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A series of barium substituted La0.5Sr0.5−xBaxMnO3 materials has been synthesized and investigated using
neutron powder diffraction. We show that Ba substitution suppresses the low-temperature orbital ordering that
has been previously observed in La0.5Sr0.5MnO3, and demonstrate the evolution of the magnetic and nuclear
structures as a function of increasing Ba content. All our samples exhibit paramagnetic and ferromagnetic
properties near room temperature with the ferromagnetic structures described as I4/mc�m� and P4/mm�m� for
x=0, 0.1, and 0.2 and x=0.3, 0.4, and 0.5, respectively. The Mn magnetic moments align ferromagnetically in
the direction of the c axis with no evidence for any spin canting. The effects of A-site ionic size, size variance,
and strains in the lattice on the ferromagnetic ordering temperature, TC, are discussed and compared with other
members of the general La0.5�Ca,Sr,Ba�0.5MnO3 series. Depending on the substitution path, the relationship
between TC and �rA� is either near constant or looks like an inverted parabola. Finally, details of the magnetic,
resistive, structural, and interatomic properties are presented.

DOI: 10.1103/PhysRevB.74.144415 PACS number�s�: 75.25.�z, 61.12.�q, 75.30.�m, 75.50.Dd

INTRODUCTION

Perovskite-based manganites have recently been at the
center of intense research because of their colossal magne-
toresistive properties and charge and/or orbital ordering in
compositions with particular Mn3+: Mn4+ ratios �e.g., 1:1,
1:2, etc�. In La0.5Ca0.5�Mn0.5

3+ Mn0.5
4+ �O3,1 for example, a ratio

of 1:1 results in a zigzaglike charge distribution of the Mn3+

and Mn4+ ions and charge ordering of the charge-exchanged
�CE� type. A ratio of 1:1 is usually achieved by the substitu-
tion of a divalent alkaline element such as Ca, Sr, or Ba for
half the trivalent A-site ions in AMnO3 �e.g., where A=La or
other rare earth elements�. As such, La0.5Ca0.5MnO3,
La0.5Sr0.5MnO3, and La0.5Ba0.5MnO3 have been synthesized
and shown to exhibit significantly different magnetic and
structural properties because of the size effect of the substi-
tuting element and the ionic size variance �2 �defined as the
variance of sizes between different ions occupying the same
A-site�.2–4 La0.5Ca0.5MnO3 �Refs. 5 and 6� can be easily syn-
thesized under ambient conditions; however, La0.5Sr0.5MnO3
and La0.5Ba0.5MnO3 may form only under stringent and well-
controlled conditions.7,8 For La0.5Ca0.5MnO3, charge order-
ing, ferromagnetic, and antiferromagnetic properties have all
been reported to take place at different temperatures below
300 K.1 In the case of La0.5Sr0.5MnO3, a ferromagnetic phase
coexists with an A-type orbitally ordered antiferromagnetic
phase over a wide temperature range below �200 K with no
evidence for any charge ordering.7 As for La0.5Ba0.5MnO3,
only ferromagnetic properties have been observed and re-
ported.

The goal of this paper is to investigate the effects of in-
creasing the average size of the A-site ions on the magnetic
and structural properties of Ba-substituted La0.5Sr0.5MnO3.
The isovalent substitution of Ba �or Ca� for Sr preserves the
average charge at both the A- and B-sites �i.e.,
La0.5Sr0.5−xBax and Mn sites, respectively�. In this paper, we
demonstrate that the replacement of small amounts of Sr2+

by Ba2+ in La0.5Sr0.5MnO3 results in the suppression of the

previously observed low-temperature phase separation and
the orbitally ordered antiferromagnetic phase.7 For all mem-
bers of the La0.5Sr0.5−xBaxMnO3 series, the samples exhibit
ferromagnetic properties with a Curie temperature, TC, de-
creasing as a function of increasing Ba content. A similarly
decreasing TC has previously been observed in
La0.6Sr0.4−xBaxMnO3,9,10 Pr0.5Sr0.5−xBaxMnO3,11,12 and
Nd0.7Sr0.3−xBaxMnO3,13 for example, and interpreted in terms
of increasing ionic size variance �2 �Ref. 9� or increasing
Mn-O bond lengths.10 Both of these arguments mainly relied
on Shannon’s tabulated ionic sizes14 that differ appreciably,
as we have previously shown,4,7,15,16 from the observed real
values for manganites. Here, we use neutron diffraction to
measure the relevant bond lengths and bond angles and show
that the explanation of TC behavior only in terms of ionic
sizes and ionic size variance is not sufficient, especially in
the regime where structural distortions from the cubic phase
are very small. We combine our results with data published
in the literature for La0.5Ca0.5−xSrxMnO3 and show the be-
havior of TC as a function of increased average ionic size
radius. We explain the TC behavior in terms of ionic size,
ionic size variance, local structural distortions, and strains in
the lattice. Finally, we discuss the effects of interatomic
�Mn-O� bond lengths in A-site disordered La0.5Ba0.5MnO3
and A-site ordered LaBaMn2O6 �Ref. 17� on the observed TC
enhancement for the latter phase.

MATERIALS SYNTHESIS AND CHARACTERIZATION

Single phase Ba-substituted La0.5Sr0.5MnO3 materials
have been synthesized using a well-controlled two-step solid
state reaction method. Raw La2O3, MnO2, SrCO3, and
BaCO3 powders were thoroughly mixed in stoichiometric
amounts after drying La2O3 in air at 900 °C. The precursor
mixtures were repeatedly ground and fired in air up to
1200 °C, then in flowing argon �99.999%� up to the final
synthesis temperature. The final synthesis temperature was
varied from 1420 to 1440 °C with increasing Ba content and
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resulted in single-phase oxygen deficient perovskites. Fully
oxygenated samples were obtained by annealing the deficient
materials in air at 500 °C followed by slow cooling to room
temperature. A few hundred milligrams of each sample were
decomposed in a high-temperature Thermogravimetric
Analysis system �Thermo-Cahn TGA-171� to confirm the ex-
act oxygen stoichiometry of the material within the accuracy
of our measurement system �better than ±0.005 oxygen at-
oms per unit cell�.

A Quantum Design Physical Properties Measurement Sys-
tem Model 6000 was used for the characterization of the
resistive and magnetic properties of the materials. The ferro-
magnetic transition temperatures, TC’s, reported in this paper
were extracted from our dc and ac magnetic measurements
performed in external magnetic fields of 20 Oe and
14 Oe/1 kHz, respectively. The phase formation, purity, and
crystalline properties of the samples were checked and moni-
tored by x-ray powder diffraction. Several samples were se-
lected for detailed temperature-dependent structural investi-
gations using neutron powder diffraction �NPD�.

Time-of-flight neutron powder diffraction data were col-
lected on the special environment powder diffractometer
�SEPD�18 at the intense pulsed neutron source �IPNS�. Dif-
fraction data were acquired at several temperatures between
40 and 500 K using a closed-cycle helium refrigerator with
heating capabilities above room temperature. High-
resolution backscattering data, from 0.5 to 4 Å d spacing,
and medium resolution data, 1 to 10 Å d spacing, were ana-
lyzed with the Rietveld analysis method used in the General
Structure Analysis System �GSAS� code.19,20 The medium
resolution data banks �histogram #2� were particularly useful
below the magnetic transition temperatures of the materials
because they contain several magnetic peaks of significant
intensities. In the analysis, background, peak width, and ex-
tinction parameters were refined, together with the lattice

parameters, atomic positions, and isotropic and anisotropic
temperature factors for the cations and oxygen atoms, re-
spectively.

RESULTS

Magnetic and resistive properties

The particular importance of La0.5Sr0.5MnO3 lies in its
location on a steep boundary line on the phase diagram be-
tween two significantly different structural regions.7 At low
temperatures, a large part of the material undergoes a simul-
taneous ferromagnetic tetragonal to antiferromagnetic ortho-
rhombic structural and magnetic phase transition; however,
the bulk material remains metallic because of the metallic
properties of the remaining ferromagnetic phase.

Over the last few years, the resistive and magnetic behav-
iors of many colossal magnetoresistance �CMR� materials
have been shown to be significantly affected by the slightest
disturbance of a delicate charge balance at the Mn sites. For
example, in La0.5

3+ Sr0.5
2+ Mn�3.5+�O3, charge imbalance may be

achieved by either decreasing or increasing the Sr content
resulting in rhombohedral ferromagnetic or tetragonal ferro-
magnetic and orbital-ordered antiferromagnetic phases,
respectively.7 In other studies, the A-site size effects on the
magnetic and transport properties of the material have been
demonstrated even when the charge balance has not been
disturbed. For example, the isovalent substitution of Ca2+ for
Sr2+ in La1−xSrxMnO3 has been shown to result in new mag-
netic and resistive properties.11,21 Similarly, we expect that
the materials’ behavior will change by increasing the average

FIG. 1. �Color online� dc and ac magnetic measurements at
20 Oe and 14 Oe/1 kHz, respectively. These measurements were
used to extract the TC values reported in this paper. Closed circles
�x=0�, open circles �x=0.1�, closed squares �x=0.2�, open squares
�x=0.3�, closed triangles �x=0.4�, and open triangles �x=0.5�.

FIG. 2. �Color online� Resistivity measurements for
La0.5Sr0.5−xBaxMnO3 as a function of external magnetic fields.
Large magnetoresistive behavior is observed for all the samples.
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ionic size of the A-site through the isovalent substitution of
Ba2+ for Sr2+.

As shown in Fig. 1, all of our Ba-substituted
La0.5Sr0.5−xBaxMnO3 samples exhibit ferromagnetic proper-
ties with the TC slowly decreasing upon increasing the Ba
content and then decreasing at a faster rate when approach-
ing the end member La0.5Ba0.5MnO3 of the phase diagram.
Magnetic measurements at 70 kOe fields show consistent
saturation values of �3.3 to 3.5�B in good agreement with
the expected value of 3.5�B for a Mn3+:Mn4+ ratio of 1:1.

Resistivity measurements performed in external magnetic
fields up to 70 kOe are displayed in Fig. 2. The figure shows
anomaly kinks that correspond to the materials’ ferromag-
netic transition temperatures, TC’s, followed at lower tem-
peratures by broad metal-to-insulator �MI� type transition
humps. The presence of similar MI humps has previously
been attributed to granular or grain boundary effects in other
materials with similar compositions.8,21–26 Other studies
demonstrated that similar properties can be produced by in-
troducing some oxygen vacancies in the material or by sig-
nificantly changing the synthesis and sintering
conditions.27–29

Resistivity measurements carried out in air at tempera-
tures up to 1000 °C showed an irreversible behavior with the
resistivity decreasing when the temperature increases above
�600 °C. X-ray diffraction patterns showed the samples to
decompose at temperatures above 550–600 °C �data not
shown�. The decomposed samples contain small amounts of

hexagonal BaMnO3 in addition to the main perovskite phase.
The presence of the impurity BaMnO3 phase has frequently
been observed in La0.5Sr0.5−xBaxMnO3 samples with Ba con-
tents x�0.3. The significantly increased ferromagnetic tran-
sition temperature for the decomposed x=0.5 sample indi-
cates the decomposition of the materials to BaMnO3 plus a
composition with x�0.5 in agreement with the results of the
synthesis conditions. In another study, Raman spectroscopy
demonstrated the presence of trace amounts of BaMnO3 in a
La1−xBaxMnO3 sample that appeared to be single phase using
x-ray diffraction.30 Therefore, the presence of BaMnO3 in the
form of nanoparticles or a grain boundary phase with dimen-
sions below the diffraction coherent scattering length is pos-
sible and could explain the observed humps in our resistivity
data and the strong dependence on magnetic field.

Neutron powder diffraction

As described above, La0.5Sr0.5MnO3 exhibits a series of
nuclear and magnetic phase transitions with the material
changing from paramagnetic to ferromagnetic to antiferro-
magnetic �AFM� at �320 K and �190 K, respectively.7 The
paramagnetic and ferromagnetic phases crystallize in a te-
tragonal structure of space group I4/mcm, while the orbital-
ordered A-type antiferromagnetic phase is best described us-
ing the symmetry of the orthorhombic Fmmm space group.

For Ba-substituted La0.5Sr0.5−xBaxMnO3 materials, our
neutron powder diffraction patterns clearly show the sup-

TABLE I. Structural parameters for La0.5Sr0.4Ba0.1MnO3 and La0.5Sr0.3Ba0.2MnO3 at 380 K and 40 K. Refinements carried out using the
tetragonal I4/mcm space group. La, Sr, and Ba site occupancies fixed at their nominal values. Thermal factors for La, Sr, and Ba constrained
to be equal.

Sample
Atom

position
Anisotropic

thermal factors La0.5Sr0.4Ba0.1MnO3 La0.5Sr0.3Ba0.2MnO3

T �K� 380 52.5 380 40

I4/mcm I4/mcm I4/mcm I4/mcm

a �Å� 5.47331�4� 5.45227�3� 5.48755�3� 5.47036�2�
c �Å� 7.7549�1� 7.7576�1� 7.77156�9� 7.76533�7�
V �Å3� 232.315�6� 230.612�6� 234.026�5� 232.377�4�
La,Ba,Sr � 1

2 0 1
4

� 100�Uiso �Å2� 0.86�4� 0.43�3� 0.83�3� 0.34�2�
Mn �0 0 0� 100�Uiso �Å2� 0.74�5� 0.34�4� 0.55�4� 0.22�3�

�Z ��B� 0.2�2� 3.54�3� 0.14�10� 3.51�3�
Oapical �0 0 1

4
� 100� �U11=U22� �Å2� 1.7�1� 0.93�6� 1.9�3� 0.90�5�

100�U33 �Å2� 1.5�3� 0.8�1� 1.4�4� 0.6�1�
Oequatorial �x x+ 1

2 0� x 0.2669�3� 0.2719�2� 0.2598�4� 0.2671�1�
100� �U11=U22� �Å2� 1.37�8� 0.75�4� 1.5�1� 0.77�3�
100�U33 �Å2� 2.0�2� 1.05�8� 1.7�2� 1.05�7�
100�U12 �Å2� 0.7�1� 0.41�6� 0.6�2� 0.37�5�

RP �%� 8.80 9.17 7.80 6.21

RWP �%� 12.83 13.56 12.34 9.64

�2 1.193 1.266 1.112 1.569

Mn-Oapical 1.93873�3� 1.93939�2� 1.94289�2� 1.94133�2�
Mn-Oequatorial 1.93954�14� 1.93509�12� 1.94164�11� 1.93857�8�
Mn-Oapical-Mn 180 180 180 180

Mn-Oequatorial-Mn 172.27�12� 169.97�8� 175.51�17� 172.19�7�
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TABLE II. Structural parameters for La0.5Sr0.5−xBaxMnO3 �x=0.3, 0.4, and 0.5� in the cubic Pm3̄m and tetragonal P4/mmm space
groups. La, Sr, and Ba site occupancies fixed at their nominal values. Thermal factors for La, Sr, and Ba constrained to be equal.

T �K�
Atom

position
Anisotropic

thermal factors
La0.5Sr0.2Ba0.3MnO3

293 K

La0.5Sr0.1Ba0.4MnO3 La0.5Ba0.5MnO3

294.5 K 50 K 295 K 200 K 100 K 10 K

P4/mmm Pm3̄m P4/mmm Pm3̄m P4/mmm P4/mmm P4/mmm

a �Å� 3.88948�2� 3.89819�2� 3.88947�2� 3.90878�2� 3.9033�1� 3.89935�8� 3.89841�6�
c �Å� 3.89267�2� 3.89173�2� 3.9072�3� 3.9053�2� 3.9046�2�
V �Å3� 58.889�1� 59.237�1� 58.874�1� 59.720�1� 59.529�1� 59.380�1� 59.341�1�
La, Sr, Ba � 1

2
1
2 0� 100�Uiso �Å2� 0.71�2� 0.93�3� 0.58�2� 0.68�3� 0.52�3� 0.34�3� 0.33�2�

Mn �0 0 0� 100�Uiso �Å2� 0.49�3� 0.68�3� 0.44�3� 0.35�4� 0.40�5� 0.26�4� 0.27�2�
�Z ��B� 0.5�1� 3.38�4� 2.79�9� 3.30�9� 3.53�5�

Oapical �0 0 1
2

� 100�U11=
100�U22 �Å2�

1.9�4� 2.08�4� 1.5�4� 1.78�5� 2.3�3� 1.4�3� 0.6�1�

100�U33 �Å2� 1.1�4� 1.30�6� 1.3�4� 0.91�7� 1.1�5� 1.3�4� 1.1�2�
Oequa. � 1

2 0 0� 100�U11 �Å2� 0.9�2� 0.5�2� 0.5�2� 0.3�1� 0.1�1�
100�U22 �Å2� 1.4�4� 1.1�3� 0.7�2� 0.8�3� 1.9�2�
100�U33 �Å2� 2.3�3� 2.2�3� 2.1�3� 1.8�2� 1.7�2�

RP �%� 6.4 6.71 7.16 5.92 6.07 5.79 5.33

RWP �%� 9.83 10.19 10.39 9.27 9.56 8.90 7.76

�2 1.422 1.377 1.756 1.205 1.219 1.368 1.561

Mn-Oapical �2 1.94634�1� 1.94910�1� 1.94586�1� 1.95439�1� 1.9536�1� 1.95266�8� 1.95230�7�
Mn-Oequa. �4 1.94474�1� 1.94910�1� 1.94473�1� 1.95439�1� 1.95164�6� 1.94967�4� 1.94921�3�

FIG. 3. �Color online� Best-fit Rietveld refinement for La0.5Sr0.3Ba0.2MnO3 in the 1.8–4 Å d-spacing range showing observed ��� and
calculated intensities �solid line� at 380 K �upper panels� and 40 K �lower panels�. The backscattering �histogram 1� and the 90° �histogram
2� databanks were used in the refinements. Tick marks below the patterns show the positions of the nuclear and magnetic Bragg peaks. The
difference between observed and calculated intensities is shown below the tick marks.
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pression of the low temperature orbital-ordered AFM phase
and the retention of the tetragonal I4/mcm symmetry for all
samples with x	0.3. We observe this tetragonal structure at
all measured temperatures above and below TC for x=0.1
and 0.2. For the x=0.3 material, we observe a simultaneous

structural phase transition from cubic Pm3̄m to tetragonal
I4/mcm occurring at TC. In I4/mcm, the MnO6 octahedra
are free to rotate around the c axis and the ferromagnetic
alignment of the Mn moments is achievable only in the di-
rection of the c axis with no spin canting being allowed that
could result in any in-plane ferromagnetic or antiferromag-
netic component �because of the tetragonal fourfold symme-
try axes�. Canting that would result in an in-plane antiferro-
magnetic component, may only be possible using a lower
structural symmetry �such as the previously reported Imma
symmetry for La0.7Ba0.3MnO3 �Ref. 31�� and extra antiferro-
magnetic reflections should become visible. The absence of
antiferromagnetic peaks in our diffraction patterns clearly in-
dicates the ferromagnetic alignment of the Mn moments in
the direction of the c axis. In this work, we determine the
ferromagnetic symmetry to be I4/mc�m� for all composi-
tions with x	0.3 by taking the time reversal symmetry of
the mirrors perpendicular to the �100� and �110� directions.
Select structural parameters and bond lengths are listed in
Tables I and II. Best-fit Rietveld refinement patterns for
La0.5Sr0.3Ba0.2MnO3 are displayed in Fig. 3.

With the further increase of Ba content, larger A-site ionic
size averages are obtained together with stretched Mn-O
bonds and straighter in-plane Mn-O-Mn bond angles. Thus,
higher symmetry structures result in which the MnO6 octa-
hedral rotations are completely suppressed. The structures of
the x=0.4 and 0.5 samples were refined using the cubic

Pm3̄m and tetragonal P4/mmm �a subgroup of Pm3̄m, see
Fig. 4� symmetries at all temperatures above and below TC,
respectively. In the refinements, the “pseudocubic/
tetragonal” unit cell is required to eliminate the inconsis-
tency between the ferromagnetic behavior of the materials

and the threefold symmetry of the cubic Pm3̄m space
group.28,32,33 In Fig. 5, we display two best-fit Rietveld re-
finement models at 10 K in which the subtle discrepancies

between observed and calculated intensities �using Pm3̄m�
are completely accounted for using P4/mmm �see the 200
reflection, for example� in addition to the detection of several
significant ferromagnetic intensities growing on top of some
nuclear peaks—most noticeably on the 110 reflection at
�2.75 Å. In P4/mmm, the ferromagnetic easy axis �c axis�
is slightly longer than the basal a axis �for example, a
=3.89841�6� Å and c=3.9046�1� Å for x=0.3� and the fer-
romagnetic alignment of the Mn moments is allowed by tak-
ing the time reversal symmetry of the mirrors perpendicular
to the �100� and �110� directions, thus resulting in the mag-
netic space group P4/mm�m�.

Finally, refinements of the structure at the lowest mea-
sured temperatures yielded magnetic moments of 3.55�3��B,
3.51�3��B, 3.62�3��B, 3.53�5��B, and 3.51�5��B for x=0.1,
0.2, 0.3, 0.4, and 0.5, respectively, in good agreement with
the expected value for the Mn�3.5+� magnetic moments.

DISCUSSION

Structural properties

Evolution of the room temperature lattice parameters, re-
duced unit cell volume, Mn-O bond lengths, and Mn-O-Mn
bond angles is displayed in Fig. 6 as a function of increasing
Ba content. As shown in the figure, the formation of a con-
tinuous solid solution is demonstrated by the linear behavior
of the measured unit cell volume and the smooth structural
transition from tetragonal to cubic at x�0.3. The similarity
between the Mn-O bond lengths and lattice parameters indi-
cates the gradual suppression of the MnO6 octahedral distor-
tion with increasing Ba content. The buckled in-plane Mn

FIG. 4. �Color online� La0.6Sr0.1Ba0.4MnO3: Weighted profile
residual agreement factor obtained from refinements using cubic

Pm3̄m �filled circles� and tetragonal P4/mm�m� �open circles�
space groups. Significantly improved refinements are obtained us-
ing the tetragonal magnetic symmetry below TC.

FIG. 5. �Color online� Portions of best-fit Rietveld patterns for

La0.5Ba0.5MnO3 from refinements using cubic Pm3̄m �a� and tetrag-
onal P4/mmm �b� symmetries. The ferromagnetic peaks may only
be fit using the tetragonal magnetic P4/mm�m� symmetry �see text
for more details�.
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-Oeq.-Mn bond angle increases from �171° for x=0 to
straight 180° for x�0.3.

Temperature-dependent properties of the lattice param-
eters are displayed in Fig. 7 for all members of the
La0.5Sr0.5−xBaxMnO3 series. We note here the similarity in
lattice behavior for the x=0.1 sample and the ferromagnetic

phase of the unsubstituted x=0 sample. For both samples,
the c axes exhibit negative thermal expansion upon decreas-
ing temperature to reach a maximum near the onset of ferro-
magnetic ordering before reversing sign to slowly decrease
with further temperature drops. For the x=0.2 sample, a
quite different behavior is observed for the c axis showing no
significant response around TC ��300 K� and remaining es-
sentially constant at all temperatures below �240 K. For the
three remaining samples, the a- and c-lattice parameter
curves continue to shift to higher magnitudes with increasing
Ba while the difference between the two parameters de-
creases until reaching zero for the cubic structure, see Figs.
7�d�–7�f�. Figure 8�a� shows the unit cell volume regularly
increasing in magnitude as a function of increasing tempera-
ture and Ba content. As mentioned above, this increased vol-
ume relates to larger average A-site ionic sizes that results in
stretching the equatorial Mn-O-Mn bond angles to become
perfectly straight when in the cubic regime, see Fig. 8�b�.

Because of the high-symmetry positions of Mn and Oapical

atoms in I4/mcm, P4/mmm, and Pm3̄m, the c axis and api-
cal Mn-O bonds exhibit identical behaviors over the full
measured temperature range, see Figs. 7 and 9. As shown in
Fig. 9, the equatorial and apical Mn-O bonds continuously
shift upward and the bond divergence �octahedral distortion�
diminishes significantly upon increasing temperature and Ba
content. It is interesting to note that upon warming, the api-
cal and equatorial Mn-O bonds for the x=0 and x=0.1
samples intersect at a temperature of �360 K, thus resulting
in the MnO6 octahedra becoming briefly regular and isotro-
pic before they distort again at higher temperatures.

We finally note the difference between the apical and
equatorial Mn-O bond lengths �
�Mn-O�� for the A-site dis-
ordered La0.5Ba0.5MnO3 phase to vary from 0 to 0.003 Å be-
tween 300 K and 10 K, respectively. In previous work,17 we
observed a more significant bond divergence for A-site or-
dered La0.5Ba0.5MnO3 with 
�Mn-O� changing from

FIG. 6. �Color online� �a�
Room-temperature lattice param-
eters, �b� reduced unit cell volume
�per one chemical formula�, VT

and VC refer to tetragonal and cu-
bic unit cell volumes, respectively,
�c� Mn-O bonds, and �d� equato-
rial Mn-O-Mn bond angles for all
members of the
La0.5Sr0.5−xBaxMnO3 series. The
formation of a solid solution is
demonstrated by the continuous
linear increase of the unit cell vol-
ume as a function of increasing Ba
content.

FIG. 7. �Color online� Temperature dependence of the reduced
lattice parameters a �circles� and c �squares� �a /�2, c /2 for x=0,
0.1, and 0.2� for all members of the La0.5Sr0.5−xBaxMnO3 series. For
x=0, the lattice parameters a �half-up filled circles�, b �half-down
filled circles�, and c �squares� of the low-temperature antiferromag-
netic phase are also shown.
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0.005 to 0.055 Å between 300 K and 10 K, respectively.
Nonetheless, the average �Mn-O� bonds for both the A-site
ordered and disordered La0.5Ba0.5MnO3 phases are almost
identical at all temperatures �1.9544 and 1.9574 Å at room
temperature, respectively� yet TC is enhanced by as much as
80 K for the A-site ordered material. Consequently, the TC
enhancement for the A-site ordered phase could be directly
attributed to the ordering of the A-site ions on alternate lay-
ers and the effects of ordering on the electronic band struc-
ture.

Effects of ionic size and size variance

We now turn our attention to the investigation of the ionic
size and size variance effects on the magnetic and structural
properties of La0.5Sr0.5−xBaxMnO3. In this section, we will
compare our results with those reported for other similar sys-
tems �e.g., La0.5Ca0.5−xAxMnO3 �A=Sr,Ba�, etc.� and exam-

ine the properties of materials obtained with substitutions
carried out according to two possible paths. Along the first
path, Ca is substituted with Sr until all Ca ions have been
substituted �i.e., resulting in La0.5Sr0.5MnO3� followed by the
substitution of Ba with Sr until all Sr ions have been substi-
tuted, thus ending up with La0.5Ba0.5MnO3. The second path
involves the direct substitution of Ca ions with the larger Ba
ions until all Ca ions have been replaced, thus resulting in
La0.5Ba0.5MnO3. The two substitution paths are better visu-
alized by tracing the arrows shown in Fig. 10 between the
La1−xCaxMnO3, La1−xSrxMnO3, and La1−xBaxMnO3 phase
diagrams.

At this point, it is important to note that in this paper we
will use A-site ionic sizes that we previously determined
from precise neutron diffraction measurements of internal
structural parameters and various A-O bond lengths in the
manganites.4,7,15,16 In these references, we demonstrate that
the experimental ionic sizes of La �1.365 Å�, Ca �1.24 Å�, Sr
�1.291 Å�, and Ba �1.38 Å� in the perovskite manganites are
significantly different from the calculated ionic sizes re-
ported by Shannon �ionic sizes obtained by subtracting the
six-coordinated oxygen ionic size from the A-O bond
lengths�. Acknowledging this discrepancy, researchers have
frequently been using ionic sizes that correspond to nine co-
ordinated A-site ions instead of the actual twelve coordinated
ionic sizes. In Fig. 11, we plot the average �La, Sr, Ba�-O
bond lengths as a function of Ba content for the current sys-
tem as obtained from the Rietveld refinements �closed
circles�. Bond lengths calculated using our ionic size values

FIG. 8. �Color online� �a� Temperature-dependent �reduced� unit
cell volume increasing regularly in magnitude as a function of in-
creasing Ba content. �b� Mn-O-Mn bond angle as a function of
temperature and Ba content.

FIG. 9. �Color online� Temperature dependence of Mn-O bond lengths.

FIG. 10. �Color online� La1−xAxMnO3 phase diagrams �A
=Ca,Sr,Ba and 0.1	x	0.5�. For simplicity, only the ferromag-
netic transitions are shown. The arrows in the figure show the two
possible substitution paths �see text for more details� and the corre-
sponding expected TC behavior.
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are also shown �open circles� together with those calculated
using Shannon’s values �closed squares�. The figure clearly
demonstrates the validity of our experimental A-site sizes
and the inadequate use of Shannon’s ionic sizes for the man-
ganites. For x�0.3, the slightly overestimated bond lengths
are due to strain effects in the cubic materials for which the
Mn-O bonds are stretched and A-O bonds are compressed.

In Tables III and IV, TC values are listed for all members
of our La0.5Sr0.5−xBaxMnO3 series together with those of
La0.5Ca0.5−xSrxMnO3 and La0.5Ca0.5−xBaxMnO3 as extracted
from the literature.11,21,22,25,32 Consistent TC values were
found for most members of the La0.5Ca0.5−xSrxMnO3 series.
Unfortunately, only a few papers reported on the character-
istics and properties of La0.5Ca0.5−xBaxMnO3.22,24,25,32,34

Nevertheless, we concluded the following: �1� the synthesis
of single phase La0.5Ca0.5−xBaxMnO3 is difficult but feasible
under special synthesis conditions for low Ba concentrations,
�2� most published work shows that the x�0.3 samples con-
tain various amounts of a hexagonal BaMnO3 impurity phase
that result in La-rich off-stoichiometric compositions, and �3�
TC increases very slightly and show essentially a “constant”

character �within ±10 K� except for the x=0.4 sample with a
TC as high as 290 K. The off-stoichiometry of this impurity-
containing sample could explain its high TC, which is in
agreement with similar TC’s typically observed for
La1−xBaxMnO3 with x contents slightly less than 0.5.8

The dependence of TC on the average A-site ionic size,
�rA�, for La0.5Ca0.5−xSrxMnO3 and La0.5Sr0.5−xBaxMnO3 re-
veals the presence of a TC maximum at La0.5Sr0.5MnO3 as
displayed in Fig. 12 in remarkable agreement with the first
path arrow shown in Fig. 10. Interestingly, the TC behavior
for the current system is very similar to the previously ob-
served TN dependence on �rA� for Sr1−xAxMnO3 �A
=Ca,Ba�.4 In fact, in both systems, the Mn oxidation state
remains unaffected by the isovalent substitutions carried out
at the A-sites and both the TC and TN increase from a mini-
mum for A=Ca �i.e., CaMnO3 or La0.5Ca0.5MnO3� to a maxi-
mum for A=Sr �i.e., SrMnO3 or La0.5Sr0.5MnO3�. In
Sr1−xAxMnO3, the increasing and decreasing properties of TN
correlate well with the average structural distortion variables
cos2 � �directly related to �rA�� �Refs. 2 and 35� and size
variance �2, where � represents the average equatorial and
apical Mn-O-Mn buckling angle and �2 has previously4 been
shown to correlate with the refined Debye-Waller factor for
oxygen which models the local distortions from the average
structure. It should be stressed, however, that these correla-

FIG. 11. �Color online� A-O measured bond lengths �closed
circles�, calculated using our determined ionic sizes �open circles�
and using Shannon’s ionic sizes �closed squares�. See text for more
details.

TABLE III. A-site average ionic size, size variance, and TC for
La0.5Ca0.5−xSrxMnO3 �Refs. 11–21� and La0.5Sr0.5−xBaxMnO3 �this
work�.

A-site composition �rA� �Å� �2 TC �K�

La0.5Ca0.5 1.3 0.0036 228

La0.5Ca0.4Sr0.1 1.305 0.00323 250

La0.5Ca0.3Sr0.2 1.31 0.0028 270

La0.5Ca0.2Sr0.3 1.315 0.00233 287

La0.5Ca0.15Sr0.35 1.3175 0.00207 290

La0.5Ca0.1Sr0.4 1.32 0.0018 300

La0.5Sr0.5 1.325 0.00123 316

La0.5Sr0.4Ba0.1 1.334 0.00132 310

La0.5Sr0.3Ba0.2 1.343 0.00126 300

La0.5Sr0.2Ba0.3 1.352 0.00104 288

La0.5Sr0.1Ba0.4 1.361 0.00065 268

La0.5Ba0.5 1.37 0.0001 240

TABLE IV. A-site average ionic size, size variance, and TC for
La0.5Ca0.5−xBaxMnO3. TC values were extracted from Refs. 22–25.

A-site composition �rA� �Å� �2 TC �K�

La0.5Ca0.5 1.3 0.0036 228

La0.5Ca0.4Ba0.1 1.314 0.00368 230

La0.5Ca0.3Ba0.2 1.328 0.00338 225

La0.5Ca0.2Ba0.3 1.342 0.00268 230

La0.5Ca0.1Ba0.4 1.356 0.00158 290

La0.5Ba0.5 �this work� 1.37 0.0001 240

FIG. 12. �Color online� TC as a function of A-O bond length or
average ionic size �rA�. The TC dependence on A-O ��rA�� looks like
an inverted parabola for the two series of the first substitution path
�see Fig. 10� �i.e., La0.5Ca0.5−xSrxMnO3 and La0.5Sr0.5−xBaxMnO3�.
A nearly constant �slight increase� TC vs A-O ��rA�� behavior is
observed for the La0.5Ca0.5−xBaxMnO3 series.
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tions are only valid if accurate Mn-O-Mn bond angles and
Mn-O bond lengths obtained from NPD were used.

In the present system, the left part of the inverted parabola
can be easily understood in terms of increasing ionic size
�i.e., reduced buckling angle �� and decreasing ionic size
variance ��2� upon increasing the Sr content at the
La0.5Ca0.5−xSrx sites.2,4 On the other hand, in
La0.5Sr0.5−xBaxMnO3 �the right side of the parabola�, Ba
�ionic radius=1.38 Å� substitution on Sr �ionic radius
=1.291 Å� sites initially causes �2 to increase very slightly
�for x	0.2� before rapidly decreasing for higher Ba con-
tents, see Fig. 13. As can be seen in the figure, the combina-
tion of �rA� and �2 in this composition range is actually fa-
vorable to increasing TC and cannot explain the observed TC
reduction. However, the nearly constant behavior of �2, for
x	0.2, coupled with reduced TC suggests the presence of
�an� additional variable�s� that negatively affect�s� the TC.
Similar decreases in TC near the cubic structural symmetry
have been previously observed in La0.6Sr0.4−xBaxMnO3 and
rationalized in terms of either increasing ionic size variance9

or increasing Mn-O bond lengths that cause the bandwidth
W�cos 
 / �dMn-O�3.5 �where 
= �180°−�� /2 and � is the
Mn-O-Mn bond angle� to decrease in the double-exchange
model of ferromagnetism in manganites.10 As shown above,
the accurately measured bond lengths demonstrate that the
TC behavior cannot be explained in terms of increasing ionic
size variance near the cubic regime. While the full explana-
tion of the observed TC reduction should require more stud-
ies, we speculate at this time that at least two additional
mechanisms could be invoked when the crystal structure is
cubic or nearly cubic. In this paper and in previous work,36

we have demonstrated that the incompatibility of ferromag-
netism with the cubic symmetry is relieved by the presence
of subtle structural distortions �according to Rodriguez-
Martinez and Attfield’s model, cubic symmetries should lead
to maximum TC’s when the variance of sizes is small. Note,
however, that in the Sr1−xAxMnO3 system,4 the maximum TN
is indeed observed for the cubic phase since there is no com-
petition between antiferromagnetism and strains�. These dis-

tortions could cause a variance in either the bond angles or
bond lengths on the local length-scale, thus, resulting in sup-
pressing TC through a competitive mechanism between fer-
romagnetism and strains. A second mechanism could arise
from the presence of Mn-O bonds that are stretched beyond
their equilibrium values even in the noncubic phase. Frac-
tions of such bonds would be present because the equilib-
rium Mn-O bonds are smaller that the longest A−O /�2
bonds �i.e., the Ba-O bonds� even if the average structure is
not cubic, i.e., when the tolerance factor is still smaller than
1 or the average bond angle Mn-O-Mn�180�. As the band-
width equation �W� shows, these bonds would cause a very
strong and nonlinear decrease of TC that is not modeled by
the variance of sizes �2. The presence of stretched out Mn-O
bonds caused by the substitutions of larger Ba ions for Sr in
the lattice as the materials become cubic indicates the devel-
opment of considerable internal strains that cause the lower-
ing of TC.

As for the second substitution path, it is interesting to note
that TC appears independent of any of the above-mentioned
variables �see Fig. 10�. We speculate that the positive effects
that result from the favorable change in �rA� would be almost
completely compensated by the negative effects of �2 and
other local distortion variables. As such, TC increases only
slightly.

CONCLUSIONS

We have investigated the effects of isovalent substitutions
on the properties of La0.5Sr0.5−xBaxMn�3.5+�O3 materials. Us-
ing neutron powder diffraction, we showed that low Ba sub-
stitution levels result in the suppression of a previously ob-
served low-temperature orbital-ordered antiferromagnetic
phase in La0..5Sr0.5MnO3. Further, we demonstrated that
nuclear and magnetic structural transitions from

I4/mcm / I4/mc�m� to Pm3̄m / P4/mm�m� take place for x
�0.3. It is particularly important to point out the tetragonal
symmetry of La0.5Ba0.5MnO3 in its ferromagnetic state, as
required by the ferromagnetic alignment of the Mn spins and
structural symmetry considerations.

Finally, our results combined with data published in the
literature demonstrate the existence of at least two substitu-
tion paths that yield different TC’s and behaviors as a func-
tion of ionic size �rA�. We showed the dependence of TC on
�rA� to look like an inverted parabola for the
La0.5Ca0.5MnO3→La0.5Sr0.5MnO3→La0.5Ba0.5MnO3 substi-
tution path and to remain nearly constant for the alternate
La0.5Ca0.5MnO3→La0.5Ba0.5MnO3 path, in good agreement
with relationships expected from the magnetic phase dia-
grams.
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FIG. 13. �Color online� Size variance �2 as a function of A-O or
�rA� calculated for the two substitution paths discussed in the text
and illustrated in Fig. 10.
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