely,
crystals of cesium lithium sulfate CsLiSO,, the initia
structure with symmetry Pmen (¢ = ¢p) ismost stablein
the crystal family under investigation and isretained up
to a temperature Ty; = 202 K, at which the CsLiSO,
crystal undergoes only one ferroelastic phase transition
from the initial phase to the phase with monoclinic
symmetry P112,/n (¢ =¢y) [2]. The unit cell parameters
of this crystal at room temperature (293 K) are as fol-
lows: a=5.456 A, b=9.456 A, andc=8.820 A [2].

For crystals with a small-sized A* cation, namely,
crystals of ammonium lithium sulfate NH,LiSO, in the
B modification[3], theinitial phase becomes unstabl e at
higher temperatures. During cooling, this compound
undergoes the following sequence of phase transitions
with achange in theinitial symmetry:

Pmcn(c = ¢;) == P2,cn(c=c,)
— P2,/cl1(c = 2c,) == Clcl(c=2cy)

at temperatures T, =460 K, T, =284 K, and T; = 27 K,
respectively [4-6]. The phase is ferroel ectric with con-

siderable Tontaneous polarization at room temperature
(a=5.28A,b=9.14 A, c=8.786 A) [5] and ferroelas-
tic below ~284 K.

Earlier [7], we showed that, in the concentration
range 0 < x < 0.35, Cs(NH,), _,LiSO, crystals form a
continuous series of solid solutions. An increase in the
cesium content x leads to agradual decrease in the phase
trangition temperatures T, and T,. However, the character
of the high-temperature phase transition does not change
[the critical exponent, which corresponds to the temper-
ature dependence of the birefringence (n, — ny)(T),
remains constant and equal to 23 = 0.24 + 0.01 for all
compositions], even though the magnitudes of the bire-
fringence and enthalpy anomalies decrease with an
increase in the cesium content x in the crystal. As the
cesium content increases, the low-temperature transi-
tionat T =T, becomes more similar to afirst-order tran-
sition: the birefringence jump on increases, and the
temperature hysteresis AT becomes more pronounced.
Moreover, according to the (x=T) phase diagram [7],
the region of existence of the ferroelectric phase is
more extended at low contents x and the ferroelastic
phase with symmetry P2,/c11 disappearsat x> 0.22. In
this respect, it isimportant to determine the boundaries
of the regions of theinitial, ferroelectric, and ferroelas-
tic phases with symmetries Pmen, P2,cn, and P112,/n,
respectively.

In the present work, we continued our investigations
of Cs(NH,),_,LiSO, solid solutions in the concentra-
tion range 0.35 < x < 1.0. For this purpose, we used
polarized light microscopy and measurements of the
birefringence of the crystals under investigation.
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Fig. 1. Graph illustrating the influence of annealing on the
temperature and character of the phase transition in a
Cs(NH,)1 _4LiSO4 (x=0.5) solid solution according to the
results of measurements of the rotation angle of the optical
indicatrix ¢(T) with respect to the [001] direction: (1) prior
to annealing and (2) after annealing.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Single crystals suitable for our experiments were
prepared using two procedures described earlier in [7].
The quantitative composition of these crystals was
determined by atomic absorption analysis. Crystas
with a cesium content in the range x = 0.35-0.6 were
grown from amixture of NH,LiSO, and CsLiSO, solu-
tions in caustic ammonia taken in required proportion.
Compounds with a cesium content in therangex = 0.6—
1.0 were prepared through slow evaporation of the
appropriate mixtures of NH,LiSO, and CsLiSO, aque-
ous solutions at T = 310 K. For optical investigations,
samplesin theform of plateswith different orientations
and thicknesses were oriented using a URS-1 x-ray
instrument. For the reasons givenin [7], prior to optical
and thermal investigations, the samples were necessar-
ily annealed at a temperature of approximately 470 K
for 2 h. The necessity of performing this annealing is
illustrated in Fig. 1, which presents the results of mea-
surements of the rotation angle of the optical indicatrix
¢(T) with respect to the [001] direction for asolid solu-
tion with x = 0.5 prior to and after annealing. For the
sample not subjected to annealing, the phase transition
temperature increases and inhomogeneous stresses
arising in the crystal lead to a smearing of the observed
anomaly, because, as was shown by Chekmasova et al.
[8], the hydrostatic pressure substantially affects the
phase transition temperature of the NH,LiSO, crystal
(dT,/dp = 90 K/GPa). Upon annealing, the stresses are
relieved and the dependence ¢(T) acquires a more per-
fect shape.

The crystal plates prepared were used in optical
investigations and measurements of the birefringence
from the (001) and (100) sections in the temperature
range from 77 to ~500 K. The birefringence was mea-
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Fig. 2. Temperature dependences of the rotation angle of
the optical indicatrix with respect to the [001] directionin
Csy(NH,); _4LiSO, crystals at cesium contents x =
(2) 1.00, (2) 0.95, (3) 0.90, (4) 0.80, (5) 0.71, (6) 0.5, and
(7) 0.39.

sured on a Berec compensator with an accuracy of
[1107° and a Senarmont compensator with a sensitivity of
no lessthan [(110~". The former compensator made it pos-
sible to examine small-sized samples and to determine
the birefringence magnitude. The rotation angle of the
optical indicatrix was measured using a polarizing
microscope with an accuracy of £0.5°.

3. EXPERIMENTAL RESULTS

Observations of the single-crystal plates in polar-
ized light revealed that crystals of all the studied com-
positions (in the corresponding temperature ranges) are
characterized by atwin structuretypical of the CsLiSO,
ferroelastic phase. At temperatures below Ty, crystal
plates of the (001) section have a streaky structure. The
structural components differ in the extinction positions
by an angle 2¢. The temperature dependences of the
rotation angle of the optical indicatrix ¢(T) with respect
to the [001] direction of a single twin are depicted in
Fig. 2. Curve 1 represents the experimental data for
pure cesium lithium sulfate CsLiSO,. A comparison of
curves 1-5 shows that an increase in the ammonium
content in the solid solution leads to agradual displace-
ment of the phase transition toward the high-tempera-
ture range. This is accompanied by an increase in the
rotation angle of the optical indicatrix, but the phase
transition, as before, proceeds in agradual manner. For
these compositions, the phase with monoclinic symme-
try P112,/nisretained up to the liquid-nitrogen temper-
ature. In the case of a solid solution with x = 0.5, i.e,,
when the ammonium content is equal to the cesium
content (Fig. 2, curve 6), the phase transition tempera-
ture increases to such a degree that the monoclinic
phase can exist aready at room temperature; however,
the stability region of the monoclinic phase becomes
substantially narrower. Upon cooling in the tempera-
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Fig. 3. Temperature dependences of the birefringence (n, —ng)(T) for Cs,(NHy4), _ LSO, solid solutions at cesium contents x = (1)
1.00, (2) 0.99, (3) 0.95, (4) 0.80, (5) 0.5, and (6) 0. (7) Temperature dependence of the birefringence (n, — n,)(T) for the sample at

x = 0.39 upon heating and cooling.

ture range close to the phase transition point Ty, = 220K,
the magnitude of the rotation angle of the optical indi-
catrix drastically decreasesto zero and the crystal again
transformsinto the orthorhombic phase. For the sample
at acesium content x = 0.39 (Fig. 2, curve 7), the phase
with monoclinic symmetry P112,/n isobserved only in
anarrow temperature range (~25 K). Thethermal inves-
tigations of the second optical harmonic in samples at
cesium contents x = 0.5 and 0.39 revealed that the crys-
tal has a center of symmetry (the second optical har-
monics is absent) at temperatures above T = Ty, and is
characterized by the 2w generation below thistempera-
ture. As aresult, the crystal loses the center of symme-
try and transformsinto the phase with an orthorhombic
polar group.

The results of investigations into the temperature
dependences of the birefringence An, = (n, — n) for
Cs,(NH,); _,LiSO, solid solutions with different
cesium contents x are presented in Fig. 3. These data
also indicate a gradual displacement of the phase tran-
sition toward the high-temperature range with an
increase in the ammonium content in the material.
Moreover, it isfound that the substitution NH, —~ Cs
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strongly affectstherefractive properties of the CsLiSO,
crystal. The introduction of small amounts of ammo-
nium into the CsLiSO, compound radically changesthe
optical indicatrix. As a result, the birefringence An,
reverses sign. It is known that the refractive indices of
theinitial crystalsarein the following proportions: n. >
n, for the CsLiSO, crystal [9] and n, > n, for the
NH,LiSO, crystal [10]. Indeed, as can be seen from
Fig. 3, the birefringence An, = (n, — n) is negative for
pure CsLiSO, (curve 1) and positive for pure

NH,LiSO, (curve 6). Theintroduction of 1 mol % NH,

into the CsLiSO, compound leads to a change in the
sign of the birefringence An, and affects the tempera-
ture dependence of An, (Fig. 3, curve 2). A further
increase in the ammonium content in the crystal affects
only the phase transition temperature (Fig. 3, curves 3—
5). For a cesium content x = 0.5 (Fig. 3, curve 5), the
crystal undergoes the second phase transition at atem-
perature To, = 220 K, which isattended by ajump in the
birefringence. For comparison, curve 6 in Fig. 3 shows
the temperature dependence of the birefringence An, for
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Fig. 4. Phase (x-T) diagram of the Cs(NH,)1_LiSO,
solid solutions according to the DSC data obtained upon
heating [7] (open circles) and the results of optical investi-
gations upon cooling (closed circles).
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Fig. 5. (1) Anomaly of the birefringence of the CsLiSO,
crystal and the decomposition of this anomaly into (2) the
fluctuation component and (3) the component associated
with the parameter of the phase transition.

pure NH,LiSO, upon the phase transition Pmcn —
P2,cn.

Solid solutions with a cesium content x = 0.39 were
examined using a crystal plate of the (001) section
(Fig. 3, curve 7). The temperature dependence (n, —
ny,)(T), like the dependence ¢(T), is characterized by
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two special points that correspond to two phase transi-
tions. The high-temperature transformation observed at
a temperature T, exhibit features specific to second-
order phase transitions. The birefringence jump and
pronounced temperature hysteresis (AT = 30 K)
observed at atemperature T, indicate that thistransfor-
mation is afirst-order phase transition.

4. DISCUSSION

The phase diagram of the Cs(NH,), _,LiSO, solid
solutions (Fig. 4) was constructed according to the
results of optical investigations performed in this work
and data obtained earlier in [7]. As can be seen from
Fig. 4, the dependence of the instability temperature of
theinitial phase on the cesium content in the solid solu-
tion exhibits anearly linear behavior. The end points of
this dependence correspond to the CsLiSO, and
NH,4LiSO, compounds. The compositions with cesium
contents X = 0.4 are characterized by a triple point at
which the Pmen, P2,cn, and P112,/n phases coexist.
The quantity dTy/dx for the P112,/n—P2,cn phase
boundary is considerably larger than that for the other
phase boundaries.

Thetemperature dependence of the anomal ous com-
ponent of the birefringence of the CsLiSO, crysta in
the range below the phase transition temperature Ty, iS
plotted in Fig. 5. This dependence was obtained by sub-
tracting the linear dependence of the birefringence
(extrapolated from the initial phase) from the depen-
dences depicted in Fig. 3. As can be seen, the pretransi-
tion effects are observed over awide temperature range
(=100 K) above the phase transition temperature. Sim-
ilar effects were revealed earlier in the temperature
dependences of the lattice parameters and in the heat
capacity curve [11]. At temperatures close to Ty, the
anomalous component of the birefringence governed
by the pretransition phenomena reaches 20% of the
total anomaly. For thisreason, the phase transition tem-
perature and the birefringence anomaly associated with
the parameter of the phase transition below T; cannot
be determined from the temperature dependence of the
birefringence An,. The fluctuation contribution of the
transition parameter to the birefringence can be
excluded, by analogy with [12], under the assumption
that the temperature dependence of the fluctuation
component of the birefringence anomaly above and
below the phase transition temperature is symmetric
with respect to the Ty, temperature. The decomposition
of the birefringence anomaly near T, into the fluctua-
tion component and the component associated with the
transition parameter (dn,) for the CsLiSO, crystal is
illustrated in Fig. 5. The temperature dependence of the
latter component on alogarithmic scale makes it possi-
ble to determine the critical index of the temperature
behavior of thetransition parameter. Making allowance
for the fact that the anomalous component of the bire-
fringence measured in the orthorhombic setting is pro-
portional to the transition parameter squared, i.e.,
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Fig. 6. Temperature behavior of the anomalous component
of the birefringence in the ferroelastic phase of
Cs(NHy)q - «LiSO, crystals at cesium contents x = (1)
1.00, (2) 0.99, (3) 0.95, (4) 0.80, and (5) 0.5.

dn,(T) ~ n? ~ (T, — T)?, we determine the “nonclassi-
cal” critical index 3 = 0.38 £ 0.01. The nonclassica
magnitude of the critical index can be explained by the
closeness of the phase transition to the Landau tricriti-
ca point. In this case, the term with n® must be taken
into account in the expansion of the thermodynamic
potential because of the smallness of the coefficient of
N In actua fact, the results of calculations performed
according to the procedure described in [13] demon-
strated that all experimental points of the curve dn,(T)
fall on alinear curve AT/dn ~ on. The phase transition
point isfound to be closeto thetricritical point (second-
order phase transitions), and the quantity (T, —T,) isthe
measure of closeness to the point T, (in our case, this
differenceisequal to 1.1 K).

The introduction of small amounts of ammonium
(1 mol %) into the initial compound CsLiSO, brings
about a drastic decrease in the pretransition effects and
a change in the shape and magnitude of the birefrin-
gence anomaly (Fig. 6). With a further increase in the
content x, the birefringence “tail” associated with the
pretransition phenomena increases progressively but
the shape and magnitude of the birefringence anomaly
in the distorted phase remain unchanged. The critical
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index B was determined from the dependence dn,(T)
plotted on a logarithmic scale. For all compositions
with x £ 1, the critical index proved to be equal to 3 =
0.25 + 0.01. Moreover, the linear relationship (0n,)? ~
nN*~T—T,, issatisfied within atemperature range 60 K
below the phase transition point. This indicates that, in
the solid solutions under investigation, the phase transi-
tion corresponds to the Landau tricritical point and that
the coefficient of the term with n* in the expansion of
the thermodynamic potential is equal to zero.

5. CONCLUSIONS

Thus, the results of the above investigations demon-
strated that the substitution of even small amounts of
ammonium for cesium in the cesium lithium sulfate
compound substantially affects the optical characteris-
tics of the material and the character of the phase tran-
sition; however, the ferroelastic nature of the phase
transition remains unchanged. The assumption was
made that the observed change in the optical properties
is most likely associated with the specific features of

the molecular ion NH; introduced into theinitial com-

pound. It should also be noted that our earlier investiga:
tions [14], in which the atomic cation Rb* was substi-
tuted for the Cs" ion, did not reveal radical changesin
either the optical properties of the crystal or the charac-
ter of the phase transition.
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