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Structure-properties phase diagram for La12xSrxMnO3 „0.1<x<0.2…
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By combining the results of magnetization, resistivity, and neutron powder-diffraction data for stoichio-
metric La12xSrxMnO3, we have constructed a phase diagram that describes the magnetic, transport, and
structural properties and the relationships among them as a function of composition (0.1<x<0.2) and tem-
perature~10–340 K!. We show that, with increasing Sr content, the Curie temperature increases linearly, while
the temperature of an orbital ordering transition to a state with a large coherent Jahn-Teller~JT! distortion
decreases. These two phase-transition lines cross atx50.145 andT5210 K. When the transition to the
ferromagnetic state occurs in a phase that has a large coherent JT distortion (x,0.145), a strong magnetolat-
tice coupling is observed; the coherent JT distortion is dramatically reduced and the incoherent distortion is
enhanced in the ferromagnetic phase. Forx.0.145, where the coherent JT distortion is small above Curie
temperature, magnetolattice coupling reduces the incoherent distortion atTC and strongly suppresses the
transition to a phase with a large coherent JT distortion. These observations are consistent with a competition
between ferromagnetism and JT distortion that is mediated by a colossal spin-charge-lattice coupling. A
metallic state occurs below the Curie temperature when both coherent and incoherent JT distortions are
suppressed.@S0163-1829~99!14933-6#
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INTRODUCTION

Pure and substituted La12xSrxMnO3 materials are of con-
siderable current interest owing to a very large spin-char
lattice coupling that causes a colossal magnetoresistive e
for the ferromagnetic phase (x>0.1) near the Curie tempera
ture, TC .1 For LaMnO3, molecular orbital theory in accor
dance with the Pauli exclusion principle predicts a high-s
electronic configurationt2g

3 eg
1 for the Mn31 ions (d4) with

corelike t2g states and extendedeg orbitals.2–5 This elec-
tronic configuration is susceptible to a strong electro
phonon coupling of the Jahn-Teller~JT! type that splits the
eg states into filleddz2 and emptydx22y2 orbitals, and, thus,
produces large asymmetric oxygen displacements. In a
tion, the magnetic superexchange interaction produces fe
magnetic coupling within the Mn-O planes between J
ordered orbitals of dissimilar symmetry an
antiferromagnetic coupling perpendicular to the planes
tween orbitals of the same symmetry. The resulting in-pla
orbital ordered and theA-type three-dimensional antiferro
magnetic structures were observed in both the long-rang6–9

and short-range10 measurements.
With Sr substitution, a fraction of electrons is remov

from the dz2 orbital causing weakening of both the JT
electron-phonon coupling and the superexchange interac
Empty states in theeg orbitals also allow for spin-dependen
electron hopping leading to a double-exchange ferrom
netic interaction and metallic conductivity.4,5,11 In addition,
however, electron-phonon coupling of the charge-orde
type is possible and can produce large symmetric oxyg
atom displacements and charge localization. Competition
tween these various magnetic and electron-phonon inte
PRB 600163-1829/99/60~10!/7006~12!/$15.00
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tions results in a very rich structure-property phase diagr
for moderately substituted La12xSrxMnO3 materials, 0.1<x
<0.2.12–15 Recent theoretical work indeed shows that t
explanation of the transport and magnetic properties requ
consideration of all magnetic and electron-phon
interactions.16–18

Upon substitution of Sr, La12xSrxMnO3 transforms from
an antiferromagnetic insulator to a ferromagnetic insulato
x'0.1 and to a ferromagnetic metal atx'0.16.12–15 The
Curie temperature increases with Sr substitution from;150
K for x'0.1 to;300 K for x'0.2. Reported values of th
compositions and temperatures for the magnetic and resis
transitions vary substantially in the literature, depending
the sample processing method and synthesis conditions.19

Three distorted structural phases of the cubic perovs
structure have been identified at room temperature as a f
tion of Sr substitution level for 0<x<0.2.6–9,12,13,19For pure
and lightly substituted materials, the orthorhombicPbnm
structure (O8), characterized by large coherent orbital orde
ing of the JT type andc/a,&, was found.6–9,12,13The co-
herent JT distortion decreases with increased Sr substitu
level.12,13Abovex'0.08– 0.12, a phase (O* ) with the same
orthorhombicPbnmstructure but characterized by a consi
erably smaller coherent JT-orbital ordering anda'b
'c/& is observed.12,13 Structural analysis by the pair
distribution function technique indicates that large incoh
ent JT distortions are still present for this phase.20 At higher
Sr substitution level,x'0.16– 0.18, the rhombohedralR3̄m
structure~R!, characterized by the absence of a coherent
orbital ordering, was observed; i.e., all Mn-O bonds ha
equal length for this phase.21,22 A structural phase transfor
7006 ©1999 The American Physical Society
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PRB 60 7007STRUCTURE-PROPERTIES PHASE DIAGRAM FOR . . .
mation induced by an external magnetic field was found
x50.17, supporting a picture of strong coupling of the loc
spin moments and the charge carriers to the crystal lattic23

Complex relationships among the structural, magne
and charge-ordering transitions have been observed b
room temperature. Neutron-diffraction studies have sho
that the ferromagnetic ordering suppresses the coheren
distortion of theO8 phase, suggesting a strong coupling b
tween asymmetric distortion of the Mn-O bond lengths,
ferromagnetic ordering, and the transport properties.13 A re-
entrant structural transformation on cooling, fromO* to O8
and back toO* , has been reported forx'0.125.13,24 For
similar compositions, a transition to a charge-ordered ph
characterized by a commensurate structure with 2a32a
34a ~wherea is the cubic perovskite lattice parameter! was
observed for large single crystals.25 Rapid increases of resis
tivity corresponding to charge ordering were seen for sin
crystals and bulk samples.14,24 Again, the reported values o
the compositions and temperatures for the various transit
vary in the literature among different researchers.12–15,19,24

Moreover, various phase diagrams were constructed u
physical and structural information obtained for dissimi
samples.

The discrepancies among existing phase diagrams
result from comparing the behavior of compositions that
incorrectly assumed to have the same doping level.26,27 The
resistivity, TC , and structural properties can depend, in a
dition to the Sr substitution level, on chemical stoichiome
that is a function of the synthesis conditions.26–31 Research
on pure and substituted LaMnO3 has shown that there can b
large deviations from nominal stoichiometry that are cau
by the formation of vacancies on the metal sites while
oxygen network is believed to remain undefected.28–31 For
low and moderate substitution levels (0<x<0.3), the per-
ovskite structure can form a large concentration of vacanc
v, on both theA ~La, Sr, etc.! andB(Mn) sites during syn-
thesis under oxidizing conditions. Formation of vacancy
fects on theA andB sites in equal numbers would increa
the average Mn oxidation level by;6v. Because a variety
of synthesis conditions have been employed, for exam
annealing at high oxygen pressure at 650 °C,32 or annealing
in air at 1400 °C followed by quenching or fumace cooling33

it is not surprising that the hole doping~the average Mn
oxidation level!, h'x16v, may differ considerably for
samples made with the samex. Additionally, vacant metal
sites on the electronically active Mn-O network can produ
charge localization and cause local displacements of the
gen ions that may be improperly interpreted as resulting fr
electron-phonon interactions. Since the physical and st
tural properties are complex and are very sensitive to
hole concentration,12–16,19 it is of critical importance to es-
tablish the intrinsic phase diagram as a function of the h
doping; i.e., a function of the Sr substitution level f
samples that contain no metal-site vacancies (v'0).

We report here a study of the resistive, magnetic, a
structural properties of homogenous La12xSrxMnO3 (0.1<x
<0.2) samples prepared in air under thermodynamic co
tions, determined by thermogravimetric measurements,
assure the synthesis of stoichiometric material. The ph
diagram shown in Fig. 1 summarizes the magnetic, transp
and structural properties as a function of composition a
r
l
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temperature. With increasing Sr content, the Curie temp
ture increases, while the structural transition temperatu
from O* to O8 ~large coherent JT-orbital ordering! andR to
O* ~small coherent JT-orbital ordering! decrease. Crossing
of magnetic and structural phase-transition lines results in
distinct phases with various interrelated structural and ph
cal properties as shown in Fig. 1. In addition, a highly res
tive phase, compatible with a charge-ordered state, wit
reduced magnetic moment but no clear signature of su
structure ordering in powder diffraction can be identified b
low 150 K nearx;0.125. Forx,0.145 a strong magneto
lattice coupling below the Curie temperature suppresses
coherent JT distortion of the orthorhombicO8 phase but in
turn increases the incoherent JT distortion. Forx.0.145 the
ferromagnetic transition is accompanied by a slight decre
of the incoherent JT distortion for the orthorhombicO* and
rhombohedralR phases. These results confirm that an in
lating phase is formed aboveTC as a result of polaronic
coherent or incoherent, JT-induced charge localization in
dition to the spin scattering.16,17 The structural transforma
tion from theO* to theO8 phase is strongly suppressed
the ferromagnetic region forx.0.145. The observed feature
point to a competition between ferromagnetism and JT d
tortion that is mediated by a colossal spin-charge-lattice c
pling.

SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS

Polycrystalline samples of La12xSrxMnO3 with 0.1<x
<0.2 andDx50.005, were synthesized from;10 g batches
of a stoichiometric mixture of La2O3 ~dried in Ar at 700 °C!,
MnO2 and SrCO3 that were initially ground and fired a
800 °C in air. Samples were dissolved in citric and nit
acids on a hot plate. Ammonium hydroxide was added
obtain a complex citrate solution, pH'5. The solution was
dried at 200–300 °C and decomposed in air at 500–800

FIG. 1. Phase diagram summarizing the magnetic, transport,
structural properties of La12xSrxMnO3 as a function of composi-
tion, 0.1<x<0.2, and temperature, 10<T<350 K. The marks de-
note: temperatures of anomalies in resistance caused by the f
magnetic~filled diamond! and structural-electronic~open triangle!
transitions, temperatures of ferromagnetic transitions obtained f
magnetization measurements~filled circles!, temperatures of
decreased-magnetization anomalies caused by the struct
electronic transitions~open circles!.
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7008 PRB 60B. DABROWSKI et al.
Sintering was done in air at 1400 °C for a day. Samples w
ground, pressed into pellets, and fired in air at 1450–1350
overnight followed by a fast cooling to room temperature
a Cu plate. This wet-chemistry method leads to de
samples with homogenous mixing of the metal ions.

The final firing temperatures and oxygen atmosphere
well as holding times and cooling rates for obtaining s
ichiometric samples were determined from thermogravim
ric analysis~TGA! measurements performed using a hi
sensitivity Cahn TG 171 system with slow heating~2 deg/
min! and cooling~0.6 deg/min! rates. After synthesis in air a
1400 °C, parts of the samples were annealed at 120 atm O2 at
800 °C for two days and fast cooled to room temperatu
About 1 g powdered samples were subjected to two conse
tive TGA runs: First, samples were slowly heated to 1400
and then cooled to room temperature in a 20% O2/Ar gas
mixture; and second, samples were slowly heated to 115
and fast cooled to room temperature in pure
(;10 ppm O2). Figure 2 shows the oxygen contents fro
TGA data for La12xSrxMnO3 samples withx50.10, 0.15,
and 0.20. The oxygen content was assumed to be 3

FIG. 2. Oxygen contents in 20% O2 and Ar from thermogravi-
metric measurements for La12xSrxMnO3 samples withx50.10 ~a!,
0.15 ~b!, and 0.20~c! annealed at 120 atm. O2 at 800 °C.
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60.002 per molecule of La12xSrxMn at the center of ex-
tended weight plateau observed in TGA data at 1100 °C
Ar. This assignment was based on the weight losses m
sured by TGA in 50% H2/Ar for LaMnO3 and
La12xCaxMnO3 materials where the reduction products a
stoichiometric La2O3 and Cax/(11x)Mn1/(11x)O compounds
and, thus, oxygen content can be calculated very accura
For the La12xSrxMnO3 system, the reduction products co
tain a nonstoichiometric La22ySryMnO42d phase~y and d
are not known exactly!; i.e., a confirmation of the absolut
oxygen content as being 3.000 in Ar at 1100 °C cannot
done as precisely as it was done for the La12xCaxMnO3

materials.34

Figure 2 shows that the starting materials annealed at h
oxygen pressure as well as materials obtained after s
cooling in 20% O2 have effective oxygen contents substa
tially above 3. Since, in actuality, there is no excess oxyg
above 3 in the structure, but vacancies form on both m
sites A and B, the vacancy concentration can be estima
~assuming equal amounts on both sites! asv'd/(d13). The
observation of large effective oxygen contents clearly de
onstrates that significant increases of the doping level
created for materials annealed in oxygen-rich atmosphere
700–1200 °C. In addition, these large vacancy concen
tions may introduce local structural displacements and e
tronic inhomogeneity that would affect structural, magne
and transport properties, complicating understanding of
intrinsic properties of the materials.

The TGA data on heating and cooling in 20% O2 was
quite reproducible in the temperature range 1100–1400
i.e., samples were near thermal equilibrium when slow
heated and cooled. Weights of the samples approached s
levels indicating oxygen contents of 3.00260.002 for tem-
peratures above 1400, around 1400, and 1350 °C fox
50.10, 0.15, and 0.20, respectively. The changes of the o
gen contents close to these temperatures~within 650 °C!
were very small, less than 0.002. Since our aim was to p
pare stoichiometric samples within the range of compositi
0.1<x<0.2 we could use firing in Ar at 1100 °C followed b
fast cooling or firing in air followed by quenching from
1450 °C forx50.10, and gradually lower temperatures f
samples with largerx, to 1350 °C for x50.20. The
La12xSrxMnO3 samples prepared in Ar at 1100 °C ha
shown very large resistivity probably due to a presence
the decomposed material at the grain boundaries. For
reason we have chosen to synthesize stoichiome
La12xSrxMnO3 samples in air. The nearly stoichiometr
compositions, d<0.003, were confirmed for these ai
quenched samples by performing additional TGA measu
ments in 20% O2 and Ar.

The purity of samples was checked by powder x-ray d
fraction at room temperature after every firing and therm
gravimetric ~TGA! measurement, confirming single-pha
material in each case. All samples prepared in air at 145
1350 °C showed clean x-ray-diffraction patterns with sha
peaks corresponding to the expected orthorhombic
rhombohedral structures. At room temperature thex50.10
sample is orthorhombic-O8 and a transition from the ortho
rhombicO8 to theO* structure occurs aroundx50.11. The
x50.11 sample is mixed phase, mostly with theO8 struc-
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PRB 60 7009STRUCTURE-PROPERTIES PHASE DIAGRAM FOR . . .
ture. Thex50.115 composition is also mixed phase, mos
O* . Compositions fromx50.12 to 0.165 are pure ortho
rhombicO* . A transition from the orthorhombicO* phase
to rhombohedral phase occurs for thex50.17 composition.
The sample is mixed phaseO* and R in about equal
amounts. Abovex50.17, samples are rhombohedral.

Neutron powder-diffraction data were obtained using
Special Environment Powder Diffractometer~SEPD! at Ar-
gonne National Laboratory’s Intense Pulsed Neut
Source.35 The powder samples were contained along w
helium exchange gas in indium-sealed vanadium cans
cooled on a Displex closed-cycle refrigerator. Data w
taken at closely spaced temperatures from 15–345 K w
sufficient statistics at each temperature to provide accu
refinements of atom positions and temperature factors. T
required 2–4 h data collection times at each temperat
Magnetization and resistivity measurements were perform
with a Quantum Design physical properties measurem
system.

MAGNETIC AND RESISTIVE PROPERTIES

The structure-properties phase diagram shown in Fig
was constructed by combining the results of dc magnet
tion, ac susceptibility, resistivity, and structural measu
ments. The phase transitions were found to exhibit disti
tive signatures in each kind of measurement. In the follow
sections, the individual measurements are described in d
to illustrate how the phase transitions are identified. T
combination of measurements allows the correlated tra
port, magnetic, and structural phenomena to be characte
for each kind of phase transition that occurs in this syste

Magnetic properties of all samples were studied using
magnetization and ac susceptibility measurements in s
~;20 Oe! and large~3 T! applied magnetic fields. A full
description of the magnetic measurements together with
data on the magnetic structures that were determined by
neutron powder diffraction will be published elsewhere36

Here, we focus attention on two main magnetic propert
The clearly visible ferromagnetic transition and the less
parent decreased-magnetization anomaly frequently
served belowTC .37 Both transitions can be precisely define
for small magnetic fields. These magnetic transitions h
been correlated with the resistive and structural transition
construct the structure-properties phase diagram~Fig. 1!.

Magnetization data obtained on cooling in a 20 Oe
plied field are shown in Fig. 3 for La12xSrxMnO3 samples
with compositions near the previously reported charge ord
ing transition,x'0.125.25 Samples show reasonably sha
ferromagnetic transitions withTC’s, defined as the tempera
tures for which theM (T) curves have the largest slope,
170, 177, and 196 K forx50.11, 0.12, and 0.13, respe
tively. All other samples for which a ferromagnetic transitio
appears in the orthorhombicO8 structure (x,0.145) show
similarly sharp transitions withTC’s increasing almost lin-
early with increasing composition. The magnetization cur
show, in addition to the ferromagnetic transitions, we
magnetization anomalies at 135 and 145 K forx50.12 and
0.13, respectively, and a very weak anomaly at 120 K fox
50.11 sample with transition temperatures defined ag
from the largest slope of theM (T) curves. These weak
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anomalies mark a decrease of the effective magnetic mom
of the bulk samples on cooling.

Figure 4 shows magnetization data forx50.155, 0.16,
and 0.165 samples for which the ferromagnetic transit
appears in the orthorhombicO* structure. Ferromagnetic
transitions are sharp at 240, 248, and 256 K forx50.155,
0.16, and 0.165, respectively, and continue to increase
most linearly with increasing composition. Again, low-fie
magnetization curves reveal in addition to ferromagne
transitions weak magnetization anomalies at 180, 160,
125 K for x50.155, 0.16, and 0.165, respectively. The
anomalies below the Curie temperature correspond to
tiges of the structuralO* to O8 transition. Similar decrease
of the effective magnetic moment on cooling were observ
at systematically decreasing temperatures with increasinx
and always correlated very well with resistive transitions a
structural transformations.

Figure 5 shows magnetization data forx50.175, 0.185,
and 0.20 samples for which the ferromagnetic transition

FIG. 3. Magnetization in a 20 Oe applied field fo
La12xSrxMnO3 samples with compositions near the charge-order
transition (Tc0) for which the ferromagnetic transition (TC) appears
in the orthorhombicO8 structure,x50.11 ~a!, 0.12 ~b!, and 0.13
~c!.
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7010 PRB 60B. DABROWSKI et al.
pears in the rhombohedralR structure. These samples sho
very sharp ferromagnetic transitions at 277, 291, and 310
respectively. The low-field magnetization anomalies bel
the Curie temperature at 200, 160, and 90 K forx50.175,
0.185, and 0.20, respectively, correspond to vestiges of
structuralR to O* transition that shifts to lower temperature
with increasingx.

Resistivity was measured using a standard four-lead
method in zero applied field on cut bars with approxim
dimensions 103231 mm. Several temperature-depende
transitions can be seen in Fig. 6 for a series
La12xSrxMnO3 samples. Starting with thex50.10 composi-
tion, two transitions can be observed superimposed on
overall insulating behavior. The upper transition~denoted by
a triangle at;325 K! appears as an increase of resistivity
cooling corresponding to the structural transformation fr
theO* to theO8 phase.14,24 This resistive transition, assoc
ated with the structural transformation, shifts to lower te
peratures with increasing Sr substitution. The second tra

FIG. 4. Magnetization in a 20 Oe applied field fo
La12xSrxMnO3 samples with compositions for which the ferroma
netic transition (TC) appears in the orthorhombicO* structure and
the structuralO* /O8 transition (Ts) appears in the ferromagneti
phase,x50.155~a!, 0.16 ~b!, and 0.165~c!.
,

he
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tion at lower temperatures~denoted by a diamond at;150
K!, during which an exponential increase of the resistivity
distinctly reduced, coincides with the ferromagnetic pha
transition. This magnetoresistive transition temperature
creases with increasingx and simultaneously becomes bett
defined as a local drop of resistivity. Values for the structu
and magnetoresistive transition temperatures were take
the temperature of the largest change of resistivity. The
romagnetic transition temperatures defined in this way
close to the local maximums of resistivity and coincide w
the ferromagnetic transition temperatures obtained fr
magnetization measurements. The structural and ferrom
netic transition temperatures cross around 220 K for com
sitions betweenx50.14 and 0.145.

Within the range of compositions of 0.10–0.14, the res
tivity displays insulating behavior in both the paramagne
and ferromagnetic regions. Additional small increases of
sistivity on cooling~denoted as dots in Fig. 6! can be con-
ceivably seen at 130 and 135 K forx50.115 and 0.12

FIG. 5. Magnetization in a 20 Oe applied field fo
La12xSrxMnO3 samples with compositions for which the ferroma
netic transition (TC) appears in the rhombohedralR structure and
the structuralR/O* transition (Ts) appears in the ferromagneti
phase,x50.175~a!, 0.185~b!, and 0.20~c!.
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PRB 60 7011STRUCTURE-PROPERTIES PHASE DIAGRAM FOR . . .
samples, respectively. These increases of resistivity
present at temperatures where a weak decrea
magnetization anomaly was seen for thex50.11– 0.13
samples, 130–145 K, and are also in agreement with
resistivity data obtained for single crystals where the eff
was clearly visible.14,24 Most probably, the grain-boundar
resistance broadens this~and other! resistive transitions for
polycrystalline samples. Since we have not observed
structural anomaly at these compositions and temperat
for our powder samples, we assume that the resistivity
magnetic anomalies are probably caused by the developm
of a charge-ordered phase nearx50.125, for which struc-
tural evidence has been reported for large single crystals25

For compositionsx50.145– 0.175, a gradual develop
ment of the metallic phase can be observed below the fe
magnetic transition. The lower temperature boundary of
metallic phase~denoted by a triangle! shifts to successively

FIG. 6. Resistivities for a series of La12xSrxMnO3 samples,~a!
x50.10– 0.125,~b! x50.125– 0.155,~c! x50.155– 0.20. Severa
transitions are denoted on the resistivity curves: The struct
transformation from theO* to the O8 phase~triangle!, the struc-
tural transition from theR to theO* phase~inverted triangle!, the
ferromagnetic transition~diamond!, and the charge-ordering trans
tion ~dot!.
re
d-

e
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y
es
d
nt

o-
e

decreasing temperatures that can be straightforwardly
trapolated from the temperature of the structuralO* to O8
transition observed in the paramagnetic phase forx
50.10– 0.14. The temperature of the metal-insulator tran
tion in the ferromagnetic phase follows very closely t
decreased-magnetization anomalies in the magnetiza
measurements. Thus, the low-temperature metal-insulato
sistive transition can be identified with the vestiges of t
structuralO* to O8 transition in the ferromagnetic phas
For x50.165 and 0.17 samples, additional increases of re
tivity ~denoted by inverted triangles! can be seen on cooling
in the paramagnetic phase at 310 and 290 K, respectiv
These increases of resistivity correspond to the struct
transformation from the rhombohedralR to the orthorhombic
O* structure.12,25,38 Since the structuralR to O* transition
temperature decreases and the ferromagnetic transition
perature increases with increasingx, the transition lines cross
around 280 K for compositions betweenx50.17 and 0.175.
The vestige of the structuralR to O* transition in the ferro-
magnetic phase can be observed as a weak resistive ano
in the metallic phase at;200 K for x50.175. Similar
anomalies of resistivity were seen at 155 K for single cryst
with x50.18.12

The resistivity for samples withx.0.175 is metallic for
all temperatures below the ferromagnetic transition. With
crease ofx, the Curie temperature continues to increase
early to values above 300 K forx50.2. The resistivity for
the rhombohedral phase above the Curie temperature is
weakly increasing with decreasing temperature and beco
almost temperature independent forx50.2, consistent with
the observation of a paramagnetic and metallic phase at
temperatures forx.0.26.12

STRUCTURAL PROPERTIES

To relate physical properties to more precise structu
information, neutron powder diffraction was done as a fun
tion of temperature for samples withx50.11, 0.135, 0.165,
and 0.185. The neutron diffraction technique can prov
valuable data about the positions and coherent displacem
of oxygen atoms. This data can be used to accurately de
mine bond lengths and bond angles. In addition, this te
nique can supply information regarding incoherent, static
dynamic, oxygen displacements from examination of ani
tropic Debye-Waller parameters. The pattern of the cohe
displacements and the symmetry of the incoherent displa
ments can be used to obtain information about polaro
electron-phonon interactions in both the paramagnetic
ferromagnetic phases.

Powder neutron-diffraction data were collected for t
dense samples from 12 to 340 K using all detector bank
the SEPD, but only the higher resolution backscattering d
(Dd/d50.035) were analyzed. Rietveld structural refin
ments were carried out using theGSAS code39 over the
d-spacing range 0.5,d,4.0 Å. The background was mod
eled using an eight-term cosine Fourier series. The diffr
tion peaks were described using a two-sided exponential
was convoluted with a Gaussian and a Lorenztian to desc
the instrumental and sample contributions to the peak pro
respectively. For each pattern, atom positions and ther
parameters were refined. Based on previous reports for

al
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substituted materials, the patterns were indexed using
orthorhombic cell, space groupPbnm.7–9,12 The observed
and calculated patterns for the data taken at 320, 200, an
K for the x50.11 sample are shown in Fig. 7. Since t
samples are ferromagnetic at 22 K the determined magn
structure, space groupPb8nm8, is included in the calculated
pattern shown in Fig. 7. The refined structural parameters
given in Table I for x50.11, 0.135, 0.165, and 0.18
samples at 12–22 K.

We will discuss the structural behavior of th
La12xSrxMnO3 samples in terms of the coherent~lattice pa-
rameters, bond lengths, and bond angles! and incoherent~an-
isotropic Debye-Waller! parameters. Figure 8 shows the tem
perature dependence of these parameters in the orthorho
space groupPbnm for x50.11. Theb and c lattice param-
eters@see Fig. 8~a!# on cooling display an abrupt increas
and decrease, respectively, atTS;300 K that correlates ex
actly with the temperature of the resistive anomaly and w
the O8 to O* structural transition seen in the x-ray diffra
tion as a function of increasing composition. Thea lattice
parameter does not show a visible discontinuity. Within
Pbnmspace group, there are two nonequivalent oxygen
sitions, apical and equatorial, which characterize distort
of the Mn-O6 octahedron in terms of lengths of the Mn-
bonds. Figure 8~b! shows the three Mn-O bond lengths a
their average. The equatorial bonds show an abrupt cha

FIG. 7. Observed neutron powder-diffraction data and Rietv
calculated pattern for the La0.89Sr0.11MnO3 sample at 320 K (O* ,
a!, 200 K (O8, b!, and 22 K (O* , c!. Tick lines below the patterns
indicate positions of allowed Bragg and magnetic reflections.
an
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that confirms development of a large coherent JT distort
on cooling; i.e., the transition from theO* phase to theO8.13

The apical Mn-O bond shows a somewhat smaller decre
At the transition from theO* to theO8 phase, the coheren
JT distortion rapidly increases from;0.05 Å to ;0.13 Å.
The changes of lattice parameters and bond lengths ar
agreement with neutron-diffraction data for a single crys
of La0.875Sr0.125MnO3.

24 The average bond length shows
slight increase consistent with more insulating bonds in
O8 phase. Bond angles, shown in Fig. 8~c!, display a slight
decrease, i.e., a departure from a straight 180° bond is
creased for theO8 phase, which also agrees with a weak
orbital overlap of the Mn-O bonds.

The temperature dependences of the components of
anisotropic Debye-Waller factor for the apical oxygen a
shown in Fig. 8~d!. The incoherent JT distortions that can b
derived from the Debye-Waller factors are large and some
them show substantial reductions at theO* to O8 transition.
The incoherent distortion in the direction of the Mn-O bo
(Upar) shows a sharp drop below 300 K. Incoherent dist
tions in the plane perpendicular to the Mn-O bond (Uperp)
are larger but show almost linear temperature depende
Similar behavior of the incoherent distortions parallel a
perpendicular to the Mn-O bond was observed for the eq
torial oxygen. The temperature dependences of these i
herent distortions in directions parallel and perpendicula
the Mn-O bond imply the presence of large local JT dist
tions for the Mn-O6 octahedron in theO* phase. The mag-
nitude of the distortions,;AU(Oeq)perp;0.1 Å, suggests
random, statically or dynamically, fully distorted octahed
In the O8 phase, the random distortions decrease
AU(Oeq)perp;0.04 Å at 150 K while the coherent JT disto
tions increase to; 0.13 Å. Thus, theO* to O8 transition can
be characterized as an order-disorder transition. The
domly disordered highly distorted Mn-O6 octahedrons in the
O* phase undergo long-range ordering in theO8 phase. It
appears that the size and concentration of the JT-disto
Mn-O6 octahedra do not change significantly during the tra
sition. Consequently, a moderate increase of the resistivit
the O8 phase results from the long-range JT-polaron ord
ing, and possibly, a slight band narrowing due to an
creased Mn-O bond length and decreased Mn-O-Mn b
angle.

On further cooling, at temperatures belowTs'150 K, a
seemingly ‘‘reverse’’ structural transition is observed fro
the O8 phase to a phase resembling the high-tempera
(T.300 K) orthorhombicO* structure. A coexistence o
both theO8 and O* phases was observed as two sets
distinct lines over the small range of temperatures 120–
K ~Fig. 8!. At this transition, theb andc lattice parameters
abruptly decrease and increase, respectively, and thea lattice
parameter shows a weak discontinuity. These changes o
lattice parameters are in agreement with the neutr
diffraction data for a crystal of La0.875Sr0.125MnO3, which
displays similar behavior.24 The equatorial Mn-O bonds dis
play an abrupt decrease of the coherent JT distortion.
apical Mn-O bond shows a somewhat smaller decrease.
resulting coherent JT distortion thus decreases to;0.065 Å,
which is somewhat larger than the distortion in the param
netic state for theO* structure,;0.05 Å. The unequal bond
lengths observed for ourx50.11 sample below 120 K are in

d
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TABLE I. Refined structural parameters from neutron powder diffraction for orthorhombic,Pbnm,
La12xSrxMnO3, x50.11 at 22 K,x50.13 at 15 K,x50.165 at 12 K, andx50.185 at 15 K.

x50.11 x50.13 x50.165 x50.185

a ~Å! 5.5312~2! 5.5308~1! 5.5291~1! 5.52934~6!

b ~Å! 5.5241~2! 5.5137~1! 5.4937~1! 5.48160~7!

c ~Å! 7.7844~2! 7.7837~2! 7.7716~1! 7.7593~1!

V ~Å3! 237.85~1! 237.37~7! 236.06~1! 235.180~6!

m (mB) 3.42~3! 3.46~4! 3.5~1! 3.56~5!

Mn uiso(Å
2) 0.0003~3! 0.0007~2! 0.0004~2! 0.0002~2!

La/Sr x 0.0048~4! 0.0052~3! 0.0041~3! 0.0034~2!

y 0.4754~2! 0.4778~2! 0.4825~2! 0.4869~2!

uiso(Å
2) 0.0010~2! 0.0009~2! 0.0008~1! 0.0007~1!

O(a) x 0.0679~4! 0.0657~4! 0.0630~3! 0.0609~2!

y 20.0084~4! 20.0083~4! 20.0062~4! 20.0056~3!

u11(Å
2) 0.0032~8! 0.0041~7! 0.0034~5! 0.0015~3!

u22(Å
2) 0.005~1! 0.004~1! 0.0035~9! 0.0046~7!

u33(Å
2) 0.0056~9! 0.0056~9! 0.0037~8! 0.0034~6!

u12(Å
2) 0.0006~7! 20.0003~7! 0.0009~6! 20.0009~5!

O(e) x 0.2710~4! 0.2698~3! 0.2667~2! 0.2638~2!

y 0.2205~3! 0.2230~3! 0.2297~2! 0.2351~2!

z 20.0350~2! 20.0348~2! 20.0336~2! 20.0324~1!

u11(Å
2) 0.0057~8! 0.0057~7! 0.0032~5! 0.0014~3!

u22(Å
2) 0.0032~6! 0.0026~5! 0.0036~5! 0.0028~4!

u33(Å
2) 0.0043~5! 0.0050~5! 0.0055~4! 0.0059~3!

u12(Å
2) 0.0001~4! 0.0003~5! 0.0004~4! 20.0007~3!

u13(Å
2) 20.0001~5! 20.0002~5! 0.0001~5! 0.0002~4!

u23(Å
2) 0.0000~5! 0.0000~5! 0.0010~5! 0.0013~4!

RWP ~%! 7.72% 8.76% 6.71% 6.1%
x2 ~%! 3.07 2.93 3.14 2.24
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disagreement with thex50.125 single-crystal data tha
showed bonds of equal magnitude.24 The average Mn-O
bond length displays a small decrease consistent with
insulating bonds in theO* phase. Also the bond angles di
play small increases in agreement with a stronger orb
overlap of the Mn-O bonds for theO* phase. Both effects
would lead to a small band widening.

The temperature dependences of the anisotropic De
Waller parameters show that incoherent JT distortions ag
become large below 150 K. The magnitude of the distortio
;0.08 Å, confirms the presence of fully distorted octah
drons. Thus, the reverse transition can be characterized a
as an order-disorder transition; i.e., the long-range orde
and highly distorted Mn-O6 octahedra in theO8 phase dis-
order below 150 K in theO* phase. The size and conce
tration of the JT-distorted Mn-O6 octahedrons do not chang
significantly during the reverse transition; only the lon
range order is suppressed.

The reverseO8 to O* structural transition emerges withi
the lower temperature range of the magnetoresistive tra
tion where a ferromagnetic state is almost fully establish
It seems that development of the ferromagnetic state gra
ally suppresses the coherent JT distortion in theO8 phase.
The magnitude of the resistive anomaly at the reverse t
sition, 130–170 K, is substantially more pronounced than
anomaly at 300 K. The resistive anomaly at 300 K is a res
of a purely structural transition while the anomaly at 13
170 K is a result of both structural and ferromagnetic tran
ss

al

e-
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-
ain
d

si-
d.
u-

n-
e
lt

i-

tions. Consequently, a less resistive state below 130 K res
from both removal of the spin scattering by the doub
exchange mechanism and suppression of the coherent
polaron ordering in theO* phase. The magnitudes o
changes of the average bond length and bond angle ind
a larger increase of the bandwidth during a magnetoresist
structural transition at 130–170 K than the bandwidth d
crease during the structural-resistive transition at 300 K.

Similar temperature-dependent neutron-diffraction m
surements performed for thex50.13 composition confirmed
the correlation between structural and physical proper
that was observed for thex50.11 sample. According to the
resistive and magnetic measurements, thex50.13 composi-
tion should display theO* to O8 transition on cooling
around 265 K, and a reverseO8 to O* transition below 195
K. Figures 9~a!–9~d! show the lattice parameters, bon
lengths, bond angles, and anisotropic Debye-Waller par
eters for x50.13. All coherent and incoherent paramete
show the anticipated behavior. Structural changes are
dramatic than for thex50.11 sample. For example, the co
herent JT distortion increases from;0.04 Å to ;0.11 Å
during theO* to O8 transition and decreases back to;0.06
Å at the reverseO8 to O* transition. The less dramati
changes are in agreement with a smaller range of temp
tures where theO8 phase persists, and with the known d
crease of the coherent JT distortion for increasedx.12,27 The
observed relationships corroborate the conclusion that
O* to O8 transition is an order-disorder transition durin
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which randomly disordered and highly distorted Mn-O6 oc-
tahedrons in theO* phase undergo a long-range ordering
theO8 phase. During the reverseO8 to O* transition, which
follows the ferromagnetic transition, the long-range order
of highly distorted Mn-O6 octahedra is suppressed. The r
sistive properties confirm that the coherent ordering of d
torted Mn-O6 octahedra increases resistivity via long-ran
polaron localization and the ferromagnetic transition low
the resistivity by removal of the spin scattering according
the double-exchange mechanism. The structural respons
low TC to the ferromagnetic transition appears to be univ
sal for the La12xSrxMnO3 system in the orthorhombicO8
structure.

For both compositions,x50.11 and 0.13, theO* to O8
transition on cooling is present in the paramagnetic ph
while the ferromagnetic transition develops in theO8 struc-
ture. To observe the structural response to the ferromagn

FIG. 8. Refined coherent and incoherent structural parame
from neutron powder-diffraction measurements as a function
temperature for La0.89Sr0.11MnO3: ~a! Lattice parameters,~b!
Mn-O bond lengths and their average value,~c! Mn-O-Mn bond
angles,~d! Anisotropic Debye-Waller factors.
g
-
-

s
o
be-
-
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tic

transition in theO* structure and to detect vestiges of th
structuralO* to O8 transition in the ferromagnetic phas
temperature-dependent neutron-diffraction measurem
were performed for thex50.165 sample. Figures 10~a!–
10~d! show the relevant coherent and incoherent parame
The sample is rhombohedral at high temperature, 340
Since there is only one oxygen atom position for the rho
bohedral symmetry, there is one Mn-O-Mn bond angle, a
all Mn-O bonds are of equal length; i.e., there is~by symme-
try! no coherent JT distortion for this phase. The measu
Debye-Waller parameter is isotropic and similar in mag
tude to that previously observed for theO* phase, indicating
the presence of incoherently distorted Mn-O6 octahedra in
the rhombohedral phase.20 On cooling below 340 K, the
rhombohedral structure changes to orthorhombicO* with a
small coherent JT distortion,;0.01 Å. The average bond
length increases significantly and the average bond angle
creases rapidly. These structural changes are consistent
increased resistivity upon the transition from the rhombo
dral toO* phase seen for our samples and for single crys
at similar compositions and temperatures.12,25,38

rs
f

FIG. 9. Same as Fig. 8 for La0.87Sr0.13MnO3.
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On further cooling an abrupt decrease of the lattice
rameters appears at the ferromagnetic transition tempera
TC;256 K. The individual Mn-O bond lengths do not sho
clear drops belowTC and the coherent Jahn-Teller distortio
remains practically unchanged. However, belowTC , the av-
erage Mn-O bond length shows a slight decrease,;0.003 Å.
Simultaneously, the average bond angle displays a sligh
crease,;0.4 degrees. The decrease of the average b
lengths and the increase of the average bond angle belowTC
are consistent with the creation of itinerant electrons and
development of metallic bonds in the ferromagnetic pha
The incoherent JT distortion along the Mn-O bond show
slight decrease. These changes, although smaller, are si
to those seen at the ferromagnetic transition for
La12xCaxMnO3 system with the sameO* structure but for
different compositions and temperatures,x50.22 (TC
;186 K) and 0.25 (TC;240 K).40,41 The sharp drops of re
sistivity at the ferromagnetic transition can be explain
thus, as resulting from removal of charge localization bel
TC by a strong electron-phonon JT coupling and a narrow

FIG. 10. Same as Fig. 8 for La0.835Sr0.165MnO3.
-
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of the bandwidth in addition to removal of the spin scatteri
by double exchange. The structural response atTC to the
ferromagnetic transition appears to be universal for
O* -structure-type for both Sr- and Ca-substituted materi

On cooling below ; 160K, an additional structura
change takes place in the ferromagnetic phase. The temp
ture range of this structural change correlates very well w
the resistive and magnetic anomalies which can be cle
identified with the vestiges of the structuralO* to O8
change. During the transition, thec lattice parameter
abruptly increases. Theb lattice parameter shows a small
increase while thea lattice parameter does not show a visib
discontinuity. The equatorial bonds show an abrupt cha
that indicates development of a coherent JT distortion. T
apical Mn-O bond shows a smaller anomaly. The result
coherent JT distortion increases only slightly from;0.01–
;0.03 Å. All these changes are consistent with theO* to O8
transition that is suppressed in the ferromagnetic state, i.e
the ferromagnetic state the orthorhombic structure is m
alike the paramagneticO* phase than theO8 phase. The
relatively small value of the coherent JT distortion at 10
indicates a decrease of the coherent distortion with increa
x for the O* phase in the ferromagnetic state similar to t
decrease of the larger coherent JT distortions for theO8
phase in the paramagnetic state. The Debye-Waller par
eter parallel to the Mn-O bond at 10 K is slightly smaller
value, ;0.004 Å, than that observed forx50.11 and 0.13
samples,;0.005 and 0.006 Å, respectively, indicating sm
decrease of the large incoherent JT distortions for theO*
phase in the ferromagnetic state with increasingx. The aver-
age bond length shows a slight increase and the ave
bond angle displays a slight decrease on cooling. Th
changes are, again, consistent with the more insulating bo
in theO8 phase as seen by the metal-insulator resistive tr
sition.

The structural response to the ferromagnetic transition
the rhombohedral structure and vestiges of the structuralR to
O* transition in the ferromagnetic phase were measured
thex50.185 sample. Figures 11~a!–11~d! show the relevant
coherent and incoherent parameters. At the ferromagn
transition at 290 K, small decreases appear for the rhom
hedral lattice parameter and the Mn-O bond length. T
bond angle displays a slight increase,;0.2 degrees. Again
these changes are consistent with the creation of the itine
electrons and the development of metallic bonds in the
romagnetic phase. The incoherent distortions both along
perpendicular to the Mn-O bond are quite large aboveTC
and show a slight decrease suggesting the presenc
smaller incoherent JT distortions for the metallic and fer
magnetic phase.

On cooling below 150 K, theR structure transforms to
O* with a slightly increased average Mn-O bond length a
decreased average Mn-O-Mn bond angle. During the tra
tion a very small coherent JT distortion develops and
incoherent JT distortion decreases further. At the lowest te
peratures studied, the incoherent distortion along the Mn
bond reaches a value about half that observed forx50.11,
0.13, and 0.165 at the same temperature. Hence, we as
the x50.185 composition to an ‘‘incoherent-small’’ regim
at this temperature in Fig. 1. The changes of coherent
incoherent JT distortions atR/O* transition are small
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enough and partially compensating such that thex50.185
composition remains metallic in theO* phase.

Based on physical properties and structural data, the
lowing structure-properties relationships were developed
moderately substituted La12xSrxMnO3. As shown in Fig. 1,
in the high-temperature paramagnetic regime, three struc
phases are present: orthorhombicPbnmstructure (O8), char-
acterized by the large coherent orbital ordering of the JT t
and small incoherent JT distortions; orthorhombicPbnm
structure (O* ) characterized by a small coherent JT-orbi
ordering and large incoherent JT distortions; rhombohe
R3̄m structure~R! characterized by the absence of a coher
JT-orbital ordering and large incoherent JT distortions. F
0.10,x,0.145, during the ferromagnetic transition, th
orthorhombic O8 phase changes to an orthorhombicO*
phase characterized by suppressed coherent JT-orbital o
ing and large incoherent JT distortions. For 0.15,x,0.17,
on cooling during the ferromagnetic transition the insulat
orthorhombicO* phase changes to a metallicO* phase

FIG. 11. Same as Fig. 8 for La0.815Sr0.185MnO3.
l-
r
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e
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characterized by small coherent and small incoherent JT
tortions. Below the Curie temperature, in the ferromagne
phase, this orthorhombicO* phase changes to an orthorhom
bic O* phase characterized by suppressed coherent
orbital ordering and large incoherent JT distortions. F
0.175,x,0.20, on cooling during the ferromagnetic trans
tion the semiconductingR phase changes to a metallicR
phase with small incoherent JT distortions. Below the Cu
temperature, in the ferromagnetic phase, thisR structure
changes to an orthorhombicPbnm structureO* character-
ized by small coherent JT-orbital ordering and small incoh
ent JT distortions that is still metallic. Development of fe
romagnetic order, thus, suppresses the coherent
distortions for theO8 phase and incoherent distortions f
the O* andR phases.

CONCLUSION

The data clearly show that the ferromagnetic phase
lower resistivity than the paramagnetic phase. However,
ferromagnetic transition is accompanied by structu
changes that can also cause a decrease of resistivity.
suppression of coherent JT distortions lowers the resisti
but is not sufficient to produce a metallic phase unless la
incoherent JT distortions are also removed. Over a limi
range of compositions aroundx'0.12551/8, a high resis-
tance phase with decreased ferromagnetic moment is pre
This phase may be a charge-ordered phase for whic
breathing-mode electron-phonon interaction dominates
leads to charge localization. It is interesting to observe t
the ferromagneticTC appears to be slightly depressed from
linear increase withx nearx'0.125 suggesting the suppre
sion of ferromagnetism by breathing-mode fluctuations. F
other compositions, the electron-phonon Jahn-Teller inte
tions and the magnetic superexchange and double-exch
interactions are of similar strength. These interactions co
pete for the sameeg electrons and, thus, lead to coloss
spin-charge-lattice coupling.

For 0.1,x,0.2, a competition between the electro
phonon Jahn-Teller and breathing-mode interactions, and
magnetic superexchange and double-exchange interac
results in a rich structure-property phase diagram. The st
tural, magnetic, and resistive data show that the developm
of ferromagnetic order competes with coherent JT distorti
for the O8 phase and with incoherent distortions for theO*
phase. The data confirm that charge localization aboveTC
arises from the spin scattering, a strong electron-phonon c
pling mediated by the Jahn-Teller splitting of theeg states,
and possibly a narrowing of the bandwidth. The structu
response atTC to the ferromagnetic transition is universal fo
the O* structure type since it is the same as for the C
substituted materials.
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