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Résumé. — Nous reportons I’évolution en fonction de la température des paramétres structuraux (coordonnées
et facteurs d’agitation thermique des ions) de part et d’autre de la transition de phase structurale cubique-qua-
dratique dans RbCaF; a 193 K ainsi que la structure de ce composé au-dessous de 50 K. Ces études ont été réalisées
par la méthode d’affinement du profil des raies de diffraction de neutrons sur poudre. Le méme groupe d’espace
(Pnma-D3$) a été déterminé a 20 K et 4,5 K. L’égalité, & basse température, des angles de rotation des octaédres
CaFg autour de chacun des trois axes cubiques < 100 ) ainsi que I’évolution des facteurs d’agitation thermique
en phases cubique et quadratique permettent d’attribuer un caractére ordre-désordre aux transitions 4 193 K
et a SOK.

Abstract. — The temperature dependence of the structural parameters (ions coordinates and ions temperature
factors) in the vicinity of the cubic to tetragonal structural phase transition of RbCaF, at 193 K is reported together
with the structure of this compound below 50 K. The neutron powder profile refinement method has been used
to carry out this study. The same space group (Pnma-D}§) has been found at 20 K and 4.5 K. Equality of the
CaFg tilt angles about each of the three ¢ 100 ) cubic axes in the low temperature phase and the behaviour of
the temperature factors in the cubic and tetragonal phases indicate an order-disorder character of the 193 K

and 50 K phase transitions.

1. Introduction. — In the study of the phase tran-
sitions occurring in perovskite compounds ABX;
and related to rotations of BX, octahedra, the tilt
angles, which are assumed as the order parameters,
are generally measured by indirect methods ; the more
usual are EPR [1] and NMR [2]. However, in the first
of these techniques, the paramagnetic probe disturbs
the local surrounding (the most prosaic reason being
the size difference of the intrinsic ion and the parama-
gnetic probe taking its place) and so can experience tilt
angles different from the intrinsic ones. In the other
technique, model have to be used to relate the measu-
rements to the octahedron rotation angle, and more
over, some parameters whose value is not known
accurately have to be introduced. To explain the
mechanism of these transitions, a model is put for-
ward [3] which, to be confirmed, needs measurements
of the absolute values of the tilt angles. Only a diffrac-

tion method is able to give these angles by the direct
determination of ionic coordinates. The polydomain
structure below the transition hinders the usual four
circle diffraction technique and so, the Rietveld method
(neutron powder profile refinement technique) [4, 5]
seems to be the more convenient one [6]. Furthermore,
when the transition is approached, some lattice modes
go soft, which could, in theory [7], induce critical
behaviour of the Debye-Waller factors of some
ions [8] ; up to now, such a study against temperature
has been done only in [9] under several assumptions
or from indirect measurements of NMR relaxation
time [10] which are closely related to these factors [7].
This Debye-Waller factors determination can be
obtained by the Rietveld method modified by A. W.
Hewat taking into account the anisotropy of these
factors [5].

Transitions such as those discussed above are
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encountered in RbCaF,, in particular the 193K (*)
transition (O} to D3®) [13, 14]. Moreover the additio-
nal presence of a central peak in the cubic phase [15]
increases the interest of the Debye-Waller factor and
tilt angle determination in this compound. It must be
noted that this study could be even more fruitful in
RbCaF; than in SrTiO; (similar transition at 105 K)
in spite of the greater number of studies of the latter.
The reason is that the larger distortion in RbCaF;
should increase the tilt angle amplitude leading to
better accuracy in the determination of its temperature
dependence. Moreover, according to refs. [13]and [16]
new phases appear at low temperature (phase transi-
tions near 50 K and 7 K) whose structures are reported
in this paper. The importance of the determination of
these structures comes from the possibility to check
different models forecasting them. This could also
throw some light onto the mechanism of the 193 K
phase transition.

The determination of the space groups of these
phases can be carried out with the neutron powder

profile refinement technique when used together

with the Glazer classification of phases transition
related to rigid tilts of octahedra in perovskite com-
pounds [17].

2. Data collection. — Neutron diffraction measure-
ments were performed on the D1A high resolution
powder diffractometer on the high flux reactor at the
ILL (Grenoble). This diffractometer has ten counters,
with the counter bank sweeping through 2 0 = 6°
to 160° in steps of 0.05° [18]. Wavelengths of
1.387 95(5) A and 1.907 4(1) A were used.

— The powder sample, inserted in a 16 mm vana-
dium can, was placed in a cryostat. The long term
temperature stability was better than 0.5 K. Caution
was taken in keeping the sample because of the
hygroscopic character of the compound.

3. Results. — Measurements were performed at
ten temperatures in the cubic and the tetragonal
phases to get information about the thermal behaviour
of both the atomic mean square displacement (B;;
and the atomic coordinates. Two patterns were also
recorded in each of the two lower temperature
phases [16] to determine the new structures.

3.1 THE CUBIC TO TETRAGONAL PHASE TRAN-
SITION. — The space groups Oj (in the cubic phase)
and D)} (in the tetragonal phase) were assumed for
the refinements. The tetragonal cell is shown figure 1
with the conventionnal pseudocubic subcell drawn
inside. The atomic coordinates and the corresponding

(*) Several transition temperatures have been found from 193 K
(powder diffraction studies) to 198 K (crystal studies). This effect
has already been attributed by Kleeman [11] to the internal stress.
The recent study of this compound under uniaxial stress by EPR
[12] confirms this explanation.
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symmetry restriction on anisotropic temperature fac-
tor parameters are shown in table Iz and Ib for the
cubic and tetragonal phase respectively. In the latter
case u denotes the displacement from the special
position of the ideal perovskite structure in fraction of

be

Fig. 1. — Projection in (001) plane of the tetragonal cell of RbCaF,
with Ca at the origin. The dashed line shows the CaF bond at height 0
and the dotted line at the height 1/2 ¢,. The projection of the conven-
tionnal pseudocubic cell is drawn by a thick line.

Table Ia. — RbCaF; ions positions in the space
group O} in the conventional cubic orientation and the
corresponding symmetry restrictions on anisotropic
temperature factors parameters (conventional cubic
cell parameters a = b = c).

X S Z,
Rb 1(b) 0.5 0.5 0.5 Byy = By, = By
Ca 1(a) 0. 0. 0. By, = Bpp = Byy
F 3(d) 0. 0. 0.5 B, = Byy # By

Table 1b. — Fluorine displacements u from the cubic
perovskite position in the space group DL¥ in the
conventional tetragonal orientation and the symmetry
restrictions on anisotropic temperature factors para-
meters. The cell parameters are a, and c, related to the
cubic ones according to a, = a \/ 2andc, = 2c.

X y z
Rb 4(b) 0. 0.5 0.25 Byy = By 7 By
Ca 4(c) 0. 0. 0. Byy = By, 7 Byy
F 4(a) 0. 0. 0.25 Byq = Byp # Byy
F 8(h) 0.25+u  0.75+u 0. Byy = Byp # Byy 7 By
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Table I1. — Structural parameters in the cubic (a) and the tetragonal (b) phase of RbCaF;. In each case

Ryuc = 100 2 | I (obs.) — SI(cal.) |/Z1I (obs.),
Rpror = 100 X | Y, (obs.) — SY; (cal.) |/ZY; (obs.),
REXP

= 100 /(N — P)/ZW | Y; (obs)) |*, with I(obs.), I(cal)

integrated intensity of reflexion, Y; (obs.), Y; (cal.) observed and calculated intensity data point, W weighting
Jfactor, N number of observations Y,, P number of parameters, S scale factor. The B;; = 8 n* u; u; are given in A%

a)

T (K) a @A) By, (Rb) B, (Ca) By;(F) Bs3(F) Ryuc Reror  Rexe

296 4.455 1(1) 1.86(2) 0.69(3) 3.63(3) 0.71(3) 137 692 274

250 (*) 4.4518(1) 1.58(3) 0.62(3) 3.48(4) 0.42(4) 319 848 277

202 4.448 4(1) 1.37(2) 0.53(3) 3.303) 0.58(4) 141 6.70 2.52

199.7 4.448 4(1) 1.30(2) 0.54(3) 3.303) 0.56(3) 490 6.83 3.25
b)
T (XK) a, [ u B, (Rb) B33 (Rb) By, (Ca) B3;(Ca) By, (F) B33 (F) By, (F)B33(F) By, (F) Ryyc Reror Rexe
186.5 6.286 1(1) 8.901 1(3) 0.016 0(2) 1.34(5) 1.07(9) 0.48(6) 0.55(11) 2.95(13) 0.58(10) 1.62(5) 3.00(12) 1.03(6) 1.69 6.54 303
170 (*) 6.280 5(1) 8.908 4(2)  0.021 6(2) 1.133) 1.23(6) 0.44(4) 0.60(7) 2.58(8) 0.69(7) 1.24(3) 2.65(7) 0.80(4) 536 9.43 3.40
150 6.274 4(1) 8912 5(1)  0.025 2(1) 0.99(2) 1.084) 0.41(3) 0.45(5 2.36(5) 0.524) 1.11(2) 2.35(4) 0.63(3) 1.78 6.10 3.18
120 (*)  6.267 2(1) 8.920 5(1)  0.029 5(1) 0.79(3) 0.86(4) 0.44(3) 0.49(5) 1.94(4) 0.52(4) 0.94(2) 1.92(4) 0.49(3) 380 7.50 3.23
87.5 6.259 1(1) 8.926 8(1)  0.032 7(1) 0.68(2) 0.71(3) 0.36(3) 0.33(4) 1.553) 0.44(3) 0.77(1) 1.50(3) 0.34(2) 203 592 321
55 (**) 6.2517(1) 8.9330(2) 0.0352(2) 0.56(6) 0.76(9) 0.48(9) 0.42(12) 1.17(7) 0.93(1) 0.81(1) 1.37(7) 0.07(5) 332 8.00 214

(*) Measurements performed on an hydrated sample. The temperature factors (B%) deduced from the refinements are weaker than the absolute value and

can be corrected according to B;; = B} + ABwhere in this case AB = 0.30.
(**) The bad value of the B;; comes from the effect of a phase coexistence.

tetragonal cell parameter a, (a,, b, c, are the tetragonal
cell parameters). Tables Ila and 116 show the results
of the refinements together with the reliability on them.

In order to show how these parameters behave at
the transition, in the tetragonal phase we shall find
it convenient to express them in the pseudocubic
subcell. For simplicity the data will be refered to the
axes chosen according to figure 2. We will denote
a, b, and ¢ the pseudocubic subcell parameters. They
are related to the tetragonal cell parameters a,, b,
and ¢, according to

a=b=a/2=0b/2, c=c/2.

X3

b

Fig. 2. — Conventional pseudocubic cell according to which the
data will be noted. Arrows show the fluorine displacement occurring
in the tetragonal phase.

The temperature dependence of pseudocubic cell
parameters is shown figure 3.

T T T T
s.50F Cell parametres and bond lengths (A) . .
P -
4asf == B . -
446 | 4
4aa -
L] L]
4.a2} -
4,40 L1 L " A
° 100 200 300
T(x)

Fig. 3. — Temperature dependence of the pseudocubic cell para-
meters in cubic and tetragonal cells (full circles) and the temperature
dependence of two times the CaF,; (square) and CaF; (cross) bond
lengths.

The F, displacement § is related to the CaFg tilt
angle ¢ by tgo = 24d/a.

Figure 4 shows the temperature dependence of the
tilt angle ¢ which is conventionally taken as the order
parameter. The thermal behaviour of rubidium and
calcium ions is plotted on figure 5, those of fluorine
on figure 6. No absorption corrections have been
made and so the absolute values of the temperature
factors may be slightly greater.

These data allow to compute the CaF bond lengths.
For this computation the very large thermal motion
of fluorine must be taken into account [19]. When
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(degrees)

tilt angles

10

2 Rb Ca F3 \\
Te
0 1 1 . 1 ll
o 50 100 150 200
T(kK)

Fig. 4. — CaFgoctahedron tilt angle according to the present result
(full circles), the classical displacive model [26] (dashed line) and the
order-disorder model [3] (solid line).

2 | Bij(A) -
RbCa F3 N
+ B41(Rb)
1.5F o Bs3(Rb) / ~
+ &

B,,(Ca)
o By,(Ca) Q %

¢ /.’
o.5F -~ ——2-% -
/B/
T
. A ¥ :
[ 100 200 300
T(¥)

Fig. 5. — Thermal behaviour B;; = 8 n’>#% for rubidium and
calcium ions according to the notations of figure 2. :

|} Bijj(Fa) (&)

. Bss(Fa) /i /.’
3| o By (Fi) Q/
* B3z (F1) g/‘
. L o By (Fa) / /
“ B2 (F) .~ RbCaF,
/9/
1P ./A
L e—t-e—
e T,
0 I} ll Il
0 100 200 300
T(k)

Fig. 6. — Thermal behaviour B;; = 8 n* #? for fluorines according
to the notations of figure 2.
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denoting /, and /, the instantaneous values of CaF,
and CaF; bond lengths respectively one can write :

a |, .

5 = 3 cos @,(Fy) cos ¢3(Fy) M
c I,

3 = 508 ¢1(F3) cos ¢,(F5) @

where @; refers to the tilt angle about X; axis (including
both static and dynamic effects). The measured data
are the mean values (denoted by a bar) and so :

- ¢3(F) _ ¢3(F))
l, ~ a<1 + > + > ) 3)
. PHGBINCGD
I, ~ c(l +— + 5 ) @

where it has been assumed weak values of ¢;. Now
¢’i(Fj) = ‘Pi(Fj) + ApyF j)

and ¢,(F,) = 0 apart from the tetragonal phase for
¢5(F,) which is equal to the order parameter ¢ (fig. 2).
Replacing Ag;(F)) by the corresponding linear displa-

— B;
cement ¥ = u; = 52 we are led to
m

(A%
(-I:)z =c*+ 4uy (F3) + 4uy,(Fs) .

(1 + @) + 4uy,(F,y) + 4us(Fy) (5)
(6)

This correction for thermal librations is similar
to the one proposed by Glazer [20]. The corrected CaF
bond lengths /, and [, are reported in figure 3. All
these data will be discussed in section 4.

3.2 THE STRUCTURE OF RbCaF; BELOow 50 K. —
According to ref. [16], two phase transitions occur
at ~ 50 K and ~ 7 K. A previous study [14] of some
X-ray scattering lines (444, 622, 800 indexed in the
double pseudocubic cell 2a, 2b, 2¢) indicated clearly
a phase coexistence (tetragonal plus unknown phase)
in the temperature range 55 K to ~ 10K (fig. 7a).
Below ~ 10 K the disappearance of the tetragonal
phase lines is observed without any modification of
the unknown phase lines; so there is probably no
phase transition at very low temperature ; this is in
agreement with the neutron powder diffraction expe-
riment, the 20 K and 4.5 K patterns being quite similar.

A part of the neutron powder pattern recorded at
4.5 K is shown figure 8. Some of the lines are indexed
in the double pseudocubic cell 2a, 2b, 2¢. In addition
to the main lines already present in the tetragonal
phase (hkl all of the same parity) new lines are now
present such as 310, 312, 314, 501, 512 (so-called M
lines) and 320, 410, 421, 432, 520 (X lines). Assuming
one of the Glazer space group [17] and according to
its tilt system the presence of M lines indicates a (+)
tilt. Moreover the X-ray study of the 444 reflexion
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RbcaF3 tetragonal
phase E

COUNT( %102
'!,m

orthorhombic and
tetragonal phases

orthorhombic
phase

847 8i.1 20 degrees

Fig. 7a. — X-ray diffraction powder study of the 622 line (accord-
ing to 2a, 2b, 2¢, pseudocubic cell) showing the phase coexistence.
Measurements have been performed with the X-ray liquid helium
cryostat [21] using the K,, — K, cobalt radiations

(Ag,, = 1.788 92 A).

The dashed lines represent the patterns after removing the K,,
radiation by the Rachinger method. The dotted line at 11 K shows
the two components (622 and 622) of the orthorhombic line.

RbCaFj
7K

orthorhombic
phase

88:61 20 degrees

88.85

Fig. 7b. — Evidence of the splitting of the 444 line at 7 K recorded
in the same conditions as in figure 7a.

showed that this line is split (fig. 7b), and so one of the
double pseudocubic cell angles is different from 90°.
Then only the B2,/m(11) and Pnma(62) space groups
are allowed. The former is the more general of them
and so refinements were carried out with it. The
lattice parameters, atomic coordinates and the cor-
responding symmetry restriction on anisotropic tem-
perature factor parameters are shown in table III.

POWDER DIFFRACTION 91

400

)
.
h

XM

20.000

220

Q.00 éﬂ.m ;'.“ Q“An
2 THETA DEC

Fig. 8. — Part of the neutron diffraction powder pattern of
RbCaF; at 4.5 K, showing the M and X superlattice lines. Vertical
axis shows counts.

Table III. — Displacements u, v, w from the cubic
perovskite position in the space group B2,/m in the
cell 2a, 2b, 2c and the corresponding symmetry restric-
tions on anisotropic temperature factors parameters.

X Yy z B'ij
Roy | 1) | 0.25tup 0.5 0.25%wp, | By #By,#By7By
Rb, | 1(e) | 0.25%up, 0.5  0.75twg, | By #B,,BasfBy
cay | 1a) 0 0 0 B 1#B,,#B337B,3#B1 /B, ,
Cap | 10 0 0 0.5 B)17B227B337B23783,7B 12
Fy 2f) | 0.2+ vy ¥ B117B227B 3378237831712
P2 1(e) Uz 0.25 ¥Ep B) 178257833783y
F 1(e) Upry 0.25  O.5twg, | By #B,#By.fBy
F 2(f) U3 Ves 0.25%wgy | By #Byy#By378,:#8y 78,

Because of the weak anisotropy of the Ca and Rb
surrounding, the temperature factor of these ions
has been assumed isotropic and equal for each type.
The results of the refinement at 4.5 K and 20K are
reported in table IV.

From this one can see that the cell parameters 2a,
2b, 2c are nearly equal together with a great tendancy
of equality of the tilts. The observed differences are
not significant. This is consistent with a tilt system
a” a* a~ corresponding to the space group Pnma.
So refinements have been redone imposing the equa-
lity of the displacements and 2a = 2b = 2 ¢. The Rb
ion displacements have also been made to be in agree-
ment with the Pnma space group. Table V shows the
restrictions and table VI the result of the refinement
at 4.5 K and 20 K. As shown in tables IV and V, when
taking Pnma space group instead of B2,/m space
group, the number of unknown parameters decreases
from 48 to 18. The good reliability obtained with these

=S
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Table IV. — Structural parameters of RbCaF; at 20 K(a) and 4.5 K(b) in the space group B2,/m.
T=20K 2a = 8.8692(5) 2b = 8.8724(3) 2c = 8.8687(5) B = §0.156(2)
u v " B B B22 B1s B2 Ba1 B2
Rb, | 0.008(1) 0.002(1) 0.59(5)
Rb, | 0.008(1) 0.005(1)  0.59(5)
ca, 0.46(7)
Ca, 0.46(7)
F 0.001(1) -0.020(2) -0.023(1) 1.03(52) 1.56(91) 1.73(52)  0.034(30) 0.87(44) -0.18(43)
Fy 0.012(1) -0.029(2) -0.42(70) 1.19(67)  -0.08(51) -0.14(38)
r; -0.019(1) 0.025(2) 1.71(55)  0.69(55) 1.29(58) -0.77(41)
F, 0.021(1) +0.024(2)  0.002(1) 0.46(36) 0.86(88)  0.01(54)  -0.26(33) 0.42(14) -0.14(17)
Ryuc = 5-80 Rppop = 7-19 Reyp = 267
T=4.5K 2a’= 8.8718(5) 2b = 8.8725(2) 2c = 8.8664(4) 8 = 90.157(2)
u v w . B B B2z B33 B23 B3 B2
Rb, | 0.004(1) -0.001(1) 0.46(5)
Rb, | 0.011(1) 0.010(1) 0.46(5)
ca, 0.65(6)
Ca, 0.65(6)
Fy | -0.001(1) -0.024(1) -0.022(1) 0.59(36) 0.15(48)  1.78(36)  -0.63(27) -0.74(24)  0.10(26)
F, | 0.020(1) -0.023(1) 0.61(46) 0.55(52)  1.06(61) 0.75(35)
Fy | -0.026(1) 0.018(1) 1.01(50) 0.11(40)  1.99(61) -1.30(34)
Fy | 0.022(1) 0.020(2) 0.000(1) 0.56(33) 2.33(57)  0.92(29)  0.10(24) 1.21(23)  0.95(27)
Ryyc = 3-60 Ropor = 8:22 Reyp = 2.75°

18 parameters allows to think that the space group
of this structure is Pnma, similarly to a large majority
of such perovskites [17]. The tilt angle amplitude is
® =501°cat20 K and ¢ = 5.03°c at 45K

(¢1=¢2=¢3=¢).

The bond lengths (not corrected for thermal libra-
tions) are shown in figure 9 at 4.5 K. The corrected
ones are plotted on figure 3.

4. Discussion. — 4.1 SOFT MODES. — According
to Glazer’s Classifications [17], in RbCaF, the succes-

sive phases correspond to the following sequence of
tilts

50K 193K
a ata = a%a°c = a%a®a°
16 18 1
D2h D4h Oh
4
Pnma Iacm Pm3m

It is well known that the O} to D32 phase transition is
induced by the condensation of one of the components
of the triply degenerate R,5 mode. Assuming that the
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Table V. — Restrictions on ions displacements and

anisotropic temperature factor in the cell
2ax2bx2c¢c

according to the tilt system a~ a* a~ and correspond-
ing to the Pnma space group.

Rb. O.ZSNAR 0.25 0.25<I>wR B;: = BR

Rb. 0.254wR 0.25 0.75<|»uR B.. = BR

2

ta, 0 0 ) 85 = Ba

ca, 0 0 0.5 85 = Bea

Fpo| 02 “Vf “Up Byp = B33 = Bjp Byy = Bpp Bp3 = - By
P Ye 0.25 Y Bj1 = B33 = Byp Bpp = Byp By = Bgr
F3 up 0.25  0.5tu; | B = Byy = By By = By By = Beg
fy Yr u 0.5 Byy = Bop = Byp B33 = By Bjp = By

50 K phase transition also arises out of the condensa-
tion of soft modes (in spite of the first order character
of the transition [16]), it would be due to the freezing-in
of M; and X5 modes (When referring to the cubic
Brillouin zone) [22]. The last one leads to rubidium
displacements along | 101 |. Such a displacement can
be observed in table VI.

Table VI. — Structural parameters of RbCaF; at
20 K(a) and 4.5 K(b) according to the tilt system
a” a* a~ (Pnma space group).

T=20K 2a = 8.8701(1) 8 = 90.151(2)

= 0.0060(4) wg = 0.0065(4) up = 0.0218(1)

YR

By = 0.59(4) By, = 0.46(6) By = 1.02(3) By = 0.70(5) Byp = - 0.2(1)

Ryye = 4-90 Ropor = 8:20 Reyp = 2.68
a)

T=48.5K 2a = 8.8705(1) 8 = 90.151(2)

up = 0.0064(3)  wp = 0.0061(3) up = 0.0221(1)

By = 0.57(4) By, = 0.62(6) By = 1.07(4) B, = 0.60(5) Bgp =+ 0.05(10)

= 3.70 RPROF =9.13 REXP = 2.76

Rynuc

b)

4.2 PRELIMINARY REMARKS CONCERNING THE PRE-
SENT RESULTS. — Let us first note that the temperature
dependence of Ca and Rb mean square displacements
displays no anomaly at the transition (fig. 5). The
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b)

Fig. 9. — Bond lengths (&) in the CaF4 octahedron (a) and bond
angles (b) in RbCaF; at 4.5 K.

vibrations of these ions remain isotropic within the
error limit, even though this is not required by the
symmetry of tetragonal phase. Such a result is reaso-
nable because, whether or not the soft mode greatly
increases the fluorine thermal motion near the tran-
sition, their polarization vector components are zero
for the cations.

In the perovskite compounds it is well known that
the anion octahedra are important entities and play
a prominent part in phase transitions. The present
results are in good agreement with the octahedra
integrity. One can see that, in the tetragonal phase,
B,,(F,) is always nearly equal to B,;(F,) which is
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consistent with the rigidity of octahedra, and was
already proved by the anisotropy of the dispersion
curves [23]. In the same way, one can see in figure 3

that the CaF bond lengths /, and 7, along | 100 | and
| 001 | respectively, are nearly equal, showing the
regularity of the octahedra. This regularity is also
observed at the very low temperatures 20 K and
4.5 K. Another important result of this analysis is the
equality and the small amplitude of the B,(F,)
and B;,(F;) factors. This can be explained by the
. negative value of

Arcp = % — (rca + rp) = — 0.057 A [24]

(rcs and rg taken from ref. [25]) : the F~ ions are
tightly wedged and so they are allowed only small
displacements. This also suggests that the fluorines
are pushed out of the Ca-Ca straight line and can
explain their large mean square amplitude in the
plane normal to this line. In spite of the fact that the
soft mode R, involves just such displacements, the
lack of critical variation in the Debye-Waller factor
due to the softening of the R, mode when approach-
ing T, in the cubic phase seems to indicate that another
phenomenon may be responsible for this large ampli-
tude. The last point we have to discuss is that B,,(F,)
is lower than B;;(F,) contrary to ref. [9] where equa-
lity of all these factors has been assumed. Our result
seems to be more reasonable because B,,(F,) mainly
depends on the R,; mode component which has
condensed to form a ¢~ tilt.

The CaFg tilt angle in the tetragonal phase is much
greater than the one deduced from the classical displa-

c-a_ %(pZ [26] (fig. 4) which was

cive model where

already shown in ref. [9]. Indeed, it can be noted that
the relationship a/c = cos ¢ [20] is in very good
agreement with the tilt angle deduced from the refi-
nement. This is due to the fact that the latter relation
takes into account the effect of the thermal librations.
A last point worth while noting is that contrary to
Glazer’s assumption the F; static displacement at the
cubic to tetragonal phase transition is much weaker
than its thermal motion

uy(Fy) = \/uzz(Fl) = \/Bzz(F1)/8 n?.

So, the system must oscillate unsymmetrically on
either side of a symmetrical configuration [20]. In
fact, such a paradox can be easily explained if it is
assumed an order-disorder character for this phase
transition [3].

4.3 ORDER DISORDER DESCRIPTION OF THE CUBIC
TO TETRAGONAL PHASE TRANSITION. — While, in the
perovskite compounds family, the ferroelectric phase
transitions are now well described by the order-
disorder model proposed by Comes for BaTiO; [27],
the antiferrodistorsive ones, related to octahedra
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tilts, remain an unsolved problem. The order-disorder
description proposed by Rousseau [3] seems to explain
many of the properties to be found near these latter
ones. We are going to check this model in the light of
the present results.

This model is based on the assumptions of octahedra
rigid and regular, both hypotheses consistent with the
present results. It is assumed that, even in the cubic
phase, fluorine ions are displaced from the middle
of the faces in the direction of the diagonals of these
faces (fig. 10). Such displacements seem to be more

Fig. 10. — Pseudocubic cell showing the position of the wells
according to the order-disorder model [3].

probable because all of the three cubic directions are
equivalent contrary to what happen when anions are
displaced in the direction of the bisectors of the faces.

Such a disorder is supported by the negative value
of Arc,ri.e. that the Ca-Ca distance is shorter than the
sum of the Ca and F diameters. So, in the high tem-
perature phase, the cubic symmetry is due to an
average effect, each of the four wells being accupied
with equal probability. In the framework of this
model the large thermal amplitude B;;(F,) and
B, ,(F5) is due to a disorder effect instead of a soft
mode. The latter is hidden by the former and so, no
pretransitional effect is expected for the Debye-
Waller factors.

Let us turn to a quantitative study. Under the
assumption of this model one can write :

a(T) = KT) cos ¢,(T) cos @3(T) M
(T) = KT) cos ¢3(T) cos ¢,(T) ®
o(T) = UT) cos ¢,(T) cos ,(T) ©)]
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where ¢, @, @5 represent the octahedra tilts about
a, b, ¢, respectively. [(T) is the CaF bond length which
is assumed equal for F, F, and F;. It must be noted
that under these assumptions the thermal motion is
considered as normal (i.e. isotropic and small inside
a well) and so it is not necessary to take it into account.
In other words, at present the ordinary thermal
motion is neglected.

In the cubic phase ¢, = ¢, = ¢p;andsoa =b = c.

In the tetragonal phase ¢; = ¢, # @5 then
a = b # ¢ and F; can occupy each of the four wells
while for F; and F, only two wells are allowed.

The decrease of a(T") with decreasing temperature
results in an increase of ¢5(7), as in the classical
displacive model, while the increase of ¢(T) is attri-
buted to a decrease of ¢,(T) and ¢,(T). Assuming
weak values of ¢;(T") one can deduce for the tetragonal
phase

@s(T) = \/1 - 2—a(T—l)(T—)—c(D (10)

0uT) = (1) = [FRZHD

Computation of these angles needs the knowledge
of (T). In the original paper of Rousseau [3] ¢,(T)
was assumed to vanish at T = 0K (i.e. /(o) = c(0))
and the /(T) temperature dependence was thought
to be similar to the one of 3/a*(T) c(T). The present
study has allowed /(7)) computation and a good
agreement with Rousseau’s prediction is obtained. The
difference does not lead to a discrepancy greater than
50/, in @3(T) absolute value. The temperature depen-
dence of this angle is shown in figure 4 together with
the experimental and the classical displacive ones [26].
One can see the improvement brought by the order-
disorder description.

In the vicinity of 7, the experimental tilt angle
deviates from the order-disorder prediction (fig. 4).
In fact, the system being both order-disorder (alonga ¢

STUDY OF RbCaF; BY NEUTRON POWDER DIFFRACTION 95

axis) and displacive (in the plane perpendicular to the
¢ axis), the discrepancy between predictions of the
model and the experimental tilt angle can be seen as
the contribution of the thermal motion.

In the framework of the order-disorder model,
at low temperature, when thermal motions become
too weak to enable fluorine jumps from a well to an
other, the octahedra remain tilted about each of the
¢ 100 > axes. The experimental equality of the three
tilts confirms the hypothesis of the four wells allowed
for the fluorine. Otherwise, how should be possible
such an equality after the large distortion undergone
by the lattice in the tetragonal phase ? Furthermore,
the tilt angle amplitudes (5°) are just equal to the one
predicted by the order-disorder model at the cubic to
tetragonal phase transition. And the first order
character of the 50 K phase transition [16] is obvious
when it is assumed as an order-disorder one. However
it seems that the wells undergo displacements in the
tetragonal phase. This behaviour indicates an abnor-
mal character of this phase.

To the light of these results, it is not yet possible
to decide wether the order-disorder description is more
appropriate than the classical displacive description.
In the same way, recent high resolution studies of
CsPbCl; by neutron diffraction cannot display a
resolvable disorder in the Cl ions [28]. However,
there is now the evidence from E.P.R. experiments [29]
that the probability distribution function of oxygen
atoms in S1TiO; is multipeaked. The failure of diffrac-
tion techniques to come to a conclusion is probably
due to their insensitivity to timescale and to the large -
thermal motion of atoms inside each well. Neverthe-
less, the equality of the tilt angles in the lowest tempe-
rature phase of RbCaF; is very promising and the
study of this phase at temperatures where thermal
motion must be negligeable is in progress.
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