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Abstract—The ferroelastic phase transitions are investigated in several series of fluoride crystals belonging to

the elpasolite and cryolite families (space group Fm3m) with the general formula A,BB'F,. The influence of
the size and shape of cations and anions on the entropy and the mechanism of structural distortionsis discussed.
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INTRODUCTION

Perovskite-like compounds have attracted the par-
ticular attention of researchers due to alarge variety of
physical properties and their possible use in different
technical devices. The perovskite structureis character-
ized by a relatively simple crystal lattice, on the one
hand, and the striking flexibility that makes it possible
to change the composition of ions forming the lattice
over a wide range and, thus, to achieve the desirable
properties of the material, on the other hand. In this
respect, perovskite compounds play an important role
in solid-state physics and materials science. All unique
(and practically useful) properties predominantly man-
ifest themselves in compounds whose structure differs
from an ideal cubic structure of the ABX; perovskite
dueto different-type distortions, such as polar and anti-
polar displacements of A and (or) B ions from their
positions at the centers of octahedra and cubooctahe-
dra, octahedron rotations, Jahn-Teller distortions, or
magnetic ordering.

Investigations into the mechanisms responsible for
phase transformations and changes in the sequences of
structural distortions occurring in perovskite-like com-
pounds as a result of variations in external (tempera
ture, pressure) and internal (doping, composition)
parameters are of considerable interest both from the
point of view of elucidation of the composition-struc-
ture—property relations and from the practical stand-
point of searching for the criteriafor syntheses of crys-
tals with controlled properties.

Among perovskite-like compounds, the elpasolite
and cryolite families are most representative owing to
the great diversity of possible substitutionsfor atomsin

crystals of the general formula A,BB'X,. According to
[1, 2], more than 350 compounds with a similar struc-
ture were known until recently and, asfollowsfrom the
crystal chemical analysis, more than 1500 new elpaso-
lites can be obtained only based on halides. Intheinitial
phase, crystals of this family have cubic symmetry
(space group Fm3m — OE, Z = 4). Unlike the simple
perovskites ABX;, in which all the octahedra are equiv-
alent, the elpasolites (also referred to as ordered perovs-
kites) contain two types of ionic groups (BX, B'X)
alternating along the three fourfold axes. Therefore, the
elpasolite cubic cell can be treated as a perovskite cell
with double the unit cell parameter. The crystal struc-
ture of the cryolite A;B'X,, in which the A and B atoms
are chemically equivalent, is a special case of the elpa-
solite structure.

For compounds of these families, the group-theo-
retic analysis of the possible phase transitions from the
initial phase was performed in [3, 4], the symmetry
analysis of the lattice vibrations was carried out in
[5, 6], and the phase transitions were phenomenologi-
cally described in [5]. In the mgjority of cases, the
phase transformations were treated as displacive transi-
tions. However, there are alarge number of experimen-
tal factsindicating acrossover from the displacive-type
mechanism to the order—disorder mechanism of phase
transitionswith achangeinthetypeof A, B, and B'ions.
The problem of possible disordering in perovskites,
which was formulated by Comes et al. [7], is still
debated in the literature [8, 9]. The order—disorder
phase transitions most clearly manifest themselves in
compounds with nonspherical cations A and B (for
example, with tetrahedral ammonium ions). It seems
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likely that ordering upon these phase transitions
involves not only ammonium ions but also octahedral
ions, which, upon other phase transitions, execute small
rotations due to softening of the lattice rotational vibra-
tion modes. The role played by the ordering processes
in the mechanisms of phase transformations in these
compoundsis still not clearly understood.

In thiswork, we analyzed the thermal and structural
dataobtained for several seriesof fluorideswith el paso-
lite-likeand cryolite-like structuresin order to elucidate
how the sizes and shape of cations affect the position
and motion of fluorine ions and the entropy of phase
transitions. It should be noted that, according to the
results of investigations performed in polarized light,
all the studied crystals undergoing displacive and (or)
order—disorder phase transitions are ferroelastic mate-
rials.

ELPASOLITES WITH ATOMIC CATIONS

In Rb,KB*F, crystals, a decrease in the size of the
B* cation (Fig. 1) leads to the change in the sequence

of structural distortions from Fm3m — P12,/nl

(B* = Er, Ho, Dy, Y, Th) to Fm3m — 14/m —
P12,/nl (B* = Lu, In, Sc), a decrease in the stability
temperature of the cubic phase, and an increase in the
temperature range of the stability of the intermediate
tetragonal phase from 3 (B** = Lu) to 30 K (B** = S¢)
[10]. The triple point with the coordinates R_.. ~

0.88 A and T, ~ 370 K is observed in the R_;. —T phase

diagram. The transition to the tetragonal phaseis char-
acterized by the small entropy AS, whichis of the order
of 0.2R[10]. This value of ASindicates that the above
transformations can be attributed to displacive phase
transitions. The structura distortions in the compounds
under consideration are associated with the crystal lat-
tice instability with respect to small rotations of fluo-

rine octahedra (the rotational modes I';;, X;) [5]. The

tetragonal symmetry is caused by the (00¢) rotations of
octahedra about one of the fourfold axes of the cubic

cell [5] due to the condensation of the I'; rotational

mode at the center of the Brillouin zone. The mono-
clinic distortion P12,/n1 is associated with the conden-

sation of the X; rotational mode and can be treated as
a superposition of the (Y¢¢) rotations of octahedra
about three principal cubic axes at once. The tota
entropy change upon transition from the cubic phase to
the monoclinic phase depends on the size of the triva-
lention and decreasesfrom 1.3R (Ho) to 0.7R (Sc) [10].
The maximum value (1.3R) is rather large for purely
displacive transitions but does not allow us to assign
these transformations to order—disorder transitions. In
this case, an increase in the entropy with an increase in
the size of the trivalent cation is associated with the
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Fig. 1. Dependence of the phase transition temperature T;
on the parameter ag of the cubic unit cell for Rb,KB**F,
elpasolites.

increase in the anharmonicity and anisotropy of vibra
tions of fluorine ions, which is confirmed by the results
of structural investigations [10, 11].

A further decrease in the parameter of the cubic unit
cell of Rb,KB**F, crystals (B3* = Fe, Cr, Ga) leads to
only one ferroelastic first-order transition, which is
accompanied by a considerable volume jump and, con-
sequently, results in the failure of single-crystal sam-
ples[10, 12]. Symmetry of the distorted phase in these
crystalsis not established uniquely [13-15]. The exper-
imental data cannot be described in the framework of
the models successfully used for rotational phase tran-
sitions and suggest that the phase transitionsin crystals
with small-sized trivalent cations proceed through a
mechanism different from the purely rotational mecha

nism. The R_.. —T phase diagram should be complex in

the range between the sizes of the Sc3 and Fe** ions. In
this range, the competition between different mecha-
nisms of phase transitions can be responsible for the
appearance of new distorted phases and triple points
(Table 1).

In order to elucidate the changesin the sequence and
mechanism of structural distortions, Rb,KGa Sc, _ . Fs
solid solutions were studied in [13, 16-20]. Figure 2
depicts the composition-temperature phase diagram of
these solid solutions. The temperature dependences of
the heat capacity C(T) and the interplanar distance dagg
for compounds with x < 0.6 exhibit two anomalies
associated with the phase transitions from the cubic
phase to the tetragonal phase 14/mand then to the mon-
oclinic phase P12,/n1. The entropy change AS/R ~
0.51 upon second phase transition agrees well with that
obtained for the 14/m — P12,/nl transition in pure
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Table 1. Thermodynamic characteristics of the phase transitions in haloid elpasolites with atomic cations

FLEROV et al.

ABB*Xq Typeot distorted | Systemof octahe- | 1 | TdT/dp, GPa? ASR
RbyK FeFs ? ? 170 078 188
Rb,K GaF ? ? 123 090 173
Rb,K Gat 05C00sFs 14/m > 000 130

? ? 1235
Rb,K Gap 9S¢.1Fs
? ? 117
Rb,K Gag 6S6o.4Fs 14/m 000 ?
P2,/n Wod 102.5
Rb,K Ga 560 6 14/m 000 218
P2y/n Who 189
RbyK ScF 14/m 000 252 007 020
P2,/n Who 223 001 051
Rb,KInFs 14/m 000 283 0.07 0.18
P2,/n oo 264 003 059
Rb,K L UFs 14/m 000 370 006
P2,/n oo 366 0.05 105
Rb,KErF P2,/n oo 395 006 095
RbK HoFg P2,/n Who 400 005 113
Rb,K TbF P2,/n Who 412 006

Note: Risthe gas constant.

Rb,K ScF;. The phase transition from the cubic phase to
the tetragonal phasein compounds with x > 0.4 was not
observed by the calorimetric methods due to the small
entropy of this transition and a possible smearing of

T,K
280

Fm3m

240

200

160

P12,/nl
120F

80 1 1 1 1 ]
0 0.2 0.4 0.6 0.8 1.0

Fig. 2. x-T phase diagram of Rb,KGa,Sc, _ ,F elpasolites
according to the calorimetric (closed circles) and X-ray dif-
fraction (open circles) data.
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anomalies in the heat capacity. Therefore, in the solid
solutions (at least, in the range x = 0-0.6), the sequence

of the phase transitions Fm3m — 14/m —» P12,/n1
remains unchanged and corresponds to a sequential
increasein the rotational distortionsinduced by the lat-

tice vibrational and X, modes.

For compounds with x = 0.8, the temperatures of
two phase transitions become close to each other and
the intermediate phase disappears at a gallium content
closeto x = 1. The entropy and the quantity dT/dp con-
siderably exceed the values characteristic of rotational
transitions and are in good agreement with the results
obtained for the Rb,K FeFF; compound [12]. The differ-
ence in the sequences of structural transformations in
compoundswith x < 0.6 and x > 0.8 is confirmed by the
X-ray diffraction and elastic neutron scattering data
[18, 20].

An analysis of the structural and Raman scattering
data for compounds with x = 0.8-1.0 [15, 21] demon-
strates that, among all possible space groups, the
groups 14/m, P2/m, and P112,/n are most probable and
consistent with the experimental data. The arising
instability of the cubic cell in these compounds can be
associated not only with the two purely rotationa
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modes X, and I, but alsowith thelow-lying X, mode

[15, 21], which is due to the octahedron rotations and
the displacements of Rb ionsin holes between octahe-
dra. The interaction of these modes can result in the

triggered Fm3m — P112,/n and successive Fm3m

— 14/m— P112,/nand FM3 m — 14/m — P2/m
— P112,/n phase transitions. These sequences
involve the intermediate tetragonal phase 14/m, whichis
observed in other compounds of the solid solutions
under consideration.

Therefore, investigations of anumber of Rb,KB**F,
crystals made it possible to refine the phase diagram
and elucidate the influence of the size of the trivalent
ion on the sequences and mechanisms of phase transi-
tions.

AMMONIUM CRYOLITES (NH,);B*F,

In structura investigations of halide compounds,
authors often noted that the thermal parameter of halo-
gen atomsin the cubic phase is rather large and, in this
respect, proposed different variants of possible orienta-
tiona disordering of octahedra[11, 22, 23]. However,
the refinement of the structural datain the framework of
these models did not lead to a substantial decrease in
the R factor [11, 23]. Moreover, the thermodynamic
data unambiguously indicate that the phase transforma-
tions in halide compounds with atomic cations are dis-
placive phase transitions associated with the condensa-
tion of lattice modes. This allows us to assume that a
considerable anharmonicity of vibrations rather than
disordering over severa positions is characteristic of
fluorine atoms.

A different situation occursin the case when atomic
cationsin the elpasolite structure are replaced by tetra-
hedral ammonium cations. These compounds with
small-sized trivalent cations (Ga, Cr, Fe, V) undergo

phase transitions from the cubic phase Fm3 mto the tri-

clinic phase P1 with a large entropy change, which
suggests that the transformations are associated with
the ordering processes [24-27]. On the other hand,
compounds with large-sized trivalent cations (Sc, In)

are characterized by the successve Fm3m ——»

P112,/n — 112/ml — P1 phase transitions [28].
The deuteration of ammonium cryolites does not lead
to noticeable changes in the thermodynamic parame-
ters, which indicates that hydrogen bonds do not play a
significant role in the mechanism of phase transitions
[29]. Itisworth noting that the total entropy changesfor
all compounds are close to RIN(16) irrespective of
whether a compound undergoes one phase transition or
asequence of transitions (Table 2). Consequently, these
transformations proceed through the order—disorder
mechanism.
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In the structure under investigation, ionic groups of
two types, namely, NH, tetrahedra and fluorine octahe-
dra, are involved in ordering. The ammonium tetrahe-
dralocated in the holes between octahedrain the cubic
phase (position 8c, CN = 12) are ordered, because their
symmetry corresponds to symmetry of the occupied
site. Thetetrahedra situated at the center of the fluorine
octahedra (position 4b, CN = 6) in the cubic phase can
have two possible orientations. The fluorine ionsin the

cubic lattice with symmetry Fm3 min the general case
can be distributed over twelve different crystallo-
graphic positions. Among them, only two positions,
24e and 192|, satisfy the conditions of arigid regular
octahedron [26]. If the fluorine ions are located at the
cubic cell edges (positions 24€), the octahedra are
ordered. When the fluorine ions are distributed over the
192! positions, each fluorine octahedron in the cubic
phase can have eight equally probable orientations
[26]. Complete ordering of the octahedraand tetrahedra
should result in an entropy change of RIn(16), whichis
in good agreement with the experimental results.

In the case of single phase transitions, for example,
in the gallium compound, the octahedra and tetrahedra
are ordered simultaneously. This is confirmed by the
nuclear magnetic resonance (NMR) data [33]. It was
found that the spin- attice relaxation times of both pro-
tons and fluorine ions exhibit jumps upon phase transi-
tion, which indicates a change in the character of their
motion.

For successive phase transitions, for example, in the
scandium cryalite, the first two transitions according to
the calorimetric data [AS, = RIn8, AS, = RIn2] can be
associated with the order—disorder processes. The third
phase transition with a small change in the entropy is
the transformation between two completely ordered
distorted phases. We could assume that the first and sec-
ond transitions are due to complete ordering of octahe-
dra and tetrahedra, respectively. However, ordering of
the octahedra should necessarily be accompanied by
the change in symmetry of the position occupied by the
tetrahedra and their forced ordering. Moreover, accord-
ing to the NMR data [33], the spin-attice relaxation
time of fluorine ions exhibit jumps upon the first and
second transitions. On the other hand, the spin-attice
relaxation time of protons considerably changes only
upon the first phase transition. It was assumed that the
phasetransition from the cubic phaseis dueto complete
ordering of the tetrahedra and partial ordering of the
octahedra. In the distorted phase, the octahedra can
have two equally probable orientations. The second
phase transition results in complete ordering of the
octahedra.

The analysis of the thermodynamic parameters and
the phase diagrams allows us to construct the general-
ized pressure-temperature (or cell volume-tempera
ture) phase diagram for the entire series of ammonium
cryolites (Fig. 3). This diagram illustrates a gradual
evolution of the sequences of phase transitions with a
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Table 2. Thermodynamic characteristics of the phase transitions in (NH,)3B%*F5 ammonium cryolites

B3*: Al \% Fe Ga Gay6SCo.4 | Gay4SCo e Sc
Gy,—= G, |ASR 1.63
dT/dp, K/GPa —8.2 -16.4
G,—~G, |ASR 0.81
dT/dp, K/GPa 46.4 575
G,—~ Gy |ASR 0.08
dT/dp, K/GPa 65.2 59.9
G,—> G, |ASR
dT/dp, K/GPa
Gy~ G; |ASR 2.99 2.77 2.76 2.60
dT/dp, K/GPa -12.1 -15.3 -8.1
Gy, —= G, |ASR
dT/dp, K/GPa 504+£1.2 101.3
G,—> Gs |ASR
dT/dp, K/GPa —670 £ 100 ~0
Gs = G; |ASR 05+0.1
dT/dp, K/GPa —700 + 100 225
Gy —= Gs |ASR 2.22+0.08
dT/dp, K/GPa -118+4 73.1 60.1
References [27, 30] [25] [26] [31, 32] [32] [32] [31, 32]

variation in the parameters. The scandium and gallium
compounds have the following distorted phases with
symmetries determined in [28, 34]: G,(P12,/n1, Z=2),
G,(112/ml1, Z=16), and G;(11, Z = 16). Symmetries of
the high-pressure phases G, and G5 in the gallium cry-
olite still remain unknown.

Temperature
Sc SCO‘6G30‘4 SC0.4G30~6 Ga Al
|
|
|
|
I
I

Pressure

Fig. 3. Generalized phase diagram of (NH,);B**F, anmo-
nium cryolites.
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AMMONIUM ELPASOLITES

In order to elucidate the role played by the ammo-
nium ions occupying different crystallographic posi-
tions, two types of ammonium elpasolites were exam-
ined in our earlier works [35, 36]. In Cs,NH,GaF, the
NH, ions are located at the cubic cell edges at the cen-
ters of fluorine octahedra. In the (NH,),K GaF; com-
pound, the ammonium ions occupy the holes between
octahedra.

The Cs,NH,GaF; €elpasolite undergoes one phase
transition with the large entropy change RIn(8) [36].
No high-pressure phases or triple points were found in
the p—T phase diagram [36]. We believe that, like the
transitions in ammonium cryolites, this transition is
accompanied by complete ordering of the NH, tetrahe-
draand partial ordering of the octahedra. The complete
ordering of the octahedra can occur at temperatures
bel ow the liquid-nitrogen temperature. Thus, acompar-
ison with the (NH,),NH,GaF; compound shows that
the presence of the Cs* spherical cation in the hole
between octahedra renders the crystal structure more
rigid and stable. Thiscan bejudged from the lower tem-
perature of the transition from the cubic phase (162 K)
in Cs,NH,GaF, and the absence of splitting of the
phase boundary under pressure.

No.1 2004
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The assumption regarding the occurrence of the sec-
ond phase transition is supported by the data obtained
for the Cs,NH,ScFg elpasolite. An increase in the size
of the B** ion leads not only to an increase in the stabil-
ity temperature of the cubic phase (T, = 285 K) but also
to the second phase transition (T, = 195 K).

A quite different situation is observed for the
(NH,),KGaF; compound characterized by the
sequence of two transformations [35]. The entropy
change (AS = 0.12R) upon phase transition from the
cubic phase uniquely indicatesthat thisisthe displacive
phase transition associated with the condensation of
lattice modes. According to the structural data, the first
distorted phase has symmetry 14/m. This symmetry is
identical to symmetry of the distorted phase in com-
pounds with atomic cations (see Rb,KB**F). In this
case, the fluorine octahedra are ordered in the cubic
phase and the phase transition is due to the condensa

tion of the ', mode.

The large entropy change (AS= 1.8R) upon the sec-
ond phase transition suggests that this transformation
proceeds through the order—disorder mechanism. When
considering the ammonium cryolites, we assumed that
the NH, ions in the holes between octahedra are

ordered completely. However, symmetry Fm3 misalso
retained if the hydrogen ion is shifted from the three-
fold axis and the nitrogen—hydrogen bonds are directed
toward fluorineions. In this situation, the tetrahedronin
the cubic phase has three equally probabl e orientations.
This disordering is most pronounced in the ammonium
antifluorite with a similar structure [37]. For com-
pletely ordered tetrahedra, the entropy change should
be equal to 2RIn(3). This value agrees well with the
experimentally determined entropy change AS. The
above model of structural distortions is confirmed by
the NMR data [38]. The spin-attice relaxation time of
fluorineions remains unchanged upon both thefirst and
second transitions. The spinattice relaxation time of
protons substantially changes only upon the second
phase transition.

The (NH,),KScF; elpasolite is characterized by
appreciably higher temperatures of the phase transi-
tions and a considerably narrower temperature range of
the stability of the tetragonal phase (T, = 367 K, T, =
361 K). However, as follows from the data on the
entropy change, the structural transformations occur
through the same mechanism.

Therefore, the analysis of the ammonium com-
pounds allows usto maketheinferencethat the replace-
ment of the atomic cations at the center of the fluorine
octahedra by the NH, tetrahedra resultsin orientational
disordering of the octahedraand pronounced order—dis-
order phase transitions. The presence of the ammonium
ions in the holes between octahedra does not affect the
character of octahedron motion, and the phase transfor-
mations are the displacive transitions associated with
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Table 3. Strengths p, and pg of interatomic bonds and the
temperatures T, of transitions from the cubic phase of fluo-
ride compounds

B3+: Ga3+ B3+= &:3+
Has %0|Hg, %| Ty, K [Hp, %0| Mg, %| Tq, K
CsNHB¥F, | 47 | 103|162 | 2.4 104|285
(NHp),NHB*F, | 0.4 | 115|250 | 2.0 115|330
(NH),KB*F; | 2.0 | 124|280 |-01 | 139367
Rb2K83+F6 43 | 13 126 19| 13.0 280
Cs,KB¥F, 70 | 117 |<772| 44| 113 |<77°

the condensation of soft lattice modes. The ammonium
tetrahedra are disordered and undergo ordering at lower
temperatures.

ON THE INTERATOMIC
BOND STRENGTH

We studied four series of compounds with the elpa-
solite and cryolite structures and revealed that different
sequences and mechanisms of phase transitions can be
observed in these compounds depending on the unit
cell volume and the cation shape. However, the
“closed” epasolite series (NH,),NH,~Cs,NH,~Cs,K—
Rb,K—«(NH,),K—(NH,),NH,, which is formed by
sequential replacements of cations at a constant size of
the B**F, octahedron, involves compounds with a Cs,K
combination of cations that are absent among the
objects under consideration. In the studied Cs,KGaF;
and Cs,K Sck crystal's, no phase transitions were found
at temperatures down to 77 K. This circumstance and
the stability of the cubic phase can be explained in
terms of the hypothesis of interatomic bond strength
[39].

According to this hypothesis, the stability of theini-
tial cubic phase is determined by the ratio between the
ion sizes and the lattice parameter a,, i.e., by the ion
bond strength in the A*—F and B**-F-B*—F-B**
chains. The ratios U, = (a, — &)/a, and g = (8, —

ay)/a, where ay= 2(R,. + 2Re + R) and &, =

2.J2(R - +Re), canserveas the quantitative measures

of the strength. An increasein the g valueis equival ent
to an increase in the repulsion energy in the crystal
potential and leads to an increase in the anisotropy of
motion of F atoms and, hence, to a decrease in the sta-
bility of the initial phase. An increase in the i, value
causes a hindrance to the octahedron rotation and
resultsin an increase in the stability of the undistorted
lattice.
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The validity of this hypothesis for the closed series
of crystals can be illustrated using the examples pre-
sented in Table 3. An increase in the size of the B**F
octahedron upon replacement of Ga by Sc in al the
cases primarily leads to a substantial change in the i,
value and, correspondingly, to an increase in the stabil-
ity temperature of the cubic phase. From analyzing the
structural data and the parameters of the phase transi-
tions in compounds with rare-earth elements as the B**
cation, we established that no phase transitions should
occur in Ga and Sc compounds for the Cs,K combina-
tion of cations. It can be seen from Table 3 that the pre-
dicted absence of phase transitions is associated with
the considerable difference in the p, values for these
crystals. An increase in the temperature T, is aso
observed in the series of the compounds formed upon
replacement of the A cation: Cs,K—Rb,K—(NH,),K.

Thus, the hypothesis of interatomic bond strength
appeared to be fruitful for describing not only the dis-
placive phase transitions but also the order—disorder
transitions. In ammonium cryolites, an increase in the
unit cell sizeisattended by a substantial decreasein the
M, value and an increase in the Yg value, which results
in an increase in the phase transition temperatures[32].
Furthermore, these data demonstrate that, in ammo-
nium cryolites with successive transformations, the
transition from the cubic phase is predominantly asso-
ciated with ordering of octahedral ionic groups. This
ordering upon order—disorder phase transition can also
be treated as octahedron rotation but through a consid-
erably larger angle. However, when the structural dis-
tortions cannot be described by octahedron rotations,
the hypothesis is invalid, which was shown earlier for
cryolites with atomic cations [40].
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