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Abstract. In the framework of general studies of structural phase transitions in disordered
materials, the crystal structure of mixed perovskiteg RK,CaF has been investigated by

high resolution powder diffraction using synchrotron radiation, for three selected impurity
concentrationst = 0.05, 0.20, 0.32. The symmetries and space groups have been fully
determined according to Glazer's formalism and the structures refined using the Rietveld method.
Special attention was paid to pre-transitional effects and phase coexistence. Thanks to this
thorough examination, a full phase diagram, transition temperature versus concentration, is
suggested and interpreted from a model using the replica trick method and the mean field
approximation. The validity of this model is discussed.

1. Introduction

In the last few years, the occurrence and nature of structural phase transitions (SPTs) in
mixed crystal systems has become an intriguing topic, since the introduction of a structural
disorder by an ionic substitution has until now not been well known in spite of numerous
studies in this field (see for instance [1-3]). Moreover, the study of phase transitions in
such mixed systems appears of great interest, especially in perovskitesz(@dmpounds)

which display a large variety of antiferrodistortive SPTs by rotation of the;Mitahedra
around the main cubic axes.

In this framework, the mixed Rb,K,CaF; compounds can be considered as a model
because the pure fluoroperovskites Rb{afd KCalkz, from which they are obtained, show
evidence of competitive mechanisms for SPT and thus could demonstrate the existence of
disorder in these mixed compounds.

Actually RbCalkz exhibits a first phase transition at 198 K [4] giving rise from the
ideal cubic perovskite structure (see figure 1) to a tetragonal symmetry, corresponding to
alternate rotations of CgFoctahedra around one of the major cubic axes (see for instance
the review of Danielet al [5] and references therein). This transition was shown to be
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structurally identical to the archetype perovskite SEI6] and related to the softening of

the triply degenerat®;; eigenmode located at the R§00.5, 0.5) point of the first cubic
Brillouin zone. The second transition occurring &t = 315 K [4,5, 7, 8] gives rise to

an orthorhombic symmetry without any group—subgroup relation with the tetragonal one
and then this transition shows a first order character. In the case of KX@a& SPTs

were previously observed at high temperature [9-12]: the first at 560 K is due to the
simultaneous condensation of eigenmodes located at th&,R(B, 0.5) and M(Q5, 0, 0.5)

points of the cubic Brillouin zone and the last occurring at 551 K is associated with an
additional condensation of one component of one eigenmode at thg B 0.5) point of

the cubic reciprocal space. Finally it appears that in this kind of perovskite system, because
of the existence of a quasi-flat R—M phonon branch, the mechanism of the phase transition
can be associated either with the condensation of a mode located at the M point or with
the R point of the reciprocal space. Consequently the rotations of thg ceaéthedra are
either alternate around one main cubic axis or in the same sense, which corresponds to
a natural competition between ‘ferro’ and ‘antiferro’ coupling of two adjacent octahedra
planes perpendicular to a cubic rotation axis. The sequences of the SPTs occurring in the
pure perovskites can be easily summarized using Glazer's classification [13]:

T.1 =198 K T.0=315K
RbCak { a%%"° — a%%~ — a~bta” ora~ata~
cubic tetragonal orthorhombic
T.. =560 K T., =545 K
KCak; { a®a%"° — a®te — a~btc™
cubic orthorhombic monoclinic

where the— superscript designates anti-phase tilts of £adtahedra, while the- superscript
designates in-phase tilts, around pseudo-cubic axes. Furthermowge bhand ¢ pseudo-
cubic axes are distinguished when tilt angles around these axes are different.

Figure 1. Ideal cubic aristotype perovskite ABX Evidence of octahedron gXarrangement.
The small solid circles are B bivalent cations, the large solid circles are A monovalent cations.

A first major study devoted to the mixed perovskites; RIK,CaF; (with 0 < x < 1)
was performed by Fouchest al [14]; the transition temperatures versus concentrations
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were determined by thermal analysis and the softening of the whole R—M phonon branch
when approaching the transition was observed by inelastic neutron scattering. In a recent
paper, the sequence of phase transitions in these compounds has been investigated using
conventional powder diffraction [15]. However, because of very small lattice distortions,
the symmetries in this system versus concentration cannot be determined unambiguously in
most cases.

In this work, a full reinvestigation of the structural properties of the mixed perovskites
Rb,_,K,Cak; has been performed far = 0.05, 0.20 and 0.32 from high resolution x-ray
powder diffraction using synchrotron radiation, in order to obtain definite answers about
the symmetries in these compounds as well as to throw light on the pre-transitional effects.
Also a new phase diagram is suggested in this article.

2. Experiment

2.1. Sample preparation

The powdered samples used for the experiments were obtained by crushing single
crystals of Rh_,K,CaF compounds. These single crystals were grown by a modified
Bridgmann—Stockbarger method [16] with an adapted protocol of temperature. For the three
measured samples, the potassium concentration was previously checked by x-ray diffraction
using Vegard's law.

2.2. Data collection

The high resolution x-ray powder diffraction patterns were recorded in Debye—Scherrer
geometry on station 9.1 situated on the 5T wiggler of the 2 Gev SRS at Daresbury
Laboratory. The sample was sieved at Afh and mounted in a Lindemann capillary

of 0.2 mm diameter. Because of the small quantity of powder used in this technique, a
good homogeneity in concentration can be expected for a given mixed compound.

A wavelength of 1.000539(2), slightly higher than that of the rubidium K absorption
edge, was selected to avoid sample absorption effects as much as possibled Step 2
size was (D71°.

As these compounds show high diffracting power, rather short counting time per step
was needed (of the order of one to two seconds per point). Therefore we did not use
the sample spinning possibility available on the station. The capillary position was first
manually adjusted to give a maximum of intensity for the most intense reflection in the
pattern, and then kept fixed during all the measurements for a given concentration.

The samples were cooled using an Oxford Instruments He flow cryostat. The
temperature was regulated with a precision of 0.1 K.

3. Data analysis

The powder diffraction patterns for each concentration at each measured temperature have
been analysed by the Rietveld profile method [17]. All the refinements have been carried
out using the program MPROF [18]. The scattering factors and anomalous dispersion
terms were taken from [19] and [20] respectively. Rubidium and potassium atoms were
statistically distributed over the same crystallographic site. Isotropic temperature factors
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were refined and constrained to be equal for each atom type. Intensities were systematically
corrected for sample absorption effects. As the powder compactness was not measured, the
typical value of 60% was considered for each studied concentration. Therefore the effective
(ur) value was 0.57, 0.55 and 0.54 for= 0.05, 0.20 and 0.32 respectively.

Owing to the fixed capillary position, the appropriate correction was applied in MPROF
to the peak positions arising from sample eccentricity in the cryostat. The values of the
corresponding parameters were refined using the pattern of highest symmetry (that is the
room temperature phase of cubic symmetry fox 0.32) and then used as non-refined
values for all other temperatures.

A slight anisotropic line broadening, probably due to the crushing sample preparation
procedure, was detected on refining the patternxfoe 0.20. Therefore we applied a
new method [21] able to handle qualitatively this effect. In this method,tthe/, W
parameters in the Caglioti law [22], describing the peak width angular variation, are made
hkl dependent as well as tha/p pV, pW parameters describing an angular variation
of the peak shapes. Because of the super-Lorentzian character of the peak shapes, the
Pearson VII function was found to give better results than the pseudo-Voigt one. Although
a high number of profile refinable parameters is available in this method (36 in the general
case), we have systematically limited this number to a few, mainly because the distortions
encountered in these materials are weak and derived from the ideal pseudo-cubic symmetry.
This anisotropic effect was not significant for other concentrations.

The space group (SG) determination was achieved by considering Glazer's [13]
structural description for distorted perovskites by rotation of octahedra around their cubic
axes. In these perovskites, the distortion type and the tilt system can be normally deduced
from the splitting occurring on thekQ0), (:40), (hkh) or (hkk) main intense cubic
reflections (indices are given in the pseudo-cubic supereed 2 x 2c) as summarized in
table 1, and then the structural phase transition sequence could be determined by monitoring
characteristic diffraction peaks as a function of temperature. However in the case of very
small splitting, the tilt system sometimes cannot be directly obtained from this method
even with high resolution, as illustrated below for= 0.32, and it is finally preferable to
collect a pattern over a wider angular range involving not only the reflections mentioned
above but also eventual superlattice reflections characteristic of — tilt systems. We
have systematically adopted this data collection procedure which allows us to establish
unambiguously the space group and to offer the other advantage that a full powder diffraction
pattern is available for structural Rietveld refinements.

Table 1. Relation between the tilt systems and the number of reflections in a diffraction pattern.
The indices and symmetries are related to the superaell 2b x 2c.

Tilt system #00 hhO hhh  hkk  Symmetry

a%%° 1 1 1 1 cubic

a%Cc~ 2 2 1 2 tetragonal
a®tb 2 2 1 2 orthorhombic
atbth~ 2 2 1 2 orthorhombic
a~a‘ta~ 1 3 2 4 monoclinic
a~bta~ 2 3 2 4 monoclinic
a~btc 3 4 2 6 monoclinic
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4. Results and discussion

4.1. RB gsKo 0sCaks

As previously established, RbKgosCaFs exhibits two SPTs [14,15]: the first one at
T = 210 K gives rise from the ideal cubic symmety°¢°°) to an orthogonal phase
14/mem (aa®c™) as in the pure RbCaFand the second one occursTat= 74 K. In order
to investigate this lowest temperature phase, a diffraction pattern was recorfled 50 K
in the range 12—-6%29, countirg 2 s per step.

The tilt system ™) in the tetragonal phase produces, with respect to the cubic symmetry,
some superlattice reflections whose indices in the double pseudo-cubicaelb(2c) are
of odd—odd—odd type witth £ k, e.g. (311); (313) [13]. In the low temperature phase for
x = 0.05, new reflections appear (figure 2), such as (321), (341), (501) (so-called M lines)
and (320), (410), (412) (X lines). According to Glazer [13], the presence of M lines indicates
a tilt +. Moreover the splitting of the (444) reflection into two components (figure 3) is
consistent with a monoclinic distortion of the supercell>22b x 2c. Then only the SGs
B2;/m (No 11) andPnma (No 62) are allowed, the former being the more general one. The
same result was obtained in pure Rbg#®¥ whose low temperature structure was finally
solved from neutron powder diffraction data in S®ma associated with a tilt system
(a—ata™), after the refinement iB2;/m demonstrated a great tendency of equality of the
cell constants and of the tilt angles. It is worth noting however that the:cm tetragonal
to Pnma orthorhombic transition does not correspond to a group—subgroup relation and so
is normally associated with a first order character of the transition.

Counts
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Figure 2. Part of observed and calculated profiles forpgdKo.0sCaFs collected at 50 K.

In Rl 5K 05Caks, the (400) reflection (figure 4) does not present any visible splitting;
this indicates that the cell constants, 2b, 2c have very close values. Therefore a first
Rietveld refinement was performed witla 2= 2b = 2¢ together with constraints on the
atomic displacements of fluorine and (Rb, K) atoms in agreement with theP &%
consistent with anaata™) tilt system. The restrictions are given in table 2 and the
Rietveld results in table 3. As shown in figure 2, the fit is very satisfactory with well
refined superlattice reflections. A Rietveld refinement was also performed iB%Gn.
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Figure 3. Splitting of the (444) reflection at 50 K in RlasKoesCaFs, characteristic of a
monoclinic symmetry.
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Figure 4. (400) reflections group at 50 K in BbsKo.osCaks.

Table 2. Restrictions on ion displacements in the supercelkx2b x 2¢ according to the tilt
systema—a*a~ and corresponding to the space graRpma.

Rby, Ky Ry, K» Cyy Ca Fi F2 F Fs
x 025+ ug 025+wg O 0 0.25 urp —ur up
y 0.25 0.25 0 0 —ur 0.25 0.25 up

z 025+wp 0754+ur O 05 —ur —ur 054+ur 0.25

In spite of an increase in the number of structural parameters refined (17 instead of six in
SG Pnma), the improvement is not significant in this SG.

Therefore, the sequence of phase transitions adopted by this mixed compound is
structurally the same as in pure RbGaFA typical example of the similarity between the
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Table 3. Final parameters from the Rietveld refinement of synchrotron powder diffraction data

of Rl.95K0.05CaRs at 50 K according to the tilt systeaT a™a~ (space groupPnma). B (1&2)
are isotropic Debye—Waller factors.

Cell constants: 2=1886322) A B =90151)°
Structural parameters:
ug = 0.00483) wg = 0.00643)  up = 0.02133)

B(Rb,K) = 1.19(3) B(Ca) = 0.93(3) B(F) =1.29(6)

Final R-factors:
R; =3.8% Ryp = 110% Rexp = 7.1%

structures of both compounds can be found in the octahedra tilt angle value, which takes the
value 49(1)° in RbygsKoesCakz at T = 50 K while a very close value of°cat T = 5 K

is obtained in pure RbCgH8]. However the mechanism of the lowest temperature phase
transition is probably affected by the potassium substitution in the cell. In pure BbCaF
the violent character of this transition, evidence of a first order mechanism, was revealed
by different techniques [5], whereas the displacive behaviour of this phase transition in
Rby.95K.05Cafkz seems to be unambiguously revealed by a Raman scattering study of this
compound versus temperature [23]. This demonstrates that even a very small amount of K
substitution is able to modify significantly the mechanism of the structural phase transition.
This feature can be justified simply by involving the respective sizes of tharid R ions.
Actually the smaller size of Kions (x+ = 1.64 A), compared with Rb ions (,+ =

1.72 A) makes the rotation of the CgFoctahedra easier, consistent with a progressive
evolution of the rotation angle associated with a displacive character of the transition.

4.2. Rt@lgoKQ.zocaFg

Two phase transitions also occur in this compound. From the ideal cubic symmetry, a
first one was previously detected At = 255 K, and a second & = 153 K [14]. The
sequence of phase transitions was not well established and remained confused until now
[15, 24]. In particular, the intermediate symmetry between 153 and 255 K was given to be
either tetragonal or orthorhombic according to different authors.

In order to study the pre-transitional effects around the higher temperature phase
transition and also to determine unambiguously the sequence of phase transitions, powder
diffraction scans were collected in the angular range 22-285counting 1 s/step at 230,

200 and from 180 to 140 K in steps of 5 K. A slow scan of the low temperature phase was
also recorded at 100 K from 9 to 626 (2 s/point).

4.2.1. Temperature range 295180 K. In figure 5 is shown the evolution of the (400)
reflection for some typical temperatures. At 295 K, the reflection is a single line (cubic
symmetry—a®a%aC tilt system). In the range 230-180 K, the splitting of this reflection into
two components (004) and400, 040)] (see figure 5 forT = 230 K) indicates a tetragonal
symmetry (‘T phase’), which is definitely confirmed by the Rietveld refinements carried
out in SGI4/mcm (a®a®c tilt system) at 230, 200 and 180 K. The results are gathered
in table 4. The tilt angle in the T phase corresponding to the rotation around aes

is displayed in figure 6. One can underline that, even with a high resolution experiment,
no superlattice reflection, characteristic of a lower distorted symmetry, was detected in this
intermediate temperature region.
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Figure 5. (400) reflections group in Ri3oKo 20Caks, illustrating the symmetry changes when
the temperature varies.

Table 4. Final parameters of Rietveld refinements in the tetragonal phase according to the tilt
systema®a%c— (space groug4/mcm) of RbygoKo20CaRs at 180, 200, 230 K¢ (°) is the tilt
angle around the axis.

T (K) a(A) c (A up Bro.x  Bca Br ¢ Ri Rup Rexp

180  6.2579(1) 8.8948(1) 0.0311(5) 1.22(4) 0.73(4) 1.8(1) 7.1 3.2 109 8.2
200  6.2619(1) 8.8957(1) 0.0293(5) 1.60(4) 0.93(4) 2.6(1) 67 3 89 6.8
230  6.2663(1) 8.8903(1) 0.0253(6) 1.73(4) 1.06(4) 2.9(1) 58 2.9 95 7.6

¢ (degrees)

7
6.5
6
55+ o .
5
4.5 1
4

T

90 140 190 240
Temperature (K)

Figure 6. Caks octahedron tilt angles for RlgoKo.20CaFs determined from Rietveld refinement
results. O denotes the low temperature orthorhombic phaseA&f:). In the intermediate
range labelled as F O, the tilt angles have been calculated by using the values refined for the
O phase, which is the major phase in the pattern7fog 175 K (see also figure 10).

4.2.2. Temperature range 149100 K. In this temperature range, the powder diffraction
pattern is very similar to that observed at low temperature fayof4y.0sCaks. It exhibits
the following features:
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Table 5. Final parameters from the Rietveld refinement o BfKo20CakFs at 100 K according
to the tilt systenu—ata~ (space groupPnma). An underestimatedu() value could explain
the lower temperature factors obtained foe= 0.20 than forx = 0.05.

Cell constants: 2= 8.85062) A B =190.07(1)°
Structural parameters:
ur = 0.00546) wg = 0.00626) up = 0.02816)

B(Rb,K) = 0.47(3) B(Ca = 0.36(2) B(F) = 0.74(5)
Final R-factors:
R; =4.8% Rup = 9.6% Rexp = 7.1%

Counts

30000[-

20000

m}:‘JLllL jl.il.l

[ N e R NN R RN R E I TR R IR R TE B ]

+ . .
Y +

R ‘ ;
10 15 20 25 30 35 40 45 50 55 60
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Figure 7. Observed, calculated and difference profiles fop &o.20Caks at 100 K.

(i) In addition to reflections associated with the ti{, new superlattice reflections
characteristic of a tilt- have appeared.

(i) The splitting of the (444) reflection at92~ 46.1° reveals a monoclinic distortion
of the supercell 2 x 2b x 2c.

(i) A quasi-single line is obtained for the (400) reflections group (figure 5) indicating
very close values for the cell constants.

The Rietveld refinement at 100 K in the same B@na as for Rl g5K o 05Cak; confirms
the tilt system ¢~ a*a~) (orthorhombic phase or O phase). The results are given in
table 5 and the profiles are illustrated in figure 7. The tilt angle (figure 6) is slightly
higher &5.4(1)°) than that obtained in RlagsKgosCak; at 50 K (49(1)°). This result is
in agreement with the previous comment about the greater ability for the @z#&hedra
to rotate when the K concentration increases because of its smaller size. This is correlated
with the decrease of the monoclinic distortion in the supercell (figure 8). The same tilt
system ¢ ata~) was considered to refine the structure at 140 K. Moreover, once again,
the refinement in the more general $2;/m does not yield any significant improvement.

4.2.3. Intermediate temperature range +¥340 K. Actually, the superlattice reflections
characteristic of a til4 start to appear at 175 K indicating a symmetry change with respect to
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Figure 8. Evolution of theB angle characterizing the monoclinic distortion of the supercell.

the tetragonal phase. Moreover three components are clearly visible on the (400) reflections
group between 175 and 160 K (figure 5 fbr= 170 K). Below this latter temperature, the
intensity of the low angle peak decreases together with a broadening. Mainly according to
the former feature, a coexistence of tetragonal (T) and low temperature orthorhombic (O)
phases can explain this multi-component line: both satellite lines correspond respectively to
the reflections (004) and400, 040] (T phase) and the central peak to the (400) reflections
group (O phase), which is a quasi-single line as at 100 K because of equal values of the cell
constants @2 = 2b = 2c. For the T phase, the decrease in intensity and the simultaneous
broadening of the reflections are due to a decrease of the coherently diffracting domains.
In order to confirm this phase coexistence hypothesis, Rietveld refinements using the
multipattern option have been conducted for all temperatures in the intermediate range. A
typical Rietveld fit is displayed in figure 9 faf = 165 K. The cell constants (figure 10)
and scale factor values obtained from the refinements allowed us to perform a quantitative
phase analysis (figure 11) which shows a rather fast decrease in the T phase proportion. The
transition temperature of 153 K detected by other techniques [14] for the second transition
is consistent with our results which give an O phase proportion of more than 98% at this
temperature.

4.3. RQ.68K0_32C3F3

This concentration has not been studied until now, but a very closexore (.35) was
previously investigated by Ratuszea al [15]. In RbyesKp35Caks two phase transitions
were also reported; the first one occur§’at 291 K and gives rise below this temperature to
the usual tetragonal symmetry associated withithencm space groupaLac™ tilt system).
A second transition is observed &t= 245 K giving rise, according to the literature, to
the unusuak®s*c~ tilt system. Consequently the structure of this low temperature phase
was chosen to be fully reinvestigated in a close concentration in order to throw light on this
sequence for phase transitions.

A scan in the angular range 12-5@ s/point) was collected at 150 K. The signal
to noise ratio is unfortunately not so good as for the other samples, because of the low
beam intensity when the data were collected. However the typical superlattice reflections
characteristic of tiltt- and— are still present. Using a pattern decomposition procedure, the
(400) reflection group at®~ 26° can be perfectly fitted with two components indicating
that two cell constants have equal values, for instance<22b = 2¢. Moreover, as no
visible splitting is observed on thé/kh) reflection, an orthorhombic lattice symmetry can
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Figure 9. Part of observed, calculated and difference profiles fogdgko20Cak; at 165 K.
The upper and lower bars are respectively related to O and T phases.
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Figure 10. Cell constant values as a function of temperature ig dgko 20CaF, obtained from
Rietveld refinements.

be inferred from these features, in agreement with Ratustzah[15]. According to Glazer
[13], the tilt systems:®s* b~ (SG Bmmb) anda*b™b~ (SG Pmmn) can then be inferred,
but only a Rietveld refinement is able to distinguish between these two propositions.
Actually the Rietveld refinement result is satisfactory neither in Baenb SG nor in
the otherPmmn possibility, mainly because several lattice reflections have no calculated
intensities as illustrated in figure 12. By looking at the evolution of the monocpnic
angle of the supercell2x 2b x 2¢ (figure 8) and by considering a monotonic evolution
of this angle versus concentration, the predicted valuer fer0.32 is expected to be very
close to 90. Unfortunately, such a very weak monoclinic distortion cannot be demonstrated
directly from our experimental data. Indeed a longer wavelength would be required to show
evidence of a splitting on théifh) reflection.
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Figure 11. Quantitative phase analysis using the Rietveld method ifghy 20CaFz giving
the ratio of orthorhombic (O) and tetragonal (T) phases.
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Figure 12. Part of observed and calculated profiles forpBdKo 32Caks at 150 K, showing that
some reflections have no calculated intensities when the tilt systéfmb— is considered. The
same feature is observed in the tilt systefb™b~ (SG Pmmn).

Nevertheless, by making the hypothesis of such a distortion, and keeping in mind
that two cell constants have equal values, a Rietveld refinement was performed in space
group Pnma associated with the triply tilted systemb™a~. This yields a very satisfying
calculated profile (figure 13) which justifies the tilt systemb™a~ at 150 K. The final
structural parameters are given in table 6.

4.4. Phase diagram

The structural data obtained from high resolution powder diffraction for thedkp osCaks,

Ry gKo2Cak; and Rl ggKo 32Cak; samples provide a basis to construct the phase diagram,
temperature versus concentration, for this mixed system. Actually in the light of this work,
it could be considered that the structures fo& 0.5 are fully determined.
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Figure 13. Part of observed and calculated profiles fopBdKo.32CaFs at 150 K by considering
the tilt systema=b*a~.

Table 6. Final parameters from the Rietveld refinement of RiKo32Caks at 150 K according

to the tilt systema~bh*a~ (space groupPnma). The restrictions on ion displacements in the
supercell 2 x 2b x 2¢ are those given in table 2, except for fluorine atomg®25, —ur, vr)

and i (ur, vr, 0.25). However, the: andvy parameters cannot be refined separately because
of the rather small contribution of fluorine atoms to the diffraction peak intensities with respect
to other atoms.

Cell constants: 2=883692 A p=90°

2 = 8.82651) A
Structural parameters:
ug = 0.00642) wg =0.00742)  uF = 0.026673)
B(Rb,K) =2.06(4)  B(Ca=1745)  B(F) = 2.759)
Final R-factors:
Ry = 7.3% Ry = 130% Rexp = 111%

Beforehand table 7 summarized the transition temperatures previously measured and
exhibited in the literature [5 and references therein, 9, 10, 14, 15, 25] by different techniques:
ATD, DSC, birefringence, x-ray diffraction, neutron diffractian,. Note in this table that
for concentrations in the range30< x < 0.6, three structural phase transitions are indicated.
Although no clear evidence of an intermediate transition between the tetragonal phase and
the orthorhombic one was previously found, it seems that weak reproducible experimental
evidence from ATD, DSC, birefringence and Raman scattering experiments was observed
by Daniel et al [25] and Hidakaet al [26]. Furthermore because the intermediate phase
between the ideal cubic perovskite and the low temperature symmetry is either tetragonal
(associated with the tilt systeaa®c~) or orthorhombic (associated with the tilt system
a®h*c¢™) for mixed compounds respectively close to pure RbQafo pure KCak, it seems
sensible to think that, for the compounds around 4Rty sCaks, the following sequence for
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structural phase transitions can be suggested:

Tcl TC[ TCZ
a%%° — %% - a®btc — abta” ora~ata” orabtc.
cubic tetragonal orthorhombic orthorhombic or monoclinic
Pm3m I14/mcm Bmmb Pnma P21/m

Table 7. Transition temperatures of mixed R K, CaFs crystals.T,; is the higher temperature
transition from the ideal cubic perovskite to the tetragonal or orthorhombic symmEtsyis

the transition associated with the occurrence of the lowest temperature phase (orthorhombic or
monoclinic symmetry).T¢; indicates the possible location of an additional intermediate phase
transition. n.m.: not yet measured.

Compound K concentration (%) 7.1 (K) T¢i (K) T2 (K)
RbCaR 0 198 315
Rbp.99Ko.01Caks 1 203 n.m.
Rbp 95K 0.0sCaks 5 210 74
Rbp.90Ko.10Caks 10 250 n.m.
Rbyp gsKo.15Caks 15 265 n.m.
Rbp.g0Ko.20Caks 20 255 153
Rby 70Ko.30Caks 30 295 278 n.m.
Rbyp 68K o.32Caks 32 300 276 245
Rbyp 65K 0.35Cakz 35 291 280 245
Rbp.60K0.40Caks 40 324 319 n.m.
Rips3Kos7Caks 47 325 310 280
Rbps0Kos0Cals 50 363 361 338
Rby 30K 0.70Caks 70 431 409
Rbyp.12Ko.8sCaks 88 516 500
KCaRs 100 557 548

Note however that because of the high statistical disorder existingxneaf.5, this
intermediate transition labelled d%; is necessarily ‘soft’ and progressive, hence justifying
the weakness of experimental evidence showing its existence.

In order to throw light on the behaviour of the phase diagram adopted by these mixed
Rb,_,K,CaF; disordered crystals, the model of Bhattacharya and Chakrabarti [27] was
applied. This model, which predicts the evolution of transition temperatures versus impurity
concentration for displacive systems with strong crystal defects, is based on the following
classical Hamiltonian [28]:

dyi \?
szg(d—‘f) D GAVEHFBYD —h Y Wi =Y G hviYy (1)
i i i i,j

where; correspond to the soft mode coordinates responsible for the phase transition for
each unit cel. The first termd_, (m/2)(dy; /dr)? is the kinetic energy withw the effective

mass of the cell. The second OE(%AW,?%- %B,- ¥ is a classical Taylor expansion of the
potential energy wherg_, %A,-wl? is associated with the harmonic component. The third
term (—h }_; ¥;) corresponds to an external field and the last oRg {; ; $J9:;) takes

into account the coupling interaction between two unit cells (defective or normal). The
parameterA; associated with the second derivative of the potential represents an average
inter-atomic force constant, weighted by atomic masses, for one cell. Ahgarameter

can take two values

Ai:A-f-AAC[
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where¢; = 1 if the ith site is occupied by an impurity atom with the parameter value
A+ AA and¢; = 0 otherwise. Consequently it can be roughly considered Ahds the

force constant involved in the substitutional disorder which corresponds in thge RICak;
samples studied here, to the Rb—-&; & A) or K-F (A; = A + AA) interactions. From

the expression (1) and by using the method of the replica trick [29] in the mean field
approximation, the Hamiltonian of the system can be decomposed in two components as
follows:

H=Ho+ H1

where H; represents the additional perturbing Hamiltonian due to impurities over the
configurational average Hamiltoniaksc. Then considering a first order perturbation
expansion, the free energy of this system can be expressed as

F=F+hRn
with:
Fo = 3(A +3Bo)y§ + 3By — 3J0¥5 — hbo + 340 + §Bo” — % Ino @)
and:

P = —lln(l—x + x @ 2PAAUG )y A3)

where yo denotes the equilibrium position defined By = vo + Ay, o = (Ay?) and

Jo =), Ji;. x is the concentration of impurities in the system, that are here the proportion
of Kions in RbCak. 8 = 1/kT wherek is the Boltzmann constant. By minimizing the free
energy with respect tgyg ando, one obtains the expression for the transition temperature

xAA
T.x)=T.(x=0)|1— 4
() = Tetx )[ (Jo—A)(x+<1—x)eAA/2’°>] @
where T.(x = 0) is then the transition(s) temperature(s) occurring in pure RpCaF

(T.1 = 198 K andT,., = 315 K).

By fitting this expression to the experimental transition temperatures (given in table 7),
a theoretical evolution fof, versus the concentration can be suggested as illustrated in
figure 14. Note on this diagram that the intermediate transition is figured by a long dashed
line not fitted with this former model because of the unclear evidence of its existence;
moreover the vertical dotted lines correspond on this figure to the rough location where
the changes of tilt system~ata~™ — a bTa™ anda bTa~ — a~b*c™ occur. The
structural modification associated with this evolution is obviously progressive and, actually,
corresponds only to a weak evolution versus concentration of the tilt angles gf CaF
octahedra.

Table 8. Set of parameters obtained from the model of Bhattacharya and Chakrabarti ([27]).

Transition A (USl) AA(USI) Jp (USI)
T.1: cubic — tetragonal or orthorhombic K7 1.82 458
a%°%° %% ora%te

T,2: tetragonal or orthorhombie> orthorhombic or monoclinic —4.59 3.65 —4.82
a%% = or a%"tc a~bta=™ or a“ata” or a“btc”

The best set of parameters deduced from the model of Bhattacharya and Chakrabarti [27]
is given in table 8. Special attention was paid to the param&terA which corresponds
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Figure 14. Phase diagram of transition temperature versus concentration, for mixed perovskite
crystals Rh_,K,CaFs. Solid lines correspond to the best fit obtained with the model of
Bhattacharya and Chakrabarti ([27]). Solid circles indicate experimental temperature transitions
T,.1 between the ideal cubic symmetry and a tetragonal or orthorhombic one. Solid squares
correspond to the experimental low temperature transitigps Solid triangles are associated
with evidence for an additional intermediate transition narfied The long dashed line is a
guide for the eye concerning this former transition. Dotted lines indicate approximate location
of change of tilt system versus concentration.

to the relative variation of the average inter-atomic force constant, due to the substitution
by K ion impurities in the host crystal RbCaFAs previously discussed, this force constant
introduced in the Hamiltonian given by equation (1) is actually defined as an average on the
whole cubic unit cell and then, can be very roughly associated with the fluorine—monovalent
ion (Rb or K) interaction. TheA A/A theoretical value, deduced from the best fit obtained
with the applied model, has to be compared with the experimental one defined by:

AA  Ag-F — ARp-F

A Arp—r )

The experimental force constants, given in (5), have been previously obtained by refining

a lattice dynamics model on inelastic neutron scattering experimental data and they are

summarized in the review paper for fluoroperovskites of @aland Rousseau [30].
Then we obtain

AA i|
A theoretical

The rather good agreement obtained for these calculations seems to confirm the validity
of the applied model despite its roughness.

®)

AA
~ 32% —} ~ 40% (6)

experimental
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Furthermore the sign attributed to tieparameter gives an indication of the character
of the phase transition: the positive value obtained in the case of the high temperature phase
transition is evidence of the displacive character of this transition, while the negative value
obtained for the lower temperature phase transition indicates the probable order—disorder
character of this second transition.

5. Conclusion

In this paper, the crystal structures of three typical mixed perovskites from the RiCak;

system were investigated by high resolution powder diffraction. The ambiguities about the
phase transition sequences occurring in these compounds now seem to be fully removed.
Furthermore, in the light of these results as well as others obtained in these compounds
from previous studies using other techniques, a phase diagram has been proposed and
refined according to the phenomenological model of Bhattacharya and Chakrabarti [27].

On the basis of this work, Raman spectra and vibrational investigation by neutron
scattering could be more easily interpreted. Especially with this reliable structural study,
investigation of transitional mechanisms in the general perovskite family formed by rigid
octahedra entities, showing high anisotropy between octahedra layers, could be approached
with better accuracy. This aspect is in progress.
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