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Abstract. Seven different RpCs,_,ZnCly crystals were grown with O< x < 2 while
seven different KCs_,ZnCly crystals were grown with 0< x < 1, the limit valuex = 1
corresponding to the clearly defined KCsZp@bmpound. A crystallographic study of these
solid solutions was performed by comparison with the purgZ8€l, crystal. Structures were
solved in thePnmaspace group for the rubidium solid solutions and in #2,2:2; space
group for the potassium ones. It was shown that the distribution of Cs and Rb, or Cs and K,
among the two cationic sites called; Aand A was not random: Rb and K exhibit a higher
affinity for the smallest cavity, the Asite. While the phase transition of nCly and K;ZnCly
can be interpreted as rotations of the rigid Zp@trahedra mainly around the direction, the
substitution of Cs by Rb or K not only supplies theotation of ZnC}, tetrahedra but, as shown
by a first-order approximation model, also changes their size and shape.

1. Introduction

Potassium tetrachlorozincate ZnCl, undergoes the classical phase sequence for 1BXA
compounds: starting from the normal paraelectric orthorhombic high-temperature phase
(N) (space groupPnm3, the crystal transforms to an incommensurate phase (INC) at
T; = 553 K [1, 2]. In the incommensurate phase, the crystal lattice is modulated along the
a direction with the wave number modulation vectpe (1/3 — §)ag, Whereag represents
the reciprocal lattice parameter of the normal phase. The commensurate ferroelectric
phase (C) (space groupn2ia at T, = 403 K [3] is caused by the lock-in of at the
commensurate valug = 1/3ao. Thus, the unit cell is tripled along the axis. Recent
studies displayed other phase transitions arofing= 250 K and 145 K [4,5]. Rubidium
tetrachlorozincate REnNCI,; exhibits the same phase transitions but with lower transition
temperatures:7; = 302 K, 7. = 189 K [6,7] andT; = 75 K [8-11]. On the other
hand, caesium tetrachlorozincate,ZsCl, does not exhibit any phase transition: at each
temperature it belongs to the normal paraelectric phase (space Brong.

The crystal structures of each phase of these three compounds have been widely studied
by x-ray neutron diffraction and other methods. For example, see [12-15] A6n®,
[16—18] for RkZnCl, and [19] CsZnCl,.
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The lattice structure of the normal phase (space gRmupg consists of four symmetry-
related groups of one Zngletrahedron and two alkaline atoms (Cs, Rb or K). As an
example, the projection along theaxis of the CsZnCl, structure is presented in figure 1(a).
Each atom is in a special position except for the equivalent chlorine atonan&IC), which
are in a general position. The and Cs cations can occupy two crystallographically non-
equivalent sites, labelledAand A. Another projection given in figure 1(b) shows that
the normal phase structure can also be described as the juxtaposition of two parallel chain
types. The caesium cations situated in the gkte build up an alternating linear chain
(usually labelled ag8) with the tetrahedra: .. Cs"(ZnCly)>~Cs' ... parallel to thea axis.

The second chaifie) consists solely of caesium positioned in the gite. This zig-zag
chain,...Cs"—Cs' ..., is situated in a symmetry plane, parallel to thelirection, and its
average position corresponds to the position of the pseudo-hexagem@ of the ABX,
type structure.

The instability presented by these compounds is interpreted as rotations of rigigd ZnCl
tetrahedra, which are the most voluminous entities of the structure [17]. The existence of
an incommensurate lattice instability, or its absence for CsZrd&lpends basically on the
effective volume of the alkaline cation compared with the size of the Zteébahedra [20].

The latter can be compared to rigid and undistorted entities. If they are sufficiently free,
the structure is stable; if they are compressed in the normal phase, the structure is unstable
and a transition is observed when the temperature decreases.

In order to obtain a better insight into the transition mechanism of gz &I, materials,
we decided to vary some stability parameters. Thus, we synthesized solid solutions
composed of the same tetrahedron ZnGInd one cation with increasing atomic radii:
K*, Rb" and C". We performed a systematic structural study of severald®h ,ZnCl,
and K,Cs,_,ZnCl, compounds. The structural data permitted us to obtain information on
the occupation probability in host sites and on the behaviour of ZteéiMahedra in mixed
compounds.

Experimental details are presented in section 2. Subsection 3.1 is devoted to the
structural determination of the two types of mixed compound. finally, subsection 3.2 is
related to the phase transition mechanism study for our compounds. This study used the
thermal agitation of the Zn@ltetrahedra and the static deviations of these tetrahedra from
their position in CsZnCl,.

2. Experimental details

2.1. Sample preparations

Homogeneous composition in the whole crystal is the essential condition that allows the
study of the alkaline cation distribution in our mixed compounds. The monocrystals we have
used were grown by the procedure described by Aretnal [21] based on a temperature
difference growth with thermally enforced convention and the use of saturated solutions
in equilibrium with precipited solid phase. This method enables us to maintain a constant
concentration of solution around the crystal during the whole growth process. Two different
growth methods provided us with two kinds of sample:

(i) small samples of about.®x 0.3 x 0.3 mn? for the radiocrystallographic studies;
(i) bigger samples (1 or 2 c#h for the dielectric measurements.

Rb,Cs_.ZnCl, crystals were all grown in the same conditior:= 313 K, AT = 3 K.
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Figure 1. The crystal structure of G&nCl, viewed along (a) the axis and (b) thé axis.
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Figure 2. The experimental dependence xofin the crystal onx’ in the mother solution for
(a) the RRCs,_ZnCly mixed crystals and (b) the }Cs_,ZnCls mixed crystals.

The supersaturated solutions were obtained by dissolving weighed amounts of RbCI, CsCl
and ZnC} in a constant volume of warm water (molar ratio: 2 — x : 1). For the
K.Cs_,ZnCl, crystals, we replaced RbCIl with KCI and the temperature conditions were
T =293 K, AT =3 K.

The composition of the mother solution was different of that of the mixed crystals, and
analysis was necessary for each.Bb_,ZnCl, or K,Cs,_,ZnCl, crystal we studied. The
chemical analysis, using atomic emission spectroscopy, was performed for each composition.
The results were compared at the end of each structure refinement by comparison with the
x value calculated from the occupation probabilities of K, Rb or Cs in the two cationic
sites of the structure defined above. The results obtained by the two methods are in good
agreement.

2.1.1. RRCs_,ZnCl, compounds. Seven samples were synthesized corresponding to
1) x =034, (2)x = 054, 3)x = 0.71, (4)x = 111, (5)x = 1.31, (6) x = 1.59
and (7)x = 1.89.

Figure 2 shows the correspondence betweemdx’ defined in the crystal and in the
mother solution respectively.

2.1.2. KCs_,ZnCl, compounds. Crystals with seven different concentrations were also
grown but with 0< x < 1: () x = 022 (2) x = 0.27, (3) x = 043, (4) x = 0.62,
(5) x =0.70, (6') x = 0.85 and(7") x = 1.00.

Several series of crystallizations were performed. Figure 2 gives the experimental
dependence of on x’. Data are shown for three different crystallizations labelled 1-3,
for which the process was slightly different. Only compounds witk & < 1 can be
elaborated. When the potassium concentration increases in the solutionctp-th.995,
we obtain crystals with a limit composition KCszZnCl
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2.2. Characterization measurements

2.2.1. Calorimetric experiments.Calorimetric measurements were performed on a Perkin—
Elmer DSC-7 differential scanning calorimeter at a scanning speed of 10 K!nain
cooling/heating. For all experiments, the sample, about 10 and 80 mg, was hermetically
sealed in metal capsules.

2.2.2. X-ray experiments.The pattern of Bragg reflections was recorded at room
temperature, measured by the precession method with &uadiation. This allowed
us to check the quality of the sample and the absence of the incommensurate phase.

A) A)
_ 13.0

—
)

~

/

+

\o

I Y

¥ I 12.4

E\'\.\ 9.8

)
o0
n

Nel

N

n L
/
o

N
/
)

T T T T T X
0 05 1 1.5 2 0 02 04 06 08 1 1.2

(a) (b)

Figure 3. Evolution of the cell parameters versus the compositian (a) the RRCs,—,ZnCly
mixed crystals (forx = 2, the results are referred to [18]) and (b) theG&_,ZnCls mixed
crystals.

Data for structure determination were collected on an Enraf~Nonius four-circle
diffractometer with monochromatized Mo oK radiation ¢ = 0.71073 A; graphite
monochromator), using a microVAX 3100 computer. Lattice parameters were refined from
setting angles of 25 reflections in thé & 6 < 15 range. About 7000 reflections with
1° < 6 < 30> were collected using the/26 scan technique. During each data collection,
three standard reflections were measure?ifaintervals to verify that the intensity variation
was negligible. The data were reduced and corrected for Lorentz and polarization effects,
with semi-empirical absorption corrections, using the MolEN [22] programs. They were
also used for resolutions and refinements of the structures. An improvement of the MolEN
programs permitted us to refine the occupation probability in host sites. In fact, a new
refined parameter was introduced in the basic programs. This parameter is the occupation
probability, at one site, for caesium, rubidium or potassium ions. In practice, only one
multiplicity is refined; the second one is deducted so that the sum at one site is constant
and equal to one. Obviously, the multiplicity of each cation (K, Cs or Rb) calculated with
these refinements is an average distribution for a great number of cells.
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3. Results and discussion

3.1. Structural rules

3.1.1. The space group and unit cellOn one hand the extinction rules were observed for
Okl with h +1 = 2n 4+ 1 andhk0 with 2 = 2n + 1 reflections without any violation for
each RRCs,_,ZnCl, crystal. Therefore, the space group could be the non-centrosymmetric
group Pn2;a (No 33) or the centrosymmetric grolgmma(No 62). Following the results of
the statisticaV(Z) test [23], which suggests the existence of the inversion, structures were
resolved in the centrosymmetric space gréupma Figure 3(a) presents the composition
dependence of the lattice parameters, at room temperature. One can see that the lattice
parameterb presents a continuous decrease wittwhile parameters: and ¢ exhibit a
discontinuity. We notice a slope break probably neat 1 with a continuous variation on
each side.

On the other hand, we observed that in theClkg . ZnCl, crystals a few extinctions
Okl and hkO are not verified according to thetnmaand Pn2;a extinction rules. These
reflections are weak and their number increases witfihis release of extinctions is due to
the K substitution. In order to retain maximum information, we resolved the structures in the
P2,2:2, space group (extinction rulgg0, h =2n + 1, 0k0, k = 2n + 1; 00,/ = 2n + 1).
A linear decrease in the, b andc parameters with increasing potassium concentration can
be seen in figure 3(b)0 < x < 1).

3.1.2. Structure and alkaline distribution.

Rb.Cs,_,ZnCl, mixed crystals Heavy-atom coordinates from the assumed isostuctural
Cs2ZnCl, compound [19] were used as an initial model for the resolution of the first
compound: RB34Cs66ZNCly. Then, chlorine atoms were located by Fourier difference
synthesis. The good evolution of the refinement allowed the introduction of rubidium in the
two cationic sites. At the beginning of the multiplicity refinement, the occupancy of Cs and
Rb was assumed to be equal at theakd A sites, but refinements gave rapid convergence
(R = 0.017 andR,, = 0.024) to site occupancies zero for Rb(1) (Rb in the $ite) and
0.332 for Rb(2) (Rb in the Asite).

For the other compound, resolution and refinement were performed in a similar way,
using the atomic positions of the compound having the nearest compasition

The substitution of caesium for rubidium modifies weakly the structure of the pure
Cs2ZnCl, compound. At room temperature, each crystal is isostructural to th2nCs,
normal phase (space grolBmm3, so the structure of all the RB8s,_,ZnCl, compounds is
illustrated by the projections shown in figure 1. The distribution of Cs and Rb among the
two cationic sites was studied in most detail. Table 1 lists the refined occupation rate of
Cs and Rb in each of the two available siteg,ad A. It is clear that the substitution is
not random: Rb and Cs are not equally distributed among the two cationic sites. Rubidium
atoms exhibit a higher affinity for thefsite and this explains the specific dependence of the
lattice parameters, b andc on the composition (figure 3). For O< x < 1, the substitution
of smaller rubidium cations for caesium in the Bite exclusively results in a contraction
of the o chain (figure 1(b)), which is solely composed of alkaline cations. This leads to an
important decrease in the cell parameteendc (figure 3(a)). For 1< x < 2, the rubidium
cations can be located in the Aite which belongs to thg chain. Along thec direction,
the ‘width’ of this chain is essentially determined by the Zn@trahedron size, which
varies weakly withx (see subsubsection 3.2.3). So, thparameter is nearly constant. On
the other hand, replacement of caesium by a smaller cation allows the tetrahedra to become
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Table 1. Occupation rates in the two different sites of the,Rk_,ZnCls mixed crystals.

A; site A site
Cs(1) Rb(1) Cs(2) Rb(2)
Sample a 1—a) b (1-b) x=2-a-—b Chemical formula
1 1 0 0.658 0.342 0.34 RB4Cs1.66ZNnCly
2 1 0 0.462 0.538 0.54 RB4Cs1.46ZnCly
3 1 0 0.288 0.712 0.71 Rb1Cs1.29ZnCly
4 0.889 0.111 0 1 1.11 Rh1Cs.89ZNCly
5 0.688 0.312 0 1 1.31 RRB1Cs9.69ZnCly
6 0.406 0.594 0 1 1.59 RB9C%.41ZNnCly
7 0.109 0.891 0 1 1.89 Rlg9Cs.11ZnCly

Table 2. Occupation rates in the two different sites of theG&_, ZnCly mixed crystals.

A, site A site
Cs(1) K@) Cs(2) K(2)

Sample a 1—a) b (1-b) x=2-a-—b Chemical formula
g 1 0 0.784 0.216 0.216 &2Cs1.78ZnCly
2 1 0 0.729 0.271 0.271 #©7Cs1.73ZnCly
3 1 0 0.565 0.435 0.435 &43Cs1.57ZnCly
q 1 0 0.379 0.621 0.621 #62Cs1.38ZnCly
5 1 0 0.303 0.697 0.697 &0Cs1.30ZnCly
6 1 0 0.150 0.850 0.850 &es5Cs1.15ZnCly
7 1 0 1 1 1 KCszZnQ)

closer and causes a considerable decrease af fherameter for < x < 2. Finally, the
atomic arrangement given by the projection in figure 1(a) makes it clear thatvhkie is
mainly determined by the tetrahedron size, so it is nearly constant fox X 2.

K.Cs,_,.ZnCl4 mixed crystals Structures were resolved and refined in the same way
as the compounds previously discussed. A different situation occurs in this case because
the potassium introduction caused the removal of the symmetry planes and of the inversion
which were present in the pure compoungdZeCl,: a small amountx = 0.22) is sufficient
to change the structure of the pure compound, and these changes become more important
whenx increases. As an example, figure 4 shows projections of the KCgAtfCicture
along thec andb axes. They exhibit the disappearance of the symmetry planes and of the
inversion. In particular, figure 4(a) shows well the loss of #heamirror perpendicular to
the b axis.

The occupation rates of potassium and caesium atoms in each of the two available sites
are listed in table 2. The substitution is not random. When we replace Cs by KZmCk,
we never observe K cations in the Aite. This leads to a limit composition KCsZnCin
agreement with the crystal growth analysis.

The exclusive substitution in theifsite clarifies the evolution of the lattice parameters
shown in figure 3(b). This evolution is explained in the same way as for th€&b, ZnCl,
compounds with & x < 1.

3.1.3. Site characterization.In order to explain the non-random substitution in the A
and A sites, we have specially studied the cavities of these two sited for both the solid
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Figure 4. The crystal structure of KCsZngViewed along (a) the axis and (b) theé axis.
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solutions and the pure compounds. Note that for the pure compounds the structural results
are referred to [19] for GZnCly, [18] for RI,ZnCl, and [13] for KoZnCl,.

First, Ay and A do not have the same environment. Thesite has 11 first neighbours
(chlorine atoms) at distances which are well superior to those observed for thikeAthe
latter is surrounded by only nine chlorine atoms. As a consequence, since it is surrounded
by more atoms, Aappears more spherical than.ASo, it seems logical that the potassium
and rubidium cations preferably occupy the site because they are less electropositive,
and therefore less spherical, then the caesium cation.

Furthermore, we performed calculations in order to determine the cavity volgré
each site. For these calculations, cavities were considered as polyhedra whose vertices are
then chlorine atoms#{ = 9 or 11) surrounding the potassium, rubidium or caesium cations.
These polyhedra were divided int@-2 tetrahedra, which correspond to the-2 possible
choices of three of the surrounding chlorines (a cation potassium, rubidium or caesium is
the vertex).

At first, the calculations were performed using the coordinates of the surrounding
chlorine atoms. The knowledge of the atomic positions allowed us to calculated the volume
of each tetrahedron. The sum of these last gives the volymef the cavities. Then we
also calculated the volumE:,; occupied by the chlcgrine anions inside the cavities. The CI
anions were assumed to be spheriegl{ = 1.81 A [24]). For each tetrahedron vertex
(labelled i) located at the centre of a chlorine atom, the solid argie interior to the
tetrahedron, has been determined and the total volume of chlorine inside the tetrahedra is
obtained by

Vi= Xl: 4%T(chf)?’%-
Another sum leads to the total volunitg; occupied by the chlorine atoms inside each cavity.
So the differencéd’. — V¢; gives the free volumé&; which is left for the alkaline cations in
each site. These calculations were performed for each solid solution and pure compound.
The results are presented in figure 5. As expected, the substitution of the smaller Rb or K
cation for Cs results in a more important decrease of thsi#® volume for 0< x < 1 and
of the A; site volume for 1< x < 2. In both cases, the iAsite is always more expended
(about+40%) than the A site.

Moreover, other calculations performed with thed&,_,ZnCl, solid solutions and
reported in a previous paper [25] indicate that the calculated electrostatic potential in both
sites are different. We observe that the potential of thesife is clearly flat, even though
the potential of the site Ais a simple well.

It appears that we can start from the,ZsCl, pure compound and can easily substitute
the Cs cationo, which occupioes the ‘narrovy”z,%ite, for the smaller Rb or K cation
(rese = 1.67 A, rrpe = 148 A, rx. = 1.33 A [24]) until this site is completely filled
(x varying from zero to unity). In contrast, the substitution in thgsite is only possible
with rubidium because, in the presence of caesium, the potassium cation is too small and
cannot stay in the large sAsite, which does not present an equilibrium position.

3.2. The phase transition mechanism

3.2.1. Phase transition temperatureCalorimetric measurements of,Ks,_ZnCl, single
crystals were reported in a previous paper [25].

For the RRCs,_,ZnCl, crystals, a great number of heating and cooling cycles were
performed between 100 and 400 K. InR§Cs.11ZnCly, they show the presence of two
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thermal anomalies d& = 254 and 170 K (figure 6). Despite the rather small effect, we
can suppose that the transition at 254 K is of second order while the transition at 170 K
is of first order. By analogy with the pure RINCl, compound, we suggest that the first
transition is an N—INC phase transition while the second is an INC—C transition leading to
a ferroelectric phase.

For the other compositions, no significant thermal anomaly was observed, perhaps
because of the very small effects that could not be detected.
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Table 3. Anistropic thermal paramete(sf\z) in RbpZnCly at T = 333 K.

Atom U Uzo U3z Uiz Uiz Uzs
0.0298(5) 0.0373(5) 0.0355(5) 0 0.0005(5) O
0.0158(8) 0.095(5) 0.050(1) O ~0.007(1) 0
0.037(1) 0.128(3) 0.031(1) O ~0013(1) 0O

0.060(1)  0.0458(9) 0.116(2) 0.008(1) 0.031(1)  0.038(1)
0.060(1)  0.0458(9) 0.116(2) 0.008(1) 0.031(1)  0.038(1)

0.0389(5) 0.0717(7) 0.119(1) O 0.0083(57) 0

0.0358(4) 0.0664(6) 0.0396(5) 0 0.0013(4) 0
pei) )
(—/

O
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Figure 7. A (100) view of the unit cell of ReZnCly at T = 333 K.

3.2.2. Thermal agitation of the chlorine atomdt has been shown that the phase transition
in the RBZnCl; and K;ZnCl, compounds can be interpreted as rotation of rigid ZnCl
tetrahedra mainly around thedirection.

Structural data, and in particular thermal parameters, can be very useful for the prediction
of these rotations and then transitions. For example, table 3 lists the anisotropic thermal
parameters obtained after refinement of theRICl, structure atT = 333 K (normal
phase) [18]. We observe very large values of the temperature fatteréb direction)
for the CL and C} chlorine atoms, and of 44 (¢ direction) for the G4 and Cl, chlorine
atoms. The projections of this compound structure alongutlagis (figure 7) shows that
these large values of the anisotropic thermal parameters in ¢ifié@ directions can be well
related to the oscillations of tetrahedra along dhexis. These oscillations signify the static
rotations which will take place at low temperatures in the incommensurate, and then in the
commensurate phase.

The same abnormal large values are observed for the normal phaggr® i [13], but
not in C$ZnCl, since this latter crystal remains in the normal phase when the temperature
decreases.
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Figure 8. The composition dependence of (a) some thermal parameters and (b) the tetrahedron
volumes, in RRCs_,ZnCly at 293 K.

In order to follow the evolution of these values with the substitution, we report, in
figure 8(a), the dependence of several temperature factor valugsiroiRb,Cs,_,ZnCl,.
Moreover, as the presence of an instability is related to the size of the tetrahedra which can
be free or compressed in the lattice, we simultaneously report, in figure 8(b), the dependence
of the composition of the calculated volume of these tetrahedra (the volume is calculated
as described in subsubsection 3.2.3).

Whenx varies from zero to unity, the temperature factors decrease slightly for the Cl
Clz and C}, chlorine atoms while they weakly increase in the case qf @h the same
range of composition, the tetrahedron volume decreases slightly. This exhibits the relative
stability of the structures withh < 1. The tetrahedra are not compressed and no phase
transition is expected when temperature decreases.

On the other hand, from = 1 until x = 1.89, the tetrahedron size drops drastically. the
tetrahedra are more and more compressed and their oscillations increase rapidly, as revealed
by the increasing values of the thermal parameters of each chlorine atom. We can conclude
that the structures in the composition range- 1 are unstable in th®nmaphase and
suggest the phase transitions which were actually observed for compositions -aghrat
lowered temperature.

The same study was made for the @&_,.ZnCl, crystals. Figure 9 presents the
composition dependence of thermal parameters and tetrahedron siz€sn KZnCl,. The
results can be compared with the first pait < x < 1) of the previous figures and
indicate a relative stability of the mixed compounds in #,2,2, space group. This was
confirmed [25] by the absence of an anomaly in the calorimetric and dielectric curves for
0.22 < x £ 0.85. The KCszZnCJ compound, which is not only a limit compound but also
a new definite crystal (one K cation in the, Aite and one Cs cation in the;fone) is
more complex. The thermal parameters of KCsZn&e smaller than those reported for
the mixed compounds, even so, we detected a phase transitioa=ét41 K [25].
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Figure 9. The composition dependence of (a) some thermal parameters and (b) the tetrahedron
volumes, in K.Cs_,ZnCls at 293 K.

3.2.3. Static deviations of Zngl
The distance between Zn and the barycentre B of chlorine atdhesbarycentre position
of the chlorine atoms in Znglis defined by the equation:

BCI; + BCl, + BCl3 + BCl, = 0.

As the tetrahedron is not a regular one, Zn and B are not at the same site.

All Rb,Cs_,ZnCl, mixed crystals are refined in tHthmaspace group. In this phase,
Cl; and C} are in them mirror (perpendicular té), while Cls and C}, are equivalent due to
this symmetry element; B and Zn are also situated in the mirror and the B—Zn length gives
the anisotropy of the symmetric tetrahedron ZnCFigure 10 exhibits the B-Zn length,
which is about 06 A for almost all the crystals except for the RjgCs11ZnCl, crystal,
which has a large anisotropy (B—Zn) = 0.20 A). At room temperature this crystal is very
near the incommensurate phase.

The K.Cs_,.ZnCl, mixed crystals are refined using the2,2:2; space group. In
this phase, the Xngltetrahedron is not symmetric because there is nor mirror: B and
Zn atoms are in general positions, and the B-Zn lengths give an idea of the tetrahedron
distortion. Figure 10 shows that mixed crystals have a length (ab80tA) larger than
that in the pure and limit mixed crystals (£&ZaCls, d(B-Zn) = 0.060 A and KCsZnCl,
d(B-Zn) = 0.066 A), so the disorder of K and Cs at the, Aite seems to increase the
distortion of the ZnCJ tetrahedron.

Volume of the ZnGltetrahedron.Knowing the positions of the four chlorine atoms, we
calculated the volume of the Zn{letrahedron for both pure and mixed crystals:is the

volume for the CsZnCl, reference crystal|( = 5.88 ,&3) and V + AV the volume for
each mixed crystal. The composition dependence of the relative contraetidn/V in
Rb,Cs,_,ZnCl, and K,Cs,_,ZnCl, is presented in figure 11.

The contraction in the RI€s ,ZnCl, mixed crystals has two maxima. The first
maximum (—AV/V = 0.018 occurs when the A site is occupied only by caesium
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Figure 11. The composition dependence of the contraction from the atomic positions of the
chlorine atoms (without approximation) (1) and from the trace of the distorsion symmetric matrix
(first-order approximation) (2). (a) relative to the R%_,ZnClys compounds and (b) referred

to the K,Cs_,ZnCls compounds.

and the A site is filled by 50% caesium and 50% rubidium. The second maximum
(—AV/V = 0.027 corresponds to the composition = 1.89 for which the crystal is

near the incommensurate phase. We also observe that the contraction is the smallest
for the pure RbZnCl, crystal (—AV/V = 0.008 and for the Rbp1;Csg9ZnCl, crystal
(—AV/V =0.009. This latter composition has approximatively one caesium cation in the
A1 site and one rubidium cation in the;Aite.
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In the K,Cs_,ZnCl, mixed crystals, the contraction is nearly constant and about
—AV/V = 0.017 when @7 < x < 1. The tetrahedron volume is smaller in KCsZpCl
(=AV/V = 0.016) than in RR1:Csg9ZNnCly (—AV/V = 0.009 because in mixed
crystals, with approximately one Cs in the, Aite and one Rb (or K) in the Asite,
the K atoms compress the tetrahedra more than the Rb atoms.

In most cases, the contraction calculation in the first-order approximation gives roughly
the same results as the calculation without approximation. However, as explained below,
for the K,Cs,_,ZnCl, mixed crystals with < x < 1, the first-order approximation is not
sufficient.

The first-order approximation: the displacement tensdvhen we compare the pure
Cs2ZnCl, crystal and the mixed crystals, we assume that the problem of specifying the
state of rotation and the strain of ZnGs the same as the change of the solid body shape
subjected to stress.

We fix the origin in space [26] and study the displacementsf the solid body points
with coordinatesc/. For small displacements, the variation.ofvith the positions is used
to define nine tensor components:

T;j = du;/3x’ (,j=1273)
or in the Einstein notation
Au; = T;; Ax’/ (sum overyj).

To completely determine all nine componefilsit is necessary to know three different
displacementsAu for three different vectorsAx with the origin at the same point. In
our case, the choice of the barycentre of chlorine atoms as the vector origin permits us to
calculate the nine componerily by using position data of three arbitrary chlorine atoms
among the four.

Similarly, in the case of ZnG@J the common origin is the barycentre of the four Cl
atoms in the pure GZnCl, compound and we choose the four vectorsl;Ban mixed
crystals these vectors becomé&CB, with B' the barycentre of the four chlorines;CIThe
small displacement of BTCis the vector IK:T; — BCTi, which gives the change of the EC
distance in pure and mixed crystals.

We introduce the following notation for the distanags g, r, s) between the chlorine
atoms and their barycentre in pure,@8Cl, and for the changes of the distanc¢asv, w, t)
in mixed crystals:

p=BCly u =BCl; — B'Cl}

q = BCl, v = BCl, — B'Cl,

r=BClz  w=BClz3—BClj

s=BCl;  t=BCl,—BCl
The definition of the barycentres B (pure crystal) andrBixed crystal) gives the following
equations:

p+qg+r+s=0 ut+tv+w+t=0.

In the first-order linear approximation, we introduce the nine compor#nts the second-

rank tensorT to express the projections;( v;, w;, ; on the axisj = 1, 2, 3, 1 ona, 2 on
b, 3 onc) of the distance changes as functions of the projections of the lengthg 4, r/,
s/ on the axis,j = 1, 2, 3).
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We write
u; = [jpj with sum onj (Einstein notation)
v; = T;;q’ with sum onj (Einstein notation)
w; = T;;r’ with sum onj (Einstein notation)
and
t; = T;;s’ as a verification.
We use the following matrix notation:

up v wa T Tio Tiz\ ,p* q* r
(Mz V2 w2>:(T21 T2 T23><P2 q° 72>
uz vz w3 T31 T3z Ts3 3
or

Uu=TP

with T the matrix which represents the tensor,U the matrix of length changes aiithe
matrix of lengths.
By calculating theP~! inverse of matrixP, we obtain theT matrix:

T=UpL

The nineT;; components were calculated and verificated withnd s/ for all mixed
crystals. The symmetric paff;; = (T;; + T;;)/2 gives the distortion of the tetrahedron
while the antisymmetric pad;; = (7;; — 7;;)/2 gives its rotation.

The first-order linear approximation is good if;( v;, w;) are small compared tgpf,
g;, r;). In this case, the relative change of the tetrahedron volume is approximately

AVI/V Z 8114 S+ S33 =T+ Top+ T3 = TrT.

It is equal to the trace of the displacement matrix, which is the same as the trace of the
distortion symmetric matrix. This approximation proves to be good in all cases except for
the K,Cs_,ZnCl, mixed crystal with 07 < x < 1: the changes of the’8l; — BCl; lengths
compared to the 8l; distances are not small enough.

Rotation of the ZnGltetrahedron.The comparison of the tetrahedron in,sCl, and
in mixed crystals shows aw rotation which is defined by the three projections,(w>,
w3) on the three axesa( b andc). These projections are related to the antisymmetric part

of the displacement tensdr by
w1 = Az w2 = Az w3 = A12.

lw| = (180/7)[A3; + A%, + A2,]Y? is the rotation modulus in degrees and= w;/|w|
(i =1, 2, 3) the director cosines of the rotation vector.

The results for the two kinds of mixed crystal are shown in figure 12.

For the RRCs,_,ZnCl, crystals, thew vector is parallel to thé axis. At first, |w|
increases with increasing, with a maximum value of A5 at x = 1.89, then decreases
until 2°44 atx = 2. It is interesting to note that this behaviour is similar to the dependence
of the thermal parametd¥,,(Cl;) on x (figure 8(a)).

For the K.Cs,_,ZnCl, crystals, thev vector is not along thé axis, andw; andws are
not equal to zero. Thevay| projection as function of, given by figure 12(d), shows that
the rotation around thé axis is proportional to the concentratianof potassium. On the
other hand, the modulusv| increases rapidly withk and once again the curve looks like
the U,,(Cly) thermal agitation curve (figure 8(b)).



Rb.Cs,_,ZnCl, and K,Cs,_,ZnCl, structural study 841

ol () o1 )
4.07 10.0
d ® [ ] ]
: L] ° : A
3.0 7.5
] ! 1
] . 1
] . ]
. e A
2,07 5.0- N
B A
1.0—_ i 2.5__ A
] A
00— T 7T T T T T x 00— 71— — x
0.0 0.5 1.0 1.5 2.0 00 02 04 06 08 10
(a) (b)
oci |(02|(°)
2.0 8.0
1.0- 6.0-1 1
10 .= T
00— 4.0-]
o |
-1.00—2 2.0-
) | A
_2.0||||]||||[||||||||1x O'Gllllllllllllillllllx
0.0 0.5 1.0 1.5 2.0 00 02 04 06 08 10
© @

Figure 12. (a) Rotation vector modulugv| versusx in Rb,Cs_,ZnCls; (b) the same in
K:Cs_,ZnCly; (c) director cosines1, ap and a3 of the rotation vector in RICs,_,ZnCly;
(d) projection of thew vector, on theb axis, in K,Cs_,ZnCls.

Distortion of the tetrahedronThe threeS;; (i = 1, 2, 3) components of the symmetric
matrix S are related to the relative dilatation (or contraction) of the lengths along the three
axesa, b andc. We see the composition dependence of these components in the two kinds
of mixed crystal in figure 13(a) and (b).

We have seen that the cell paraméias independent of the amountof Rb (or K) in
the crystals. For exactly the same reas#n,is nearly zero in all mixed crystals, i.e., the
length do not change along tlieaxis.

The contraction in the: direction in K.Cs_,ZnCl, increases withx when the cell
parametern decreases, and this contraction is the larg&gt= —0.029) for the limit crystal
KCszZnCl. In the RRCs_,.ZnCl, crystals, the contraction is maximal fer= 0.59 and
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Figure 13. Contraction and dilatation of Znglalong a(S11), b(S22) and c(S33) for
(&) RkCs_,ZnCly and (b) K.Cs_,ZnCls. Shearing of ZnG: Sp3, Sz1 and §» for
(c) Rb,Cs_,ZnCly and (d) K.Cs_,ZnCly.

there is a dilatation for the pure crystal = 2), which is very near to the incommensurate
phase with a modulation vector along theaxis.

Along the c axis, the value of the contractiafy; is about—0.01 for all mixed crystals
and does not vary significantly.

The three component$; (i # j) of the symmetric matrixXS are related to the shearing
of the tetrahedronsSs, in the (001) planeSss in the (100) plane ands; in the (010) plane.
They are presented in figure 13(c) and (d).

We observe no shearing in the (001) and (100) planes for th€8&b,ZnCl, crystals,
whereas the absolute value of the shearing in the (010) plane increases Witte b axis
becomes the ferroelectric axis at low temperature inZRKI, crystals.
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The three shearings exist in.Rs, ,ZnCl, crystals and vary in a complicated manner
with x; the largest values correspond to the KCsZni@hit crystal. This fact may explain
why it is impossible to grow crystals with > 1.

4., Conclusion

The crystal growth and crystallographic study of@s,_,ZnCl, and RhCs,_,ZnCl, solid
solutions explains the possibility of phase transitions and the existence of a limit crystal
KCsZnCl.

It would be interesting to complete these results by growingC# ,ZnCl,; solid
solutions from melt compounds and obtaining crystallographic data at higher temperature.
The thermal agitation and the cell volume would be larger and the contractions and shearings
of the ZnC}, tetrahedra would perhaps permit us to obtain solid solutions withxl< 2
in the Pnmaphase, like KZnCl, at T > 553 K.

It would be also important to obtain potassium solid solution crystals widhhO< 0.22
to understand how thBnmaphase withx = 0 and theP2;2,2; phase withx = 0.22 can
exist at room temperature. The explanation is left for further studies.
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