
e

PHYSICAL REVIEW B 1 JANUARY 1999-IIVOLUME 59, NUMBER 2
Structural and magnetic properties of La0.67„BaxCa12x…0.33MnO3 perovskites„0<x<1…
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The magnetic critical behavior in the series La0.67(BaxCa12x)0.33MnO3 (0<x<1) of manganese perovskites
is studied by means of dc magnetic measurements. In this series the Mn41/Mn31 ratio is kept constant while Ca
ions are substituted by the larger Ba ions resulting in structural changes accompanied by an increase of the
transition temperature from 265 to 340 K. Samples withx<0.4 crystallize in the orthorhombicPnma space

group whereas samples withx>0.5 in the rhombohedralR3̄c space group. Arrott and scaling plots show that
only in samples withx>0.25 the magnetic properties follow the behavior expected for a conventional second-
order ferromagnetic transition. The values of critical exponents~b,g! are between those predicted for a three-
dimensional Heisenberg model and those predicted by mean field theory.@S0163-1829~99!04501-4#
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I. INTRODUCTION

The correlation of magnetism and conductivity in mix
valence manganese perovskites was originally explai
within the double-exchange model.1 Recent theoretical work
indicated the need to consider a strong electron-lattice c
pling, due to dynamic Jahn-Teller distortions of the lattice,
order to account for the colossal magnetoresistance e
that these materials exhibit.2,3 In the case of strong electron
phonon coupling the ferromagnetic, metallic state is
stroyed aboveTc due to polaron formation that leads to lo
calization of the conduction band electrons. Substan
pressure effects on theTc and electrical resistivity have bee
observed by Neumeieret al.4 on La2/3Ca1/3MnO3 and these
results are interpreted in the framework of the doub
exchange interaction involving conduction via magnetic p
larons. Evidence of a nonconventional magnetic transit
was found by Lynnet al.,5 by neutron scattering studies o
La2/3Ca1/3MnO3 polycrystalline samples that revealed
strong quesielastic component dominating the spectrum
the transition temperature is approached. As this study i
cated the transition is driven by spin diffusion rather th
thermal population of conventional spin waves, while t
presence of irreversibility also proves that the transition
not a conventional second order ferromagnetic to param
netic one. Muon-spin relaxation experiments also sugge
unusual relaxational dynamics that could be attributed
polaron formation.6 Furthermore, comparison of therm
expansion, magnetic susceptibility measurements
small angle neutron experiments7 showed that the presenc
of small ferromagnetic clusters aboveTc is related to an
anomalous volume lattice distortion providing eviden
for magnetic polaron formation. A comparative study of p
ovskite manganites with differentTc ~Nd0.7Sr0.3MnO3 with
Tc5197.9 K and Pr0.63Sr0.37MnO3 with Tc5300.9 K!
showed that the spin dynamical behavior can be drastic
different aroundTc .8 The ferromagnetic transition of the low
Tc samples is characterized by the formation of spin clus
whereas the highTc sample shows a more conventional b
havior. TheTc of perovskite manganites of the typeAMnO3
can be continuously varied by various substitutions. A la
number of studies has focused recently on the effect
the meanA-site ionic radius on the magnetic and magn
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totransport properties.9–21 When the doping of theA site
with bivalent ions is kept constant, the main effect of t
A-site substitutions is to change the structural parame
such as Mn-O-Mn bond angles and Mn-O bond lengths
lowing the study of the effect of the structure on th
magnetic properties. An increasing deviation from the ty
cal Curie-Weiss behavior has also been observed in
(Nd12ySmy)1/2Sr1/2MnO3 series as theTC is lowered
with y.17 Apart from the direct effect ofA-site cation substi-
tutions on the structural parameters the effects of the v
ancesA5A^r A

2&2^r A&2 of the r A distribution22,24 and the
electronegativity of the substituted ion25 on the magne-
totransport properties have been also considered.

In this work we present a study of the structural and m
netic properties of La0.67(BaxCa12x)0.33MnO3 ~x50, 0.15,
0.25, 0.3, 0.4, 0.5, 0.75, 1! perovskites. The doping with
Mn41 is kept constant to a value of 1/3 for which ferroma
netic interactions are dominant26 whereas by a systemati
substitution of the Ca ion by Ba which has a larger ion
radius27 the range of compositions between th
La0.67Ca0.33MnO3 and La0.67Ba0.33MnO3 is covered.

II. EXPERIMENT

La0.67(BaxCa12x)0.33MnO3 samples were prepared b
standard solid state reaction from stoichiometric amounts
La2O3, CaCO3, BaCO3 and MnO2 powders, sintered a
1325–1400 °C, depending on the composition, for 5 d
with two intermediate grindings. X-ray powder diffractio
~XRD! data were collected with a Siemens D500 diffrac
meter using CuKa radiation and a secondary graphi
monochromator from 20° to 90° with a step size of 0.03°
2u mode and counting rate of 10 sec/step. dc magnetiza
measurements were performed in a superconducting q
tum interference device~SQUID! magnetometer~Quantum
Design!. Magnetization isotherms at various temperatu
around the critical region, have been measured in app
fields up to 10 kOe at temperature steps 1 K apart.

III. STRUCTURAL CHARACTERIZATION

The refinement of the XRD patterns was carried out
the BBWS-9006 Rietveld program.28 All the samples were
1129 ©1999 The American Physical Society
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TABLE I. Summary La0.67(BaxCa12x)0.33MnO3 samples. The reported unit cell constants of theR3̄c
space group are in the hexagonal axes setting. Numbers in the parenthesis are errors of the last s
digit

x 0.00 0.15 0.25 0.30 0.40
Pnma

^r A& ~Å! 1.204 1.219 1.228 1.233 1.243
a(Å) 5.4562~2! 5.4647~2! 5.4720~2! 5.4728~1! 5.4787~1!

b(Å) 7.7092~2! 7.7195~2! 7.7283~3! 7.7266~2! 7.7351~1!

c(Å) 5.4697~1! 5.4878~1! 5.5014~2! 5.5062~1! 5.5114~1!

Vcell /Mn (Å 3) 57.52 57.88 58.16 58.21 58.43
Tc ~K! 265 275 278 293 302

R3̄c
x 0.50 0.75 1.00

^r A& ~Å! 1.252 1.277 1.301
a(Å) 5.5088~3! 5.5215~3! 5.5324~2!

b(Å) 5.5088~3! 5.5215~3! 5.5324~2!

c(Å) 13.3905~2! 13.4491~3! 13.5104~2!

Vcell /Mn (Å 3) 58.65 59.2 59.7
Tc ~K! 308 323 340
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found to be single phase. Detailed results of the refinem
procedure will be reported elsewhere.23 Here we report only
lattice constants~Table I! along with the unit cell volume
normalized per Mn atom to allow comparison betwe
samples described by different space groups. For all
samples withx<0.4 the structure can be described by
orthorhombic unit cell~space groupPnma!. Samples with
x>0.5 cannot be consistently indexed by an orthorhom
unit cell and are described by an rhombohedral unit c
~space groupR3̄c!. A systematic increase of the cell volum
from 57.5 to 59.7 Å3 per Mn atom is observed as Ca ions a
substituted by the larger Ba ions. Using the effective io
radii given by Shannon27 and following the convention o
taking the ninefold coordination values,15 we have calculated
mean ionic radii (̂r A&) which are also listed in Table I
According to our analysis the critical value of^r A& for the
orthorhombic to rhombohedral transition lies between 1
and 1.25 Å in agreement with Radaelliet al. ~Ref. 15!. The
ionic radii of the constituent ions are known to determine
kind and degree of distortion of the simple cubic perovsk
structure.29,30In order to relieve the stresses in the bonds,
MnO6 octahedra are cooperatively rotated resulting in low
symmetry structures as the orthorhombic (Pnma) or the
rhombohedral (R3̄c) considered here. In this series
samples, where the Mn41/Mn31 ratio and consequently th
Mn site mean ionic radius is kept constant, the increase
theA-site mean ionic radius from 1.2 to 1.3 Å is expected
lead to structures closer to that of the ideal simple cu
perovskite with average Mn-O-Mn bond angle increased
wards values closer to 180°.

IV. MAGNETIC MEASUREMENTS

Figure 1 shows the magnetization as a function of te
perature~M vs T! measured in an applied fieldH51 kOe.
The transition temperature, determined from the inflect
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point of theM vs T curves, is found to increase from 265
for the La0.67Ca0.33MnO3 (x50) sample to 340 K for the
La0.67Ba0.33MnO3 (x51) sample. The values of theTc are
listed in the last row of Table I. The ferromagnetic behav
at temperatures around theTc can be studied with the use o
M2 vs H/M plots ~Arrott plots!.31,32 Near the critical tem-
perature of a second order transition, the free energyF can
be expanded in terms of the order parameterM in the fol-
lowing way:

F5F02HM1aM21bM41¯ . ~1!

DeGennes33 has worked out a molecular field approximatio
for the case of mixed valence manganites and has calcul
the coefficientsa andb involved in Eq.~1!. By minimizing
F we can see thatM2 andH/M are related by

H/M52a14bM2. ~2!

FIG. 1. Normalized magnetization vs temperature measure
an applied field of 1 kOe for the La0.67(BaxCa12x)0.33MnO3 series
of samples.
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So theM2 vs H/M curves should be straight lines, the inte
cept of which on theH/M axis, determines the magnet
state~should be negative belowTc and positive aboveTc!.
This mean-field approximation can be generalized to the
called modified Arrott-plots expression34

~H/M !1/g5C1~T2Tc!1C2M1/b ~3!

which combines the relations for the spontaneous magn
zation belowTc

M;~Tc2T!b ~4!

and the inverse susceptibility aboveTc

x21;~T2Tc!
g. ~5!

FIG. 2. Arrot plots ~M2 vs H/M ! for selected
La0.67(BaxCa12x)0.33MnO3 samples. The numbers indicate the te
peratures of the isotherms in K.
o

ti-

According to Eq.~3! by an appropriate choice ofb andg the
(H/M )1/g vs M1/b plots should give parallel straight lines
Equation~2! is obtained for the mean field valuesb50.5,
g51. The critical exponents of the transition can be equi
lently determined by scaling plots of the formM /utub
5 f 6(H/utug1b) wheret5uT2Tcu, f 6 is a scaling function
and the plus or minus sign correspond to the ferromagn
and paramagnetic regions, respectively.35 By appropriate se-
lection of the parametersTc , b, andg the data should col-
lapse on two different branches forT.Tc and T,Tc . In
Fig. 2, M2 vs H/M plots are shown for selected samples.
can be seen that for the samples with higherTc the most of
the data fall on straight lines in contrast with thex50
sample where an anomalous behavior is observed. Usu
in bulk magnetization measurements, it is not possible
choseb and g values that can make all the data fall on
straight lines because the low field data deviate from line
ity and an extrapolation of higher field data is used.36–38

Arrott plots are meaningful if the magnetic field is hig
enough so that possible domain or stray field effects are
significant and the macroscopically measured magnetiza
corresponds to the order parameter.39 From the data pre-
sented in Fig. 2 it is obvious that the low field anomaly
much more pronounced in samples with lowerTc . However,
even if we exclude several low field data points the chan
of slope of the curves aroundTc still poses an ambiguity on
the Tc determination. Since the slope is not constant alo
the curves we cannot find a set parametersb, g that can
make the set of (H/M )1/g vs M1/b curves to be straight and
parallel lines for a reasonable range of fields. In higherTc
samples, on the other hand, the situation is simpler. Ther
only one small region of low fields for which the curve
deviate from linearity. The fact that for samples withx
>0.25 even simpleM2 vs H/M plots give straight lines
signifies that the transition is conventional with expone
close to those of mean field theory. For thex51 sample aTc
of 340 K can be calculated from the Arrott plots. Modifie
Arrott plots for parameters closer to those observed to o
ferromagnetic materials~b50.32–0.39,g51.3–1.4!38 can
give also straight lines but lowerTc values of 336–338 K.
This ambiguity in the determination ofb andg values due to
mutual dependence on theTc parameter has been noted b
Arrott34 who found that the optimum choice ofTc falls lin-
early with d511g/b and proposed that Eq.~3! should be
used to fit the actualM vs H data. This method provides

FIG. 3. M vs T data for thex51 sample and theoretical curve
derived from Eq. ~3! for b50.464, g51.29, TC5338.1, C1

50.30, andC250.39 for the La0.67Ba0.33MnO3 sample.
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more quantitative way to find a best choice ofb, g, andTc
between values that would look equally good in scaling pl
of the form M /utub5 f 6(Hiutug1b). In Fig. 3 theM vs T
data for thex51 sample are shown along with theoretic
curves derived from Eq.~3! for the parameters that give th
best fit: b50.464~3!, g51.29~2!, Tc5338.1(2), C1
50.30(1), andC250.39(1). Thenumbers in the parenthe
ses indicate the statistical errors of the last significant di
Based on these parameters the modified Arrott plots~Fig. 4!
and scaling plots~Fig. 5! can be constructed that prove th
validity of the choice ofb, g, andTc . Following the same
method we calculated for thex51/2 sampleb50.402~3!,
g51.11~2!, Tc5306.1(2), C150.40(1), and C250.22(1)
and for the x51/4 sample b50.356~4!, g51.12~3!, Tc
5276.7(2), C150.42(3), andC250.14(1). Thequality of
the fit was equally good in the case of thex51/4 andx
51/2 samples. The calculated values of the critical ex

FIG. 4. Modified Arrott plot for the sample La0.67Ba0.33MnO3

with b50.464 andg51.29.
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nents are between those predicted for a three-dimensi
~3D! Heisenberg model~b50.3, g51.4, Ref. 35! and those
predicted by mean field theory~b50.5, g51!.

V. CONCLUSIONS

In conclusion, in the La0.67(BaxCa12x)0.33MnO3 series,
samples withx<0.4 crystallize in the orthorhombicPnma
structure, whereas samples withx>0.5 in the rhombohedra
R3̄c structure. As a result of structural changes due to
substitution by the larger Ba ions an increase of the transi
temperature is observed. Only in samples with higherTc (x
>0.25) the magnetic properties follow the expected behav
of a conventional second-order ferromagnetic transition.
these samples the values of critical exponents~b,g! are be-
tween those predicted for a 3D Heisenberg model and th
predicted by mean field theory.

FIG. 5. Scaling plot M /utub vs Hiutug1b for the sample
La0.67Ba0.33MnO3 with b50.464 andg51.29.
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