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Cubic-to-tetragonal structural phase transition in Rb12xCsxCaF3 solid solutions:
Thermal expansion and EPR studies

F. Lahoz, B. Villacampa, R. Alcala´, C. Marquina, and M. R. Ibarra
Instituto de Ciencia de Materiales de Arago´n and Departamento de Fı´sica de la Materia Condensada,

Universidad de Zaragoza-CSIC, Facultad de Ciencias, 50009 Zaragoza, Spain
~Received 16 September 1996!

The influence of crystal mixing on the structural phase transitions in Rb12xCsxCaF3 (0,x,1) fluoroper-
ovskite crystals has been studied by thermal expansion and EPR measurements of Ni21 and Ni31 paramagnetic
probes. A cubic-to-tetragonal phase transition has been detected in crystals withx50, 0.1, 0.21, 0.27, and 0.35.
The critical temperature and the tetragonal distortion decrease asx increases. No transition was observed for
x>0.44.This transition shows a weak first-order component in thex50 and 0.1 samples, which is progres-
sively smeared out forx.0.1, indicating a spatial distribution of the critical temperature in those crystals with
high ionic substitution rate. In RbCaF3, another structural phase transition was observed at 20 K with a thermal
hysteresis between 20 and 40 K. This transition has not been found in any of the mixed crystals.
@S0163-1829~97!05313-7#
le
th
ti

h

s:

th

em

th
r

rv
ur

-

at
se
nd
s
en
-

p
ee

ith

nt
eral
to
he
the
ys-
p-
ond
of

-
,
ure
s, it
ther
f

nal

ion
t of

ts of
f

al

the
ded
f
ture

an
INTRODUCTION

Structural phase transitions~SPT! in cubic fluoroperovs-
kites ~AMF3! are strongly dependent on the stabilizing ro
of the cations. Different studies have been reported on
SPT’s in mixed fluoroperovskites in which a partial subs
tution of either the monovalent (A) or the divalent (M ) cat-
ions has taken place. The most complete set of studies
been performed in mixed crystals based on KMnF3,

1–6 al-
though the rate of substituted cations was less than 30%
all the cases and less than 10% in most of them.

KMnF3 shows three SPT’s at 186 K, 88 K, and 82 K~Ref.
4! characterized by the following transformation
cubic→tetragonal→orthorhombic I→orthorhombic II. All
of these transitions are related to different rotations of
fluorine octahedra around the^100& cubic directions. In the
mixed crystals, it has been observed that the transition t
peratures increase when a bigger divalent cation such
Ca21 is substituted for Mn21 ~Refs. 2 and 4!, and decrease
when a smaller ion such as Mg21 is substituted for Mn21. An
opposite behavior is observed for monovalent cations. In
case, the transition temperatures decrease when a bigge
such as Rb1 is substituted for K1 ~Ref. 1! and increase when
a smaller ion such as Na1 is substituted for K1.2,3 Besides,
changes in the nature of the transitions have been obse
in some of the mixed crystals as compared with the p
ones.2–4,6

In some recent papers7–9 Buzaréand co-workers have re
ported several studies of the SPT’s in Rb12xKxCaF3 crystals
with x,0.2. RbCaF3 has the cubic perovskite structure
room temperature~RT! and undergoes two structural pha
transitions.10,11 a cubic to tetragonal one at about 195 K a
a tetragonal to orthorhombic one with a thermal hystere
between 40 and 20 K. The crystal structures of the differ
phases in RbCaF3 coincide with those of the cubic, tetrago
nal, and orthorhombic II phases in KMnF3. The 195 K SPT
has a second-order character with a weak first-order com
nent while the low-temperature SPT is first order. It has b
550163-1829/97/55~13!/8148~7!/$10.00
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found that the partial substitution of Rb1 by K1 produces an
increase of both transition temperatures, in agreement w
the results in the KMnF3 family.

The stability of the cubic perovksite structure in differe
pure and mixed crystals has been discussed by sev
authors.12,13 Simple approaches to this problem allow us
relate that stability to the radii of the ions present in t
crystals and their concentrations. A rough estimation of
cubic-to-tetragonal transition temperature for different cr
tal compositions2,9 has been achieved using these a
proaches. However, the data available up to now corresp
to low rates of substituted cations. Moreover, in the case
mixed crystals based on RbCaF3, only the effects of the sub
stitution of Rb1 by a smaller ion~K1!, have been studied
and the possible influence of this substitution on the nat
of the transitions has not been reported. Because of thi
seems interesting to extend the studies of SPT’s to o
mixed crystals based on RbCaF3 and with a bigger range o
substitution rates.

In this paper we present a study of the cubic-to-tetrago
SPT in Rb12xCsxCaF3 crystals with 0<x<1. Linear thermal
expansion~LTE! has been used to determine the transit
temperatures, the presence of the first-order componen
this transition, and to estimate the critical exponentb. These
b values agree with those obtained by EPR measuremen
Ni21 ions in thex50 andx50.1 samples. The influence o
the mixture on the distortion of the tetragonal Ni31 centers
has also been investigated by EPR.

We aim in this work to explore the changes in the critic
temperature of the cubic-to-tetragonal SPT in RbCaF3 upon
substitution of Rb1 by a bigger cation such as Cs1. In order
to test the validity of the methods proposed to estimate
transition temperatures in mixed crystals, we have exten
the range ofx values up tox51. The possible influence o
the substitution on the tetragonal distortion and on the na
of this SPT has also been investigated.

EXPERIMENTAL DETAILS

The pure and mixed Rb12xCsxCaF3 crystals ~0<x<1!!
investigated in this work have been grown by the Bridgm
8148 © 1997 The American Physical Society



n-
s-
n
th
im
tio
-

a
if

or
si

n
s
w

ce

e-

e-
us

lle

ta
a

-

e
a
-
op
n,

e
th
ice
he
-

d
th
or-
r

of
e-

of

ich
T
ted
nd
a

of

e

n.

1

55 8149CUBIC-TO-TETRAGONAL STRUCTURAL PHASE . . .
technique. A small NiF2 concentration~about 1 mol % in the
starting materials! was added to the mixtures in order to i
troduce Ni21 impurities, which were subsequently tran
formed to Ni31 by x-irradiation at RT. Nickel segregatio
makes its content in the crystals much lower than in
starting material. It has been checked that neither nickel
purities nor radiation-induced defects influence the transi
temperature in pure RbCaF3 within the experimental accu
racy.

X-ray diffraction measurements were performed in
D-max Rigaku equipment, with a rotating cathode. The d
fractometer works at 45 kV and 80 mA. TheKa lines of the
Cu cathode were selected with a graphite monochromat

Thermal expansion measurements were carried out u
the strain gauge technique. Two gauges~Micromeasurements
model SK-350!, one glued on the sample and a dummy o
glued on a silica disk, were placed in compensating arm
a modified Wheastone bridge. The gauge in the sample
along one of thê100& directions of the cubic crystals. A low
drift dc amplifier was used to detect the unbalance produ
by the sample thermal expansion,D l (T)/ l 0, with an accu-
racy of 1026. D l (T) is the change of the crystal length b
tween RT and the temperatureT and l 0 the initial length~in
our case the length at RT!. The temperature was varied b
tween 300 and 10 K, by using a liquid-helium continuo
flow cryostat.

EPR measurements were taken in a computer-contro
Varian E-112 spectrometer working in thex band. Low tem-
peratures were achieved using a liquid-helium flow cryos
Magnetic-field values were measured with a gaussmeter
the signal of diphenylpicrylhydrazyl atg52.0037 was used
to determine the microwave frequency.

EXPERIMENTAL RESULTS

Crystal compositions

Both RbCaF3 and CsCaF3 crystals have the cubic perov
skite structure at RT. They form Rb12xCsxCaF3 mixed crys-
tals for 0,x,1 with the same RT structure. We only hav
found the cubic-to-tetragonal SPT in crystals with nomin
compositions corresponding tox values up to 0.4. The crys
tals have been analyzed by atomic emission spectrosc
The measuredx values are given in Table I. From now o
we will use thex values obtained from this analysis.

X-ray diffraction measurements have also been perform
at RT using powders of all the crystals. The positions of
diffraction maxima correspond to cubic crystals with a latt
parametera changing continuously between those of t
pure RbCaF3 and CsCaF3 samples. Thea values correspond
ing to different compositions plotted vsx are given in Fig. 1.
An approximate linear dependence ofa with x is observed.

TABLE I. Analysis of the crystal compositionx performed by
atomic emission spectroscopy in the crystal family Rb12xCsxCaF3.

Nominal
composition (x) 0 0.1 0.2 0.3 0.4 0.5 0.7 0.9 1
Analyzed
composition (x) 0 0.1 0.21 0.27 0.35 0.44 0.67 0.9
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Thermal expansion

The linear thermal expansionD l (T)/ l 0 has been measure
on Rb12xCsxCaF3 crystals as a function of temperature, bo
cooling down and warming up the sample. The results c
responding to crystals withx<0.44 are shown in Fig. 2. Fo
x>0.44 no SPT’s were detected. Only in pure RbCaF3 the
results showed thermal hysteresis~see below!.

All the samples show an almost linear behavior
@D l (T)/ l 0# vs T in the high-temperature region that corr
sponds to the cubic phase. At a certain temperature~the criti-
cal temperatureTc! ranging from 196 K in pure RbCaF3 to
67 K in thex50.35 crystals, a clear change in the slope
theD l (T)/ l 0 vs T curve is observed. The dependence ofTc
with composition is shown in Fig. 3. It can be seen thatTc
decreases whenx increases. The change in the slope, wh
does not appear forx>0.44, can be associated with a SP
from the cubic to the tetragonal phase similar to that repor
in pure RbCaF3. As we said above, this transition is seco
order with a small first-order component that will produce
jump in D l (T)/ l 0. This is better observed in the anomaly
the LTE coefficienta5d[D l (T)/ l 0]/dT at Tc given in Fig.
4, where the jump inD l (T)/ l 0 gives rise to a sharp peak. Th
sharp peak observed in thex50 andx50.1 samples turns
broader forx.0.1.

The continuous change in the slope of theD l (T)/ l 0 vs T
curve atT,Tc is due to changes in the tetragonal distortio
In pure RbCaF3, it has been found by neutron diffraction11

FIG. 1. Cubic lattice parametera of the Rb12xCsxCaF3 crystals
at RT as a function ofx.

FIG. 2. Linear thermal expansion of the Rb12xCsxCaF3 crystals
with x50, 0.1, 0.21, 0.27, 0.35, and 0.44.
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8150 55F. LAHOZ et al.
that the tetragonal domains expand along the direction of
tetragonal axis and are compressed in the perpendic
plane. Under these considerations, the thermal dependen
the RbCaF3 curve in Fig. 2 at temperatures lower than 195
can be related to the contributions from different doma
~see below!. The same explanation can be applied to
mixed crystals. From the thermal expansion data one
obtain the length of the crystall (T) as a function of tempera
ture: l (T)5 l 01D l (T).

A relation between the length of the crystal and the latt
parameters can also be established. In the tetragonal ph

l ~T!5N@mc~T!1na~T!#, ~1!

whereN is the number of pseudocubic unit cells11 in the
direction of the strain gauge~@100#!, c(T) anda(T) are the
pseudocubic lattice cell parameters, respectively, as a f
tion of T. They are related to the tetragonal cell paramet
at(T) andct(T) by a(T)5at(T)/& andc(T)5ct(T)/2. m
andn are the fractions of cells with the elongated axis p
allel and perpendicular, respectively, to the direction of
strain gauge. So, it must hold that

m1n51. ~2!

For a random distribution of domains,n50.67 and
m50.33, and son/m52. From crystallographic data11 of
RbCaF3, it is known that, close toTc , the elongation of the
c axis is about twice the shortening of thea axis. Thus, in
the case of random distribution of domains, almost no eff
of the SPT on the linear thermal expansion measurem
should be expected. However, the results in Fig. 2 show
the decrease of the crystal length in the tetragonal phas
faster than the linear one observed in the cubic phase. It
be concluded that we have a preferential orientation of
domains with thec axes perpendicular to the direction of th
strain gauge. Since we do not know the values of the lat
parametersa(T) and c(T) in the mixed crystals, the ratio
n/m cannot be obtained from our measurements.

In pure RbCaF3, another discontinuous change in th
D l (T)/ l 0 vs T curve is observed at low temperatures~see
Fig. 2!. The abrupt anomaly appears at about 20 K when
sample is cooled down and at 40 K during the warming
This discontinuity is associated with the first-order SPT fro
the tetragonal to the orthorhombic phase and shows a t

FIG. 3. Evolution of the critical temperatureTc with the crystal
composition in Rb12xCsxCaF3.
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mal hysteresis of about 20 K. It can be seen that this lo
temperature transition does not appear, at least at temp
tures down to 10 K, in any of the mixed crystals. This can
associated with a decrease of the transition temperature w
Rb1 ions are substituted by Cs1. It has been observed tha
the low-temperature SPT in RbCaF3 is sample dependent an
can disappear in strained samples.11 Since more strains are
expected in the mixed crystals than in the pure one, it co
be argued that this might also be a reason for the disapp
ance of the low-temperature transition in samples withxÞ0.
However, in Rb12xKxCaF3 crystals this low-temperature
transition has been observed withx up to 0.2.9 Thus, we
propose that, as for the cubic to tetragonal SPT, there is
a decrease of theTc associated with the tetragonal to orth
rhombic SPT when a bigger monovalent cation is substitu
for a smaller one.

With respect to the thermal expansion changes in the
SPT’s in pure RbCaF3 ~Fig. 2!, it can be seen that when w
cool the sample down, there is an extra contraction of
crystal at the 195 K SPT while atT'20 K, a large increase
of the length of the sample comes out. The first contractio
consistent with the model proposed for the cubic-
tetragonal SPT if, as we have already said, the domain
tribution in our samples is such that the domains with thec
axis perpendicular to the strain gauge predominate in
tetragonal phase. In the low-temperature SPT, the tetrag
phase undergoes a change into an orthorhombic one whi
characterized by a tilting of the cubic fluorine octahed
around the threê100& axes with approximately the sam
angle amplitude for the three rotations.11 This is accompa-
nied by a compression of the domains along thec axis of the
tetragonal phase and an expansion in the plane perpendi
to this direction. In our crystals, because of the predo
nance of the domains with thec axis perpendicular to the
strain gauge direction, we should get at this transition a d
continuous increase of the length along the strain gauge
rection when we cool the sample down, in agreement w
the experimental results.

Electron paramagnetic resonance

Ni21

The EPR spectrum of the ‘‘as-grown’’ Rb12xCsxCaF3
crystals doped with nickel has been measured at diffe

FIG. 4. Thermal dependence of the LTE coefficien
a5(d/dT)[D l (T)/ l 0], of Rb12xCsxCaF3 crystals withx50, 0.1,
0.21, 0.27, and 0.35 at temperatures close toTc .
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55 8151CUBIC-TO-TETRAGONAL STRUCTURAL PHASE . . .
temperatures and for different orientations of the static m
netic field B. The Ni21 signal has only been detected
samples withx50 andx50.1. This has been associated w
a strong inhomogeneous broadening of the Ni21 lines. The
EPR of Ni21 is very sensitive to crystal field and it ha
linewidths of about 80 mT in pure RbCaF3 due to internal
stresses and inhomogeneities.14 It can be expected that th
distortions due to the mixture of Cs1 and Rb1 produce a
strong broadening of the lines which makes them undet
able forx.0.1.

The thermal dependence of the Ni21 EPR signal in pure
RbCaF3 has been previously reported.14 Above the phase
transition, the spectra correspond to Ni21 ions ~S51! in a
cubic octahedral environment. The cubic signal transform
a tetragonal one at the critical temperature. The informa
about the SPT comes from the thermal dependence of
tetragonal signal. The fluorine octahedra surrounding the
valent cations are elongated in one of the^100& directions
and rotated by an anglef around this direction, the rotatio
being alternated in neighboring octahedra. The tetrago
distortion and the anglef are temperature dependent. Diffe
ent domains oriented along each of the^100& directions are
usually observed. The lines positions, for different orien
tions ofB, can be calculated using the following spin Ham
tonian ~SH!:

H5mBB~g'SxsinQ1giSzcosQ!1D@Sz
22~ 1

3 !S~S11!#,
~3!

with S51. Thez axis is along the tetragonal axis of each
the centers andQ is the angle between thez axis and the
direction of B. Fitting the calculated lines positions to th
experimental ones measured at different temperatures
thermal dependence of the SH parameters has been obta
The g factors are almost temperature independent in thT
range of measurement while the zero-field splitting para
eter D ~associated with the cubic-to-tetragonal distortio!
presents a strong thermal dependence. The values of tg
tensor components aregi52.32 andg'52.30. The thermal
dependence of the zero-field splitting parameterD is shown
in Fig. 5.

FIG. 5. Thermal dependence of the crystal field parameterD for
tetragonal Ni21 centers in Rb12xCsxCaF3 crystals withx50 and
0.1. Experimental values are represented by full circles. Das
lines correspond to the best fit using Eq.~8!.
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Similar results have been obtained for thex50.1 sample.
In this case, the transition temperature is about 176 K
agreement with thermal expansion results. Below this te
perature the Ni21 signal has an overall tetragonal symmetr
The lines are broader than in the pure crystals, due to
different environments of the Ni21 ions associated with the
substitution of Rb1 by Cs1. This substitution gives place to
small distortions of the tetragonal environment that do
produce a resolved splitting of the EPR signal in our spec
but an inhomogeneous broadening. Because of this, there
large uncertainty in the determination of the SH paramet
In particular, the small anisotropy of theg tensor in the te-
tragonal phase cannot be established. However, the evolu
of the the signal when the applied magnetic fieldB is rotated
in a $100% plane indicates that the centers have tetrago
symmetry. A fit of the line positions at different temperatur
using the SH~3! consideringgi5g'5g, gives a value of
g52.32 as well as the thermal dependence ofD shown in
Fig. 5.

The Ni21 EPR signal is also sensitive to the tetragonal
orthorhombic SPT. The changes observed in the spect
below 40 K appear only in the pure crystals at the tempe
tures where the thermal expansion shows abrupt anoma
A detailed study of these changes will be reported elsewh

Ni31

Ni31 ions are produced in nickel-doped Rb12xCsxCaF3
crystals by hole capture at Ni21 during RTx irradiation. The
EPR signal of Ni31 can only be detected at low temperatur
@below 60 K Refs. 15 and 16#. We have measured the EP
spectrum of Ni31 ions in Rb12xCsxCaF3 crystals at different
temperatures and for different orientations of the static m
netic field. The results depend on the crystal composition
the temperature.

When measured at 10 K, the crystals withx>0.44 show a
cubic Ni31 signal that is very similar to that in pur
CsCaF3,

15 but with broader lines. This indicates that tho
crystals remain in the cubic phase down to 10 K in agr
ment with the thermal expansion results. The lines are in
mogeneously broadened because of the existence of diffe
environments of Ni31 ions associated with the mixing o
Rb1 and Cs1.

On the other hand, the samples withx,0.44 measured a
25 K show a Ni31 signal with tetragonal symmetry similar t
that found in pure RbCaF3.

16 The lines also show a stron
inhomogeneous broadening that increases withx. As a con-
sequence, there is a large uncertainty in the experime
determination of the lines positions. These positions can
calculated for different orientations ofB using the SH:

H5mB@g'~SxBx1SyBy!1giSzBz#

1(
i51

2

@A'~SxI x
i 1SyI y

i !1AiSzI z
i #

1 (
k51

4

@A'8 ~SxkI xk
k 1SykI yk

k !1Ai8SzkI zk
k #, ~4!

where the first term corresponds to the Zeeman interac
and the second and third ones to the superhyperfine~SHF!
interaction with the surrounding fluorines. In this Ham

d
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8152 55F. LAHOZ et al.
tonian,S51/2, I51/2, thez axis is parallel to the tetragona
axis of the center and thezk ones are perpendicular to th
tetragonal axis and along the Ni31-F2 bonding directions
~see Ref. 16!.

Since the SHF splitting is only clearly resolved in the pu
RbCaF3 crystals, the only SH parameters that we have
tained in the mixed crystals are the principal values of thg
tensor. By fitting the line positions calculated with the S
given in Eq.~4! to the experimental ones, we have obtain
the results shown in Fig. 6. The anisotropy of theg tensor is
due to the tetragonal distortion associated with the SPT
decreases whenx increases. This indicates that the tetrago
distortion also decreases whenx increases and disappears
x50.44.

Finally, the Ni31 EPR spectrum has been measured at
K with B along a^100& cubic direction. We have not foun
significant changes with respect to the 20 K spectra in
mixed crystals, except for thex50 sample. In this case,
change from a tetragonal signal to an orthorhombic one
observed. This change is associated with the tetragona
orthorhombic SPT and will be reported in detail elsewhe
All these results are consistent with those derived from L
measurements.

DISCUSSION

The linear relationship between thex values derived from
atomic emission spectroscopy and the lattice parameter m
sured by x-ray diffraction agrees with Vegard’s law, which
usually assumed to be valid in mixed crystals.

Concerning the thermal expansion results we see tha
d[D l (T)/ l 0]/dT vs T curves given in Fig. 4 show a shar
peak atTc for thex50 andx50.1 samples, while the peak
broader and rounded forx.0.1. It is known that the cubic
to-tetragonal SPT in pure RbCaF3 is second order, but with a
weak first-order component. The sharp peak in the slop
D l / l 0 vs T in the x50 sample can be associated with th
first-order component. Since a similar peak appears in
x50.1 sample, we conclude that the first-order componen
still present in these crystals. However, in the other sam
with biggerx values, the first-order character is not observ

The same behavior has been found in some of the m
crystals based on KMnF3.

1–6Several explanations have bee

FIG. 6. Principal values of theg tensor for tetragonal Ni31

centers in Rb12xCsxCaF3 crystals withx50, 0.1, 0.21, 0.27, and
0.44.3 andh represent theg' andgi parameters, respectively.
-

d

d
l
t

0

e

s
to-
.

a-

he

of
t
e
is
s
.
d

given to this behavior. Borsaet al.1 proposed that the round
ing of the cubic-to-tetragonal SPT in K12xRbxMnF3 crystals
for x50.06 is due to a distribution of transition temperatur
because of fluctuations in the Rb1 concentration. A similar
explanation was given by Ratuzsna, Skrzypek and Kapu
in their study of KMn12xNixF3 and KMn12xCoxF3.

5 They
associated the smearing out of the transition that appear
x50.1 with the coexistence of two phases atT5Tc .

On the other hand, in an x-ray diffraction study
KMn12xMgxF3, Cox, Giband, and Cowley2 have found that
the disappearance of the first-order character of the trans
for x50.1 is not accompanied by an additional broadening
the Bragg peaks which should be expected for a smeared
first-order transition. Thus they have concluded that the tr
sition for thisx value is continuous.

In our case, the broadening of the LTE coefficient f
x.0.1 ~see Fig. 4! is in favor of a smearing out of the SP
due to a distribution of transition temperatures.

Concerning the thermal evolution of the crystal leng
l (T), the pseudocubic parametersa(T) and c(T) given in
Ref. 11 for RbCaF3 can be approximately related to the r
tation angle of the fluorine octahedraf by the equations

c~T!5ac~T!~11f2/3!,

a~T!5ac~T!~12f2/6!, ~5!

whereac(T) is the equivalent cubic cell parameter forT,Tc
which, for temperatures close toTc , can be approximately
obtained by extrapolation of the data of the cubic phase.

Assuming that these relations can also be applied
mixed crystals and taking into account that for a seco
order transition17 f5f0uT2T0u

b ~for temperatures close to
Tc! we get

12
l ~T!

Nac~T!
512

l ~T!

l c~T!
5M uT2T0u2b, ~6!

where M is a temperature-independent parameter rela
with the domain distribution,l (T) is obtained from therma
expansion measurements, andl c(T) can be linearly extrapo-
lated from the data in the cubic phase for each of the cryst

A plot of 12l (T)/ l c(T) is given in Fig. 7 for different
crystal compositions. A good fit to Eq.~6! is achieved forb
values close to 0.3 and forT0 values close toTc , in agree-
ment with the results obtained with other techniques
RbCaF3.

18 The difference in the region ofT'Tc between
calculated and experimental values for thex50 andx50.1
samples@Fig. 7~a!# can be associated with the presence o
small first-order component in the SPT. In the other samp
@Fig. 7~b!# a tail is observed in the experimental values w
respect to the calculated curve. This tail can be due to
presence of different contributions to the SPT coming fro
regions with slightly different transition temperatures.

We will discuss now the evolution ofTc with the crystal
composition~see Fig. 3!. The stability of the cubic structure
in AMF3 fluororperovskites can be approximately estima
through the so-called Goldschmidt factor, which is defined
follows:

t5
r A1r F

&~r M1r F!
, ~7!
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FIG. 7. 12l (T)/Nac(T) vs T for Rb12xCsxCaF3 crystals with
~a! x50 andx50.1; and~b! x50.21, 0.27, and 0.35. Solid lines
represent the experimental data and dashed lines show the be
using Eq.~6!.
wherer A , r M , andr F are the ionic radii of the correspondin
ions. In the case of the mixed crystals, Rb12xCsxCaF3, we
can get an estimation oft if we consider that the radius of th
monovalent cation is proportional to the mixture, i.e
r A5(12x)rRb1xrCs.

Working with Rb12xKxCaF3 crystals, Buzare´ and
co-worker9 have found that forx values up to 0.2, there is
linear relationship betweenTc and 1-t with a slope of about
1.13104 K. We give in Fig. 8 a plot ofTc vs 12t for our
samples. Thet factors have been calculated from the ion
radii given in Ref. 19 with the same considerations for t
coordination number of F2 as in Ref. 9. An approximate
linear behavior is found but the slope~0.93104 K! is smaller
than the one obtained in that reference. In Fig. 8 we show
linear dependence predicted by Buzare´ and co-workers~solid
line! and our approximate linear behavior~dashed line!.
However, when this linear behavior is extrapolated to higx
values~up to 0.45!, we find that the transition temperatur
for the x50.44 sample~12t50.041! should be about 40 K,
while we have not detected the transition even cooling do
to 10 K. This indicates that for highx values, a faster than
linear decrease ofTc vs 12t appears. The same nonline
dependence is also seen in theTc vs x curve ~Fig. 3!.

This type of behavior has been observed in the SPT’s
other mixed crystals~in particular in K12xRbxMnF3 crystals
that are very similar to ours! and has been explained usin
different models. Mitra20 has used the model Hamiltonia
formulated by Pytte and Feder21 and Gillis and Koeler22 to
describe a second-order SPT in mixed crystals whose ac
atoms remain unaltered as a result of mixing. This is o
situation because in Rb12xCsxCaF3 crystals the active ions in
the SPT are the fluorines.

According to Mitra, a crystal which does not have a SP
can be represented as having the critical temperatureTc ei-
ther negative or infinity. If the SPT is due to a zone bound
mode, as in the cubic to tetragonal transition of RbCaF3 as-
sociated with the condensation of anR mode, a negative
transition temperature is related to a stronger value of
short-range interaction with respect to the long-range on
The transition temperatures in an isomorphous crystal se
where a crystal with a transition temperatureTc is diluted by
t fit

FIG. 8. Critical temperatureTc as a function of 12t for
Rb12xCsxCaF3 crystals withx50, 0.1, 0.21, 0.27, and 0.35. Th
dashed line corresponds to an approximate linear fit to our data.
continuous line is obtained from Ref. 9~see the text!.
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another with a negativeTc , will decrease and will vanish a
a critical concentration. This is the behavior observed in
mixed crystals.

Depending on several parameters related to the inte
tions among the atoms which are active in the SPT and
other atoms in the crystal, Mitra has been able to predic
evolution ofTc vs x that looks very similar to ours with a
faster than linear decrease ofTc whenx increases. He also
predicts a decrease of the order parameter withx when mea-
sured at the same temperature in all the samples. This is
in agreement with our results~see below!. However, since
we do not know those interaction parameters, we can
make a quantitative calculation of theTc vs x curve.

The b values can also be obtained from the thermal
pendence of theD parameter in tetragonal Ni21 centers. In
our case, this can only be performed for thex50 andx50.1
samples that are the only ones where Ni21 spectra were ob-
served. TheD values measured at different temperatures,
far from that of the phase transition Fig. 5 can be fitted to
expression

D~T!5D0uT2T0u2b. ~8!

In a previous paper14 on the EPR of Ni21 in RbCaF3 we
got ab value of 0.25 takingT05195 K. LeavingD0, T0, and
b as fitting parameters, we have obtainedb50.29 and
T05196.5 K for RbCaF3 andb50.30 andT05177 K for the
x50.1 sample that are in good agreement with the val
derived from thermal expansion data. The curves calcula
with those parameters are given in Fig. 5 by dashed line

Finally, we will comment on the results of the EPR me
surements of Ni31 ions. A first conclusion is that all the
samples withx,0.44 undergo a transition to a tetragon
phase similar to that in the pure RbCaF3 crystals. The differ-
ence between parallel and perpendicular components of tg
tensor is produced by the tetragonal distortion. This diff
ence decreases whenx increases, indicating that the tetrag
e
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nal distortion decreases too, and has completely disappe
for x50.44. The distortion is related to the order parame
and thus our results would indicate that this order parame
measured at 25 K decreases asx increases. This result is in
agreement with Mitra’s calculations20 for mixed crystals
with a Tc vs x evolution as the one given in Fig. 3.

CONCLUSIONS

Rb12xCsxCaF3 crystals have been successfully grown
the Bridgman technique in the entire range ofx concentra-
tions. They show the cubic perovskite structure at RT.
cubic to tetragonal SPT has been observed forx50, 0.1,
0.21, 0.27, and 0.35. Crystals withx>0.44 remain cubic
down to 10 K. Also, a tetragonal-to-orthorhombic SPT
about 20 K has also been observed in RbCaF3. None of the
mixed crystals experiences this second SPT, likely beca
of a decrease in critical temperature.

The Tc of the cubic-to-tetragonal SPT decreases whex
increases. For largex values, the evolution ofTc with x
deviates from the one found by Debaud-Minorel and Buza´9

for small mixing rates.
A weak first-order component has been observed in

cubic-to-tetragonal SPT in thex50 andx50.1 samples. In
crystals withx.0.1, a smearing out of the transition is o
served, which is associated with a spatial distribution ofTc
in the probes.

The EPR measurements of Ni31 centers at 25 K show a
decrease in the tetragonality of the signal asx increases,
which is related to a diminution of the tetragonal distorti
in the crystal. According to Mitra’s calculations20 this is in
agreement with the evolution ofTc with x.
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