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Universite du Maine. Avenue 0 Messiaen, 72017 Le Mans CCdex, Fmce 
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AbstracL The influence of ionic substitution on the phase transitions in mixed Rbl-,K,caF, 
Auoroperovskae crystals ( x  < 0.2) is shldied by EPR of the Gd3+-02- pair substituted for a 
Ca2+-F- bond as a local probe. The behaviour of the EPR spectra versus temperature reveals 
the existence of two successive first-order phase vansitions associated with caF6 octahedron 
"ion. Computer reconstructions of the EPR spectra allow us to conclude that, in the low- 
temperature phase, the caF6 octahedra are rotated by three equal angles around the fourfold 
cubic axes. Then, we were 3ble to determine the variations of the total rotational angle @ 
defined by @* = + @~olol + @&,il = 3@kl1. It is observed to increase continuously for 
x = 0.05 whereas a disontinuity t o w d s  larger values occurs in the x = 0.2 compound. The 
phase diagram dmwn from the EPR measurements shows hat the transition temperatures are 
enhanced with increasing x and the temperature range over which the tetragonal phase exists 
tends to become smaller. k e  results lead to the conclusion that the occurrence of the phase 
tamitions is related to the compactness of the unit cell and that the substitution enhances the 
instabilities at the M and R points of the Brillouin zone. 

1. Introduction 

Perovskite crystals AMF3 have attracted a great deal of interest in recent years because 
of their simple structure and their ability to undergo phase transitions associated with 
octahedron rotations. Nevertheless, they may exhibit quite different symmetries at room 
temperature and different sequences of phase transitions. Indeed, RbCaF3 is cubic at room 
temperature and undergoes a weakly first-order s "ua1  phase transition (SFT) at 195 K 
induced by the mode condensation at the R point of the cubic Brillouin zone. Tnis is 
followed at 50 K by a second SPT involving simultaneous mode condensations at the M and 
R points. 

On the other hand, KCaFs is cubic at high temperature (T z 560 K) and undergoes two 
successive SPTs leading the crystal into an orthorhombic phase. The former is caused by 
mode condensation at the M and R points simultaneously, the latter by condensation at the 
R point only. The R soft mode consists of alternate rotations of the CaFS octahedra around 
one of the three fourfold axes; the M point is connected to non-altemate rotations of the 
same octahedra. 

These differences between the behaviour of the two compounds give evidence of the 
important role of the cation A in stabilizing this type of structure. One may expect that the 
substitution of Rb+ by K' ions should change the interactions and modify the correlations 
between adjacent CaFs octahedra. 
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The purpose of this paper is to present recent EPR E S U k S  on the mixed crystal 
Rbl-,K,CaF3 (x  < 0.2). Preliminary results have been previously published in [l] and [2] 
where important references may be found. In the present work, attention is paid essentially 
to the second strongly iirst-order SPT observed in the mixed crystal for x =- 0 and the analysis 
of the low-temperature phase. We report on the results from experiments performed in X 
and K bands and some experiments under uniaxial stresses in the K band. We emphasize 
the influence of the concentration of the substitutional ion on the evolution of the order 
parameter versus temperature. Some conclusions about the relation between the phase 
transitions and the compactness of the unit cell are tentatively drawn from a comparison 
between our measurements and some results achieved in other mixed perovskite crystals 
[3-51. 

2. Experimental details 

Single crystals of Rb,-,K,CaF3 used in these experiments were doped with Gd203 and 
grown by the BridgmanStockbarger method with the technical assistance of G Niesseron. 
Gd3+@-pairs, substituted for Ca2+-F- bonds, are used as smctural local probes. These 
probes do not disturb the lattice very much since the radii of the substituted ions fit with 
those of the Ca2+ and the F- ions. 

The EPR spectra were recorded either on a Bruker X-band spectrometer (v = 9.5 GHz) 
or on the K-band spectrometer ( v  = 19.5 GHz) built in IBM Zurich Research Laboratory 
by W Berlingert and given to us by K A Muller recently. 

Experiments under application of uniaxial stresses were achieved by using the K-band 
spectrometer only. The stress was applied with a stainless-steel hollow force transmitting 
tube. Technical details on the apparatus may be found in [6], [7] and 181. 

3. Temperature dependence of the Gd3+_0z- pair EPR spectra in pure RbCaF3 

The Gd3+-OZ- pair can be viewed as a particular bond of a molecular [GdOF5l4- entity. The 
corresponding paramagnetic centre constitutes an *S7,2 ion submitted to an axial distortion 
directed along the pair axis [9]. It is quite similar to the Fe3+-V0 pair previously used to 
investigate critical phenomena in SrTiO3 [lo]. 

In the cubic phase, the angular dependence of the Em lines when H rotates in the (001) 
plane gives evidence for three types of paramagnetic centre related to the Gd3+-02- pairs 
lying along the three [loo], [OlO] and [CO11 fourfold axes [Ill.  The EPR spectra have been 
interpreted with a spin Hamiltonian reflecting the tetragonal symmetry of the centre with a 
large value of the quadrupolar crystal-field parameter b! (0.26 cm-I) [9,11]. For HII[l lo], 
the lines owing to pairs along [loo] and [OlO] coincide while the pairs along [OOI] whose 
axis is perpendicular to the magnetic field direction correspond to a single line. Such lines 
are shown in figure ] ( U ) .  From this position, a rotation of the crystal by 1" around the 
[Ool] axis induces a splitting of 36 G between the two components of the high-field line. 
This high sensitivity allows us to investigate the octahedron rotations induced by the phase 
transitions through rotation of the pair axis in the magnetic field [12]. 

The corresponding spectrum in the tetragonal phase is shown in figure l(b). The low- 
field line related to [Ool] pairs remains unchanged in this phase while the lines related to 

t Deceased 
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Xl II 

L ,,bo Figure 1. The temperatwe dependence of the A lines 
in RbCaF, about the f ist  SPT in the X band (H~11[0011, 
Wll[llOl): (a) T = 300 K (b) T = 165 K. 

7 5 0  1000 1250 

Magnetic field (G) 

the pairs along the other two fourfold axes split into four components referred to as +@, 
-4, 0, M. Figure 2 specifies the difierent centres related to these lines. The &@ lines 
may be attributed to pairs in [001] domains: the pair axes lie at 45" rt @ away from the 
magnetic field; the splitting AH has been previously shown to be proportional to @, which 
is the order parameter of the transition, and we may Write AH = B@ with B = 36 G/d" 
[121. The M line is due to [I001 (respectively [OlO]) pairs in [OlO] (respectively [loo]) 
tetragonal domains. The 0 line arises from pairs lying along the domain axis in [lo01 or 
[OlO] domains. 

From the splitting of the &@ lines in the tetragonal phase, we have deduced the values 
of the order parameter versus temperature down to 4.2 K where, surprisingly, the spectra 
are still compatible with a tetragonal phase where @ = 7.9". Indeed, in powdered samples, 
a second SFT has been observed at Tcz = 50 K [13,14]. This behaviour may be attributed 
to internal strains in the crystal, which do not exist in powder. These strains smngly affect 
the transition temperature by keeping the crystal in the tetragonal phase. 

More generally, an octahedron rotation has to be described with two parameters: the 
rotational axis direction and the rotational angle. For small angles and any direction, we 
may write 

4 = &0l+ 40,OI + Grwt,. 

From the line splittings observed in the tetragonal phase, it may be inferred that, when 
the magnetic field is along a twofold axis, the line splitting induced by any octahedral 
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Figure 2. The different Cd3'#- pairs in the tetragonal phase. 

rotational vector 4 is proportional to the vector component, that lies along the fourfold 
cubic axis perpendicular to the magnetic field. 

Then, whatever t h e j  direction is, AH deduced from the &q5 line splitting is proportional 
to q5cmll which is the q5 component perpendicular to the magnetic field axis (H11[110] in 
our experiments) [16,17]. 

4. Temperature dependence of the EPR spectra in the mixed perovskite 

In the mixed crystals, the resolution of the spectra lowers when x increases, so measurements 
were achieved for Rbl-,K,CaFS crystals with low values of x (0.05, 0.2). 
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4.1. Rbo.9s KO.OS CaF3 
'Qpical spectra obtained at X band and K band (HII[1 IO]) in the different phases are given 
in figures 3 and 4 respectively. As can bc seen, the essential features of the Gd3-02- pair 
spectrum in pure RbCaF3 remain. The spectra corresponding to the cubic phase are shown 
in figures 3(a) and 4(a): the low-field line with weaker intensity is related to pairs along 
[OOl], the other line to pairs along [lo01 and [OIO]. Nevertheless, the lines are broadened 
and flanked by satellites, which may be attributed to pairs surrounded by n Kt and (8 - n) 
Rbt as next-nearest neighbours (n = 1, 2, . . . ,8). Indeed, the substitution of K+ for RbC 
ions in the RbCaF3 cell lowers the local symmetry of the crystal field at the Gd3+ site. The 
corresponding spin Hamiltonian parameters have been previously determined and it was 
concluded that the Kt and Rbt ions are distributed at random [I]. The intensity of these 
extra lines is more important for the crystal with x = 20%. 

[OOl] [100].[010] 
M1 - 

I I I 

750 1000 1250 1500 

Magnetic field (G) 

Figure 3. The temperature dependence of the A lines in Rh9jKa.mCaFl in the X band 
(H;r11[0011. H11[110]): (0) T = 300 K; (6) T = 165 K ( c )  T = 50 K. 

In opposition to the pure compound Rb-3 where only one SpT has been observed, 
the evolution of the spectra in Rh3,95&.osCaF3 evidences two successive SpTs for the two 
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Tc,=21 1.5K 
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4000 4500 5000 5500 
Magnetic field (G) 

Figure& The tempmuredependenceof the B and Clinesin the K h d  (H~11[0011. HII[I 101): 
(a) T =300 K (6) T = 124 K; (e) T =79 K. 

values of x (figures 3(b,c) and 4(b,c)). The existence of this second transition shows that 
the disorder induced by the substitution of Rb+ by K+ may relax the internal strains. The 
two transition temperatures deduced from our measurements with the K-band spectrometer 
are given in table 1 .  

Table 1. Tmsition temperatures in the mixed pemvskite crystal Rb,-,K,CaFI. 
measurements were achieved in the K band. 

The 

0 195 not observed 
0.05 211.5i0.5 81.5f0.5 
0.2 246.5il .O 162.4il .O 

4.1.1. The tetragonalphare. In figures 3(b) and 4(b) ,  despite larger linewidths, the spectra 
may be related to a tetragonal phase with the characteristic &@, 0 and M lines related 
to pairs along [lo01 and lOl0.l cubic axes as previously described in the pure compound. 
The line connected with Gd3+-02- pairs along [OOl] is not affected by the transition at 
T,, = 211.5 K in Rbo,s&.&aF3. In the K band, the 0 and M lines of relatively low 
intensity are nearly superimposed in this spectrum. This is in agreement with preponderant 
[Wl] domains. Furthermore, we obtain AH = B@ with B = 156 G/d". This large value 
results in the lines lying on either side of  the [OOl] component. 
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4.1.2. The low-temperature phase. Below Tcz = 81.5 K, the removal of the tetragonal 
symmetry modifies the spectra. 

The K-band spectrum (figure 4(c)) may be easily understood the line due to [OOl] pairs 
leads to the two inner lines. On the other hand, the splitting between the f@ tetragonal lines 
decreases abruptly at Tc* when the 0 and M lines split into two components superimposed 
on the +@ lines, as may be inferred from the enhancement of the intensity of these lines at 
TCZ. 

The evolution of the +=@ line splitting versus temperature leads to the following 
measurements: 

at Ta + E 

at TCz - E 

@[mtl = 6.9 f 0.1" 

@ [ ~ l l  = 3.8 f 0.1". 

@ = @[mil 

Now, 3.8/6.9 N I/& = cos(54"44'), therefore the rotational vector i, which lies along 
a (100) direction in the tetragonal phase with 1[@11 = 6.9". would undergo an abrupt change 
of direction towards a (1 1 I) axis without modification of lldll at Td. 

In the X band, the analysis of the spectrum is not so straightforward (figure 3(c)). The 
line related to [001] pairs splits into two components; the lines due to [lo01 and [OIO] pairs 
give rise to five components at least. In order to fully understand such a spechum, it was 
necessary to undertake computer simulations, which are presented in the following part of 
the paper. 

The satellite lines do not seem to be affected by the two SPTS: neither the linewidth and 
the lineshape nor the intensity of these lines are modified by the two transitions. 

4.2. Rbo,gKo,zCaFj 

The temperature dependence of typical spectra obtained in the K band for the compound 
with x = 0.2 is presented in figure 5. The main point is the enhancement of the transition 
temperatures connected with the substitution (see table 1). 

Studying the behaviour of these spectra is now much more difficult because of an 
important linewidth and the existence of lines due to pairs surrounded by one or two K+ 
ions as next-nearest neighbours, but, we can recognize firstly, the four lines characteristic 
of the tetragonal phase (&@, 0 and M) and secondly, the line related to the [OOl] pairs in 
figure 5(b). Finally in the low-temperature phase (figure S(c)), a similar behaviour to that in 
Rb.&.,&aF3 is observed. However, the linewidths prevent us from drawing conclusions 
about the transition effects on the satellites. We can add that this transition remains first 
order. 

4.3. Experiments under uniaxial stresses 

In order to obtain additional information about the low-temperature phase, we carried out 
some experiments under uniaxial stresses with the K-band spectrometer on Rbo,p5KO.O5Cah 
only. Some experiments were achieved in the pure compound in the recent past with the 
same apparatus, which led to important conclusions on the influence of external stresses on 
the phase transitions in perovskite [15-18]. The geometry of the apparatus allows application 
of the stress perpendicular to the external magnetic field H. Compressional stresses were 
applied along (100) or (110) directions. 
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I I  . -0 T c , = 2 4 6 . 5 K  

V Tc:,=162.4K 

I I I I 

3600 4000 4400 4800 5200 5600 

Magnetic field (G)  

F i p  5. The temperature dependence of the B and C lines in Rbo,&&F3 in the K band 
(Hd11[0011, H1[110]): (a) T = 300 K; (b)  T = ux) K (c) T = 145 K ( d )  T = 86 K. 

4.3.1. crlllOOI]. Under small [OOl] stress below 'I&, only I1001 and [OlO] domains are 
observed, which leads to the disappearance of the &c$ l ies on the spectra. In the tetragonal 
phase, a typical spectrum consists of the two 0 and M lines and the line related to [001] 
pairs. This spectrum Iooks like the spectrum in the cubic phase, which prevents us from 
an accurate measurement of Tel. No definite conclusion about an alteration of Tcl can be 
drawn from this experiment, but one interesting point is that the first SFT remains first order 
in the accessible stress range, 

In the low-temperature phase, neither the spectra nor Td is affected by the stress, 
whatever the intensity of the stress is. 
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4.3.2. r11/1101. For a small applied I1 101 stress, only a [OOl] domain was observed, which 
leads to the existence of jzq5 lines and those related to the [OOl] pairs in the spectra of the 
tetragonal phase. We have measured T,I and Tcz for two values of the stress. The scheme 
deduced from our measurements is presented in figure 6. It leads to dTcl/du = 14 K kbar-I. 
In pure RbCaFs, dTl/du = 7.6 K kbar-' [18]. The coexistence domain of the cubic and 
tetragonal phases increases with the intensity of the stress. At T,I, from the splitting of the 
rtq5 limes, we deduced qj = 1.5" whatever the applied stress when one measured q5 = 1.85" 
in pure RbCaF3 [HI.  The splitting does not seem to be affected by the stress in the two 
compounds. We have also verified that the transition iemains first order for this type of 
stress. The external stress does not affect the EPR spectra in the low-temperature phase 
below Tc2. 

- 

L.T. i 
phase i 
. i 

! 

0.130 

h 
k m 
P 6 0.065 
b 

We have to mention that the mixed crystal is particularly sensitive to low temperature 
and external stress. Cleavage lines can be observed in the crystal even for a weak intensity 
of the stress. No other conclusions can be extracted from these experiments because of 
the brittleness of the mixed compound, which could not support higher stresses. This 
phenomenon may be easily attributed to the substitutional ions in the crystal. 

5. Reconstructions of spectra in the low-temperature phase 

5.1. Basic assumptions 

As has been indicated above, some essential features of the spectra in the low-temperature 
phase could be interpreted by assuming (1 11) rotated octahedra. 

This assumption could also explain 

(i) the observed splitting of the lines into two components related to the [OOI] pairs 
when the magnetic field lies along the [I101 axis and 

(ii) the observed splitting of the lines into three components when the magnetic field 
lies along one [ 11 11 axis direction. 

Finally, the ionic radius of the K+ ion is smaller than the Rb+ one. The substitution 
takes place in the (111) directions, which could favour the octahedron rotations around 
these axes. 
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Even if this assumption seems to be correct in the K band, it is less obvious for most 
spectra in the X band. In fact, the multiplicity of components of some lines may remain at 
first sight unexplained in this description. Then, in the low-temperature phase, the spectra 
will be simulated by assuming rotated octahedra around the three fourfold cubic axes by 
equal angles. 

5.2. Computer simulation of the EPR spectra 

From our point of view, a multicpmponent spectrum as in figure 3(c), which cannot be 
easily explained by rigid octahedron rotations, evidences alterations of the values of the 
spin Hamiltonian parameters which may reflect either octahedra or next-nearest neighbour 
(Rb+ and K+ here) lattice distortions. 

In order to confirm our assumptions, we undertook to determine the spin Hamiltonian 
parameters corresponding to the different local crystal fields in the tetmgonal and in the low- 
temperature phases successively. This work was achieved by computing the EPR spectra. 

First of all, we wrote the spin Hamiltonian related to a Gd3+-02- pair: 

where 7-fo stands for the Zeeman term. The less important terms of higher orders in the 
crystal field interaction were considered to be negligible. This expression is valid in a 
set of axes OXYZ with OZIIGd3+-OZ- bond and OX and OY lying along Gd-F bonds 
perpendicular to OZ. It remains unchanged as long as the crystal field is not modified 
at the Gd3+ site i s .  below Tcl in the case of rotated rigid octahedra and non-contributing 
next-nearest neighbours. 

In the cubic phase, these OXYZ sets of axes coincide with the Oxyz axes directed 
along the fourfold cubic axes. We decided to express the spin Hamiltonians of the pairs 
in these fixed axes both in the tebagonal and in the low-temperature phases. Hence, 
the corresponding parameters were refined by adjusting the reconstructed spectra to the 
experimental ones. 

In order to test the validity of the method, we began to simulate the EPR spectra in the 
tetragonal phase. 

5.2.1. Reconstructed spectra in the tetragonal phase. According to Rudowicz €191, one 
can express the Stevens operators from an old reference frame (OXlYlZl) in a new one 
(OXzYzZ2) by using a transformation matrix S(@, 0) where @ is the first rotation angle 
around OZI and 0 is the second rotation angle around OYz. Thus, we may write 

(0,") = S(@, 0)[0,"1 

where the curly brackets are related to the old reference frame and the square brackets to 
the new one. 

This leads to 

~ l b ~ I l 0 , " )  = ~[b."l[O,"I.  
n*m n.m 

The S(@,0) matrices are tabulated in [19]. 
In the tetragonal phase, the octahedra are rotated around one of the three fourfold axes 

by an angle @. For instance, we give in figure 7 the two reference frames in the cubic phase 
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Cubiephnsr Telrngonil plisse 
"I" rotation 

0 0 2 -  

0 Cd" 

Figure 7. OXY2 and Oxyr in the cubic and tetragonal phases 

and in the tetragonal phase when the octahedron is rotated around the 'x '  axis. So, the bF 
parameters in the (Oxyz) axis system are calculated from the b; = -2590 x IO" cm-' [ 151 
parameter of the Gd3+4'- pair in the cubic phase by considering one rotation around the 
x cubic axis with r p  > 0 

bi = -%sin2q5[b:] b;' = -3sin2q5(b;} b: = 4(3cos2g - I)(b,}, 0 

The following points may be noted. 

(i) If q5 < 0, only the sign of b;' changes. 
(ii) The variations of b;' are linear with q5. Hence, this parameter is directly connected 

(iii) bz is proportional to rpz in the studied angle range. 

The best result in the temgonal phase has been obtained with experimental spin 
Hamiltonian parameters nearly the same as the calculated ones as given in table 2. The main 
difference concerns the b:' values, which have to be systematically reduced to adjust the 
experimental spectra. Nevertheless, the signs of the calculated parameters are the correct 
ones. 

with the splitting of the &q5 lines. 

Table 2. Calculated and experimental spin Hamiltonian parametem (in IO-' cm-l) in the 
tetragonal phase with q5 = 4.8' (T = 165 K) ($ > 0). 

b; I 1 b: b: 

Calculated Experimental Calculated Experimental Calculated Experimental Calculated Experimental 

x +I296 +I300 -2563 -2563 0 0 +21 +I5 
&IO0 1.100 1.5 

Y 0 0 -2563 -2563 -1296 -1300 -27 -15 
*I00 1.100 i 5  

2 0  0 -2590 -2590 0 0 0 0 
*IO0 
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5.2.2. Reconstructed spectra in the low-temperature phase. With the assumptions previously 
described, the spin Hamiltonian parameters b? were computed from the bq value of the 
cubic phase by considering three equal rotations around the x ,  y and z cubic axes in order 
to simulate the low-temperature phase spectra. For one Gd3+-0*- pair, we bad to take into 
account 48 sets of parameters. As an example, we give in table 3 the values of the parameters 
at T = 50 K where dimll = 4” for an ‘xyz’  type of rotation with & = 9, = q5z > 0. 

A M Debaud-Minorel and J Y Buzark 

Table 3. Calculated and experimental spin Hamillonian parameters (in IO-‘ cm-I) for an 
‘z+y+z+’ lype rotation, T = 50 K. ~ m l l  = 4 O .  

x+,yt ,zt ,  b;’ 6;‘ b! bi 6 
Calculated t37 +IO01 -2552 -1149 -5 
Experimental t90 +IO01 -2552 -1150 -40 

it10 *IC0 i100 *loo *io 

Once more, the values of the bfZ parameters had to be modified to adjust the 
experimental spectra correctly, whatever the orientation and the intensity of the static 
magnetic field are. The calculated and experimental values of the b? parameters for 
all types of rotation with positive angles are given in table 4. The experimental and 
reconstructed spectra of the A line when H[1[110] are given as an example in figure 8. 
As may be seen in figure 8(b), all the components of the high-field A line are quite well 
reconstructed as is the splitting of the low-field line. Each component may be attributed to 
one Gd3+-02- pair in one type of rotated octahedron. 

Table 4. Calculated and experimenral parameten b:2 (in cm-’1. T = 50 K, #(mil = 4’. 

bF2 6: 
Calculated Exwimental Calculated Exmimental 

*37 i90 1 5  540 
YXZ 

’Iy it40 i90 i2 A40 
YZX 

ZYX 
L x y  i38 +90 0 0 

From these simulations, we may conclude that all the low-temperature phase spectra in 
either the K or the X band, are precisely reconstructed by taking into account three rotations 
with equal angles. By using the same method, we have verified that the influence of the br 
terms is insignificant with respect to b; terms. 

For the highly doped crystal ( x  = 0.2). the same work was successfully achieved in 
spite of important linewidths with the same assumptions. 

The computed simulation of the spectra was essential to support our assumptions 
quantitatively. Furthermore, from the spectra, we deduced the angle that may be attributed 
to the q5rmll component of a vector 6, which would lie along the (111) directions. 



~ ~ ~ ~ . .  Structural phase transitions in R b l - ~  K, CaF3 2201 

Figure 8. Experimcnrd (a)  and calcularcd ( b )  spectra UI 
7 5 0  Looo l5Oo me low-temperalure ohaseofRbnp~KaorCaF~ Cd”- 500  

~ 

Magnetic field (G) 6- (H~11[001], Hli[llOl) (T = 50 K) (X band). 

6. Discussion 

6.1. Spin Hamiltonian parameters 

In order to obtain a satisfactory agreement between experimental and simulated spectra. we 
had to modify b; values from those deduced according to Rudowicz. These discrepancies 
reflect some modifications of the crystal field at the Gd3+ sites. 

The fact that the two sets of bt’ values are identical proves that the Gd3+@- pair 
rotations reflect closely the octahedron displacements that occur at the two phase transitions. 
On the other hand, differences between the bt2 parameters occur, which may be attributed 
either to angular deformation of the octahedra in the plane perpendicular to Oz or to an 
axial contribution to the crystal field along Ox or Oy. 

By using the superposition model of Newman, no angular distortions of the octahedra 
may be evaluated correctly in the two low-temperature phases. This leads to the conclusion 
that the octahedra in mixed perovskite crystals are rigid entities. 

As a matter of fact, these discrepancies in the b:* values may be related to distortions 
due to the next-nearest neighbours. In the tetragonal phase, the absolute values of these 
parameters are systematically smaller than the calculated ones. In perovskite type crystal, 
x-ray scattering measurements evidence an increase of the tetragonal cell parameter c when 
a decreases. This kind of distortion of the lattice cell parameters is connected to a spin 
Hamiltonian parameter b: > 0 along the c axis, which leads to contributions of the bz 
parameter in the pair axis system consistent with the experimental values, i.e. < 0 if c 
is directed along an ‘x’ axis and > 0 if c is along a ‘ y ’  axis. In contrast, in the low- 
temperature phase, the experimental spin Hamiltonian parameters b:’ are always larger 
than the calculated ones, which proves that the distortions in that phase compensate the 
distortions of the tetragonal phase. 
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6.2. Influence of the substitution on the total rotational vector of the octahedra 

In the tetragonal phase, we have 
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+[col] = + 
since the octahedra are rotated around (100) directions. 
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Figure 9. @(T) as deduced from Em measurements in 
Rbl.,K,CaF$ GdY_OZ- (A@ = M.1") for x = 0. 
x = 0.05 and x = 0.2. 

From figufe 9, we easily see that the transition remains first order whatever the value 
of x is. We may notice that +(Tcl) decreases with the K+ concentration. 

The substitution does not affect the variations of 4. However, the upward shift of Tcz 
leads to a decrease of 4- = +(Ta + 6) in the tetragonal phase. The tetragonality at Tcz 
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becomes less pronounced when x is increased. In the low-temperature phase, Q is deduced 
from 

Q = &J,,, 
since the octahedra rotate around the three (100) axes with equal angles. This means that 
$ may be related to a rotational vector that lies along a threefold axis. From figure 8, 
it may be seen that for x = 0.05, the variations of Q are only slightly affected by the 
substitution, while for x = 0.2, a discontinuity of Q occurs at Ta. This indicates that the 
octahedron rotations are made easier by substituting K’ ions with a smaller ionic radius, 
and corroborates the third assumption previously described in this paper. 

400 

Cubic 
300 

250 

Tetr. ,.,’ 
150 

Figure 10. The phase diagram as deduced from EPR 
meamemen& in Rb,~&,&aF~: Cd’+-02- at low 

0.0 0.2 0.4 0.6 
+ K concentration .z (ATc =*.OS K). 

Transition temperature measurements 

Accurate measuremenh of the transition temperatures were achieved with the K-band 
spectrometer from the temperature dependence of the EPR spectra obtained with HI/[ 1101 for 
the two concentrations. These measurements are given in table 1. From the measurements, 
the phase diagram and its boundaries drawn in figure 10 evidence that the transition 
temperatures are enhanced and the temperature range over which the tetragonal phase 
occurs is strongly reduced when x increases. It is worth noting that the TCz transition 
is more sensitive to the K+ concentration than the T,! transition: 

dTcl Jdx = 2.31 K1at.B. 

d T & x  = 5.40 Kjat.%. 

The boundary line that separates the tetragonal and low-temperature phases intersects 
the Tc for Z& = 50 K. This is consistent with the value deduced from neutron scattering 
measurements [13]. 
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In the pure RbCaFs compound, the cubic to tetragonal transition deals with alternate 
octahedron rotations around the ‘c’ axis, corresponding to a softening of mode at the Ri5 
point of the cubic Brillouin zone. In contrast in RbCaF3, the low-temperature transition 
is related to a simultaneous condensation of modes at the R& and M! points of the cubic 
Brillouin zone. According to figure 10, a crossover between the two types of transition may 
occur for x = 0.5 at T,, = Tc2 = 310 K. The reduction of the tetragonal distortion near Tc2 
may be connected to this competition between the two points. 

The experiments under [I101 uniaxial stresses have evidenced an upwards shift of Tc, 
nearly twice as large as in the pure RbCaF3 when Tcz remains unaffected. The former 
result is in agreement with a more unstable cubic phase due to the substitution. The latter 
shows that the low-temperature phase is the stable one. Furthermore, the above-mentioned 
crossover should be pushed towards higher values of Tc and x under uniaxial stress. 

6.4. Stabiliry and compactness of the perowkite structure 
Our results evidence that the compactness of the unit cell is directly related to the SITS as 
clearly shown by Kassan-Ogly and Naish 1201. 

To study the AMF3 compound stability, Goldsmidt defined a t factor as 

I = (rA + rF)/fi(rM + rF) 
where rA, w and rF are the ionic radii of the A, M and F ions respectively. The further 
away from unity the t factor is, the more unstable the perovskite. 

It has been noticed [21] that the first transition occurs at the R point if t is close to but 
less than one (SrTiO3, KMnF3, RbCaF3) while a small t factor results in a first transition 
associated with a soft mode at the M point of  the Brillouin zone (CsPbClz). Inelastic neutron 
scattering studies in these compounds show that the R-M line is nearly flat: this means 
that alternate or non-altemate octahedron rotations are equally probable. Cowley [22] and 
Rousseau [23] showed that this particular behaviour is due to a competition between long- 
and short-range interactions. Then, it is easy to understand that the behaviour of the pure 
compound may be drastically modified by introducing impurities since phonon frequencies 
directly depend on force constants and distances between ions. 

To conclude, we would like to compare ow results with measurements achieved in 
other mixed perovskite crystals of the same type as Rbl,K,CaFp: Rbl,K,CdF3 141, 
Kl-,Rb,MnF3 [3], Kt-,Na,MnF3 and KI-,Li,MnF3 [5]. We considered the cubic to 
tetragonal SPT only. 

Table 5. dTcl/dr (K/at.%) for different mixed perovskite crystals 

From calculated dTCl/dr values (table 5), we may infer that the more stable the pure 
perovskite is, the more sensitive it is to the substitution. The variations of T,l versus 1 - t ,  
which are characteristic of the discrepancy from the ideal perovskite, are shown in figure 11. 
The f factors were calculated from ionic radii given in [24], and we consider that F- is 
twofold coordinated in the M-F bond and fourfold coordinated in the A-F bond. This graph 
shows two important features: 
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Figure 11. T,I Venus 1 - f deduced hum experimental measurements in mixed crystals. 

(i) Rbl-,K,CaF3 is the less stable perovskite and 
(ii) 1 - t increases when the substituted ion is bigger than the substitutional one. This 

leads to an increase of the transition temperature. 

We calculated dT&/d(l - t) for all these compounds except KI- ,L~,M~F~,  for which 
no value of Li+ ionic radius is given in [24]. Furthermore, the substitution may take place 
at the octahedron centre as in BaLiF3. From these calculations, we deduce that Tc~ varies 
linearly versus 1 - t :  

Tcl(l - t )  = A ( l  - t )  + Tc(0) 

where 

A = (1.1 k0.1) x io4 K 

Tcl (0) = 35 K 

TCl (0) = -337 K 

T,] (0) = -501 K 

for Kl-,NaXMnF3 and Rbl-,K,MnF3 

for Kl-,Na,MnF3 

for KI -xNa,MnF3. 

Owing to the corresponding 1 - t values, the transition temperatures deduced from this 
diagram are negative for the three perovskites RbMnF3, CsCaF3 and CsCdF3. No transition 
should be observed, in agreement with experimental observations. 

It seems important to notice the following from this diagram. 

(i) 1 - - t  is characteristic of the structural instability. The main parameter of the problem 
is t rather than the substitutional ratio x .  

(ii) dTcl/d(l - t) depends directly on the type of substitution but is constant for each 
type of substitution. It would be worth trying some new experiments on compounds such 
as RbCal-,Zn,F, and KCal-,Zn,F3. 
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All these results may be quite easily understood if we keep in mind that the substitution 
of Rbf by K+ with smaller ionic radius reduces the compactness of the cell and destabilizes 
the cubic stmcture. 
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