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The undoped lanthanum manganite system of nominal composition LaMnO3 has been analyzed by neutron
powder diffraction for different sample heat treatment methods. Four distinct crystallographic phases have
been identified:~i! an orthorhombic phase of space groupPnma and lattice parameters~at 300 K! a
55.7385(3), b57.7024(3), c55.5378(2) Å, produced by annealing in a reducing atmosphere. The system
develops long-range antiferromagnetic order belowTN5140 K with the Mn31 spins coupled ferromagnetically
in thea-c plane and antiferromagnetically alongb, with the spin direction alonga. The volume of this phase
increases monotonically with increasing temperature, but both thea andc lattice parameters exhibit negative
thermal expansion in alternate temperature regimes.~ii ! A second~previously unreported! orthorhombic phase
that exhibits a smaller splitting, also of space groupPnmaand lattice parameters~at 300 K! a55.4954(3),
b57.7854(4), c55.5355(3) Å, produced by annealing in an oxygen~or air! atmosphere. This system orders
with a simple ferromagnetic structure atTc5140 K, with the spin direction alongc. Phases~i! and~ii ! can be
transformed reversibly by suitable heat treatment of the same sample, and exist with a range of lattice param-
eters and compositions. The unit-cell volume for the antiferromagnetic phase is considerably larger than for the
ferromagnetic phase, which agrees with the double-exchange model proposed for this system.~iii ! A mono-
clinic phase of space groupP1121 /a and lattice parameters~at 200 K! a55.4660(4), b57.7616(7), c
55.5241(5) Å,g590.909°~5! that orders ferromagnetically below 140 K.~iv! A rhombohedral phase of space
groupR3̄c and hexagonal lattice parameters~at 300 K! a55.5259(2), c513.3240(4) Å, that is observed only
above room temperature. Occupancy refinements show that phase~i! ideally has the stoichiometric composi-
tion LaMnO3, while the results for the Mn-O bond distances suggest that phases~ii !, ~iii !, and ~iv! are
progressively richer in oxygen~and thus Mn41!. The results of our study strongly suggest the progressive
development of cation vacancies in equal numbers on the La and Mn sites as the oxygen content is increased
by heat treatment. In the monoclinic phase the Mn ions occupy two crystallographically independent sites, but
no evidence of ordering of Mn31 and Mn41 was observed. The structures of the four phases are closely related
to that of perovskite. The MnO6 octahedra are tilted from the undistorted configuration, the tilt system being
a2a2a2 in the rhombohedral structure anda1b2b2 in both orthorhombic modifications.
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I. INTRODUCTION

Lanthanum manganite~nominal composition LaMnO3! is
an insulating material that orders magnetically at around
K. Doping with cations such as Ca, Ba, or Sr induces
metal-insulator transition that is associated with the magn
order, and the recent discovery of huge magnetoresista
effects associated with these phase transitions has rekin
intense interest in this class of materials.1 To achieve an
overall understanding of the behavior of the doped system
550163-1829/97/55~22!/14987~13!/$10.00
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is desirable to have a thorough understanding of the undo
parent LaMnO3 compound as a starting basis. The repor
properties for LaMnO3, however, have varied rather drama
cally both in terms of the crystal structure observed, a
whether it is an antiferromagnet or a ferromagnet.

The magnetic and structural properties
La12xCaxMnO3 (0<x<1) were first characterized by Wol
lan and Koehler2 and by Yakel3 for several compositionsx.
Room-temperature x-ray powder diffraction patterns
samples of the undoped compound (x50) showed mono-
14 987 © 1997 The American Physical Society
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TABLE I. Sample preparation conditions and phase relations.

Symbol Preparation condition T ~K!

Nuclear structure Magnetic property

Space group a ~Å! b ~Å! c ~Å! g~°! State mMn(mB) TC , TN(K)

LaMnO3-I 1350 °C~2 days! in air 10 P1121 /a(15wt %) 5.4623~7! 7.751~1! 5.5225~7! 90.97° FM 1.54~4! ;131

Pnma(85wt %) 5.4780~2! 7.7587~2! 5.5218~2! FM 1.54~4! ;131

300 R3̄c(71 wt %) 5.5259~2! 13.3240~4!

Pnma(29wt %) 5.4911~4! 7.7764~7! 5.5320~4!

LaMnO3-II Sample I, 1450 °C~1 h!, 10 Pnma-1(20wt %) 5.5345~8! 7.719~1! 5.6094~6! FM 2.7~2!

annealed inN2 at Pnma-2(80wt %) 5.6685~2! 7.6882~3! 5.5325~3! AFM 3.42~3!

900 °C ~2 h! with Ti metal 300 Pnma-1(20wt %) 5.5387~8! 7.746~1! 5.6093~6!

next to sample Pnma-2(80wt %) 5.6688~2! 7.7238~3! 5.5355~3!

LaMnO3-IIa Sample II, annealed inN2 14 Pnma 5.7400~1! 7.6738~2! 5.5328~1! AFM 3.64~3! ;138

at 900 °C~5 h! with Ti metal 300 Pnma 5.7385~3! 7.7024~3! 5.5378~2!

next to sample

LaMnO3-IIb Sample II, annealed in air 15 Pnma 5.4913~2! 7.7748~3! 5.5268~2! FM 2.94~4! ;140

at 1000 °C~12 h! 300 R3̄ c(12 wt %) 5.5316~6! 13.330~1!

Pnma(88wt %) 5.4954~3! 7.7854~4! 5.5355~3!

LaMnO3-III 1350 °C~2 days! in air 10 Pnma 5.4947~2! 7.7745~3! 5.5251~2! FM 2.67~5! ;123

300 Pnma 5.4975~2! 7.7867~3! 5.5341~2!

LaMnO3-IV 1350 °C~2 days! and 1450 °C 10 Pnma-1(22wt %) 5.526~1! 7.742~1! 5.6081~8! FM 2.8~2!

~1 h! in air, annealed in argon Pnma-2(78wt %) 5.6692~2! 7.6850~4! 5.5322~3! AFM 3.39~4!

at 1000 °C~10 h! 300 Pnma-1(24wt %) 5.5316~9! 7.755~1! 5.6037~8!

Pnma-2(76wt %) 5.6590~2! 7.7194~3! 5.5344~3!
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clinic or orthorhombic symmetry in some cases, and rho
bohedral symmetry in others, with slight or no splitting
the diffraction peaks at low temperatures. Such variation
structure were observed in materials obtained with differ
methods of preparation, and were always accompanied
more or less pronounced departures from the stoichiome
composition.3 Below TN.140 K, the magnetic moments o
the Mn31 ions of samples with 2% or less Mn41, were found
to be ordered ferromagnetically along two axes of the or
nal perovskite cell, and antiferromagnetically along the th
direction, resulting in a structure~labeledA-8-0 byWollan
and Koehler! in which each Mn31 ion is coupled ferromag-
netically to four of its neighbors and antiferromagnetically
the other two. This arrangement of the magnetic mome
was found to be consistent with the theoretical predictio
derived by Goodenough for the Mn-O bonding and t
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Mn-Mn magnetic exchange in the syste
@La,#M ~II !MnO3.

4 Samples containing 10% or more Mn41

gave powder patterns consistent with an incoherent mix
of regions or domains having antiferro- and ferromagne
ordering~referred as structural typesA-8-0 andB-6-2, re-
spectively, in Ref. 2!.

The crystallographic and magnetic structures of stoich
metric LaMnO3 were analyzed more recently by Elema
et al. by x-ray and neutron powder diffraction methods5

These authors found the compound to be orthorhom
space groupPnma. A fairly precise determination of the
oxygen positions allowed them to establish that the Mn6
octahedra are not only distorted, but also rotated from
ideal perovskite orientation. The magnetic structure repor
in this study is antiferromagnetic of the type determined
Ref. 2 and has magnetic space group symmetryPn8ma8,
TABLE II. Occupancy refinements. Data collected at 300 K. Space group:Pnma. The occupancies of O
sites were fixed at 1.

Sample and
magnetic
ordering state

Occupancy B (Å 2) for

Rp ~%! Rwp ~%! x2La Mn La Mn O~1! O~2!

LaMnO3-IIa 1 1 0.62~3! 0.61~5! 0.79~4! 0.79~3! 5.92 7.49 1.326
AFM 1.007~9! 1.01~2! 0.63~4! 0.63~8! 0.77~5! 0.77~3! 5.91 7.46 1.326

LaMnO3-IIb 1 1 0.98~4! 0.69~6! 1.20~6! 1.14~4! 6.30 7.86 1.222
FM 0.953~6! 0.95~2! 0.89~5! 0.55~8! 1.28~6! 1.27~5! 6.21 7.79 1.200

LaMnO3-III 1 1 0.92~2! 0.66~3! 1.22~4! 1.05~3! 5.48 6.91 1.466
FM 0.988~5! 0.979~7! 0.92 0.66 1.22 1.05 5.45 6.89 1.454

0.972~8! 0.94~1! 0.88~3! 0.45~6! 1.29~4! 1.15~7! 5.37 6.84 1.437
0.95 0.95 0.81~2! 0.54~3! 1.30~4! 1.18~3! 5.40 6.85 1.439
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FIG. 1. ~a! Plot of observed and calculated intensity profiles for sample IIb at 10 K~pure phasePnma, ferromagnetic!; ~b! same plot for
sample IIa~pure phasePnma, antiferromagnetic!. In both patterns, the short vertical lines indicate the angular positions of nuclear~top row!
and magnetic~bottom row! Bragg reflections. The lower parts of both figures show the difference plot I~obs!-I~calc!. The plots in the inset
show the observed intensities and those calculated for the nuclear structure only, so that the magnetic contribution is visible in the
plot at the bottom in each inset.
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with the moments aligned along thea axis of the unit cell.
A different nuclear structure was subsequently found f

the compound of composition LaMnO3.12.
6 A room-

temperature neutron-diffraction analysis showed that th
material crystallizes with the symmetry of space groupR3̄c
and has a structure in which the MnO6 octahedra are dis-
torted and tilted about one of the^111& threefold axes of the
original perovskite cell. Refinements of various structur
models gave the best agreement between observed and
culated intensities for a composition corresponding to th
formula (La0.94~2!h0.06~2!) (Mn0.745

31 Mn0.235
41 h0.02!O3, with par-

tial elimination of La2O3 and the presence of vacanciesh on
both theA andB metal sites. Unfortunately, no determina
tion of the magnetic structure is reported in this paper. Ca
ion vacancies rather than defects at the oxygen sites w
also found in subsequent studies,7,8 but in these cases the
best agreement between observed and calculated intens
was obtained when the occupancies of La and Mn were co
strained to be equal.

Magnetic and resistivity measurements recently carri
out for a broad range of compositions in La12xCaxMnO3
show a low-temperature insulator to metal transition atx
.0.18,9 with ferromagnetic ordering forx,0.5. In particu-
lar, ferromagnetic order was found for the undopedx50
material, in agreement with the results on our initialx50
sample.10 These observations are at variance with the resu
obtained in some previous investigations,2,5 and we have
therefore undertaken a detailed investigation of the undop
material in order to clarify the parameters controlling th

FIG. 2. Temperature dependence of the magnetization~open
symbols! or sublattice magnetization~solid symbols! for the various
samples.
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chemical and magnetic structures of this material. We h
found that stoichiometric LaMnO3 is an antiferromagnet with
an orthorhombic crystal structure. Annealing in oxygen,
the other hand, introduces small amounts of additional o
gen in the system, where this additional oxygen appears t
accommodated by introducing La and Mn vacancies in
structure. This has the effect of changing the magnetic st
ture from antiferromagnetic to ferromagnetic, while cryst
lographically the orthorhombic splitting is first reduced
size as the number of defects increases, and then a m
clinic-rhombohedral structure is formed.

II. EXPERIMENTAL DETAILS

All samples used in this study were prepared by mixi
the appropriate quantities of La2O3 and MnCO3 and heating
the mixture in air at about 1350 °C for 2 days, with seve
intermediate grindings. After this treatment, one of t
samples~sample II in Table I! was heated to 1450 °C for 1 h
before the furnace was allowed to cool to room temperatu
Annealing conditions, where applicable, are indicated
Table I. In order to check if the gas atmosphere has
influence on the products of the reaction, the reducing h
treatments, originally carried out in an atmosphere of nit
gen, were repeated in argon under the same conditions,
the same results.

The neutron powder diffraction measurements were m
with the BT-1 high-resolution powder diffractometer at th
reactor of the National Institute of Standards and Technol
~NIST! using neutron beams of wavelength 1.5396~1! and
1.5899~1! Å produced by a copper~311! and a silicon~531!
monochromator, respectively. Collimators with horizon
divergences of 158, 208, and 78 full width at half maximum
were used for the in-pile, monochromatic and diffract
beams, respectively. The intensities were measured in s
of 0.05° in the 2u range 3°–165°. The scattering amplitud
used in all calculations areb(La)50.827, b(Mn)50.344,
and b(O)50.581 (310212 cm). Crystal structure refine
ments were carried out using the programGSAS of Larson
and Von Dreele,11 and adopting as initial models slightl
distorted structures derived from the original perovskite c
figuration. Data were typically collected at a series of te
peratures in order to elucidate both the nuclear and magn
structures and to detect possible phase transitions. The in
sity of one of the strong magnetic Bragg peaks was mo
tored as a function of temperature with the BT-2 or BT
triple-axis spectrometer, using a pyrolytic graphite mon
chromator and filter, which provided much higher intens
than BT-1. The phase composition of each sample, the sp
group, lattice parameters, and the nature of the magnetic
dering, are summarized in Table I.

III. RESULTS

As mentioned in the Introduction, the formation of catio
vacancies on both the La and Mn sites has been reporte
the literature when the samples are oxidized.6–8 In order to
check this structural aspect for our compounds, refineme
of cation occupancies were carried out for samples IIa,
and III, and the results of these calculations are listed
Table II. In some of these refinements the oxygen occup
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TABLE III. ~Top! Structural parameters of LaMnO3-I. The atomic positions for space groupR3̄c ~No. 167!: La: 6a(0,0,1/4), Mn:
6b(0,0,0), and O: 18e(x,0,1/4); for Pnma ~No. 62!: La: 4c(x,1/4,z), Mn: 4b(0,0,1/2), O~1! 4c(x,1/4,z), and O~2!: 8d(x,y,z); for
P1121 /a ~No. 14!: La: 4e(x,y,z), Mn~1!: 2c(1/2,0,0), Mn~2!: 2d(1/2,1/2,0), O~1!: 4e(x,y,z), O~2!: 4e(x,y,z), and O~3!: 4e(x,y,z). The
magnetic structural models haveP1 symmetry with Mn moments parallel to thea or b axis for theR3̄c phase, andPn8m8a and
P1121 /a symmetry with Mn moments parallel to thec axis for thePnmaandP1121 /a phases, respectively. The temperature parame
B of La, Mn, and O~1!, and the magnetic moments of Mn are constrained to be the same in thePnma and P1121/a refinements.
B@O~2!# in Pnma is constrained to be equal toB@O~2!# andB@O~3!# in P1121 /a. ~Bottom! Selected bond distances~Å! and angles~°! of
LaMnO3-I.

T ~K! 10 120 300 350 450

P1121 /a R3̄c
a ~Å! 5.4623~7! 5.4645~6! 5.4697~7! 5.5285~2! 5.5316~1!

b ~Å! 7.751~1! 7.753~1! 7.773~1!

c ~Å! 5.5225~7! 5.5244~7! 5.5255~4! 13.3348~4! 13.3539~3!

g ~°! 90.97~1! 90.926~9! 90.862~6!

V (Å3) 233.79~4! 234.02~4! 234.90~7! 351.97~3! 353.86~2!

Fraction~wt %! 15 16 72 80 90
La x 0.003~2! 0.008~2! 0.004~2!

y 0.267~1! 0.262~2! 0.255~1!

z 20.013~3! 20.017~2! 0.005~2!

B (Å2) 0.74~2! 0.86~3! 1.07~3! 1.27~3! 1.37~2!

Mn~1! B (Å2) 0.48~3! 0.62~3! 0.71~3! 0.8~4! 0.93~3!

m (mB) 1.54~4!

Mn~2! B (Å2) 0.48~3! 0.62~3! 0.71~3!

m (mB) 1.54~4!

O~1! x 0.491~5! 0.499~4! 0.491~2! 0.4466~1! 0.4473~2!

y 0.246~2! 0.243~3! 0.253~1!

z 0.055~3! 0.057~3! 0.059~2!

B (Å2) 0.90~4! 1.01~4! 1.35~9! 1.28~3! 1.54~3!

O~2! x 0.216~4! 0.236~4! 0.227~2!

y 0.033~2! 0.029~2! 0.030~2!

z 20.239~5! 20.234~5! 20.234~2!

B (Å2) 0.73~3! 0.99~3! 1.08~6!

O~3! x 20.276~4! 20.284~4! 20.269~3!

y 0.537~2! 0.535~2! 0.528~2!

z 0.257~4! 0.270~5! 0.276~2!

B (Å2) 0.73~3! 0.99~3! 1.08~6!

Pnma
a ~Å! 5.4780~2! 5.4794~2! 5.4910~4! 5.4955~6! 5.503~1!

b ~Å! 7.7587~3! 7.7606~3! 7.7764~7! 7.7804~9! 7.788~1!

c ~Å! 5.5218~2! 5.5237~2! 5.5323~4! 5.5358~5! 5.5431~9!

V (Å3) 234.69~2! 234.89~2! 236.23~3! 236.69~3! 237.57~5!

Fraction~wt %! 85 84 28 20 10
La x 20.0204~3! 20.0196~3! 20.0198~8! 20.020~1! 20.020~3!

z 20.0032~4! 20.0027~4! 20.006~1! 20.003~2! 20.009~3!

B (Å2) 0.74~2! 0.86~3! 1.07~3! 1.27~3! 1.37~3!

Mn B (Å2) 0.48~3! 0.62~3! 0.71~3! 0.80~4! 0.93~3!

m (mB) 1.54~4!

O~1! x 0.5063~5! 0.5065~5! 0.509~1! 0.509~2! 0.506~6!

z 0.0633~5! 0.0634~5! 0.063~1! 0.064~2! 0.061~4!

B (Å2) 0.90~4! 1.01~4! 1.35~9! 1.28~3! 1.54~3!

O~2! x 0.2278~3! 0.2278~3! 0.2288~9! 0.229~1! 0.235~2!

y 0.0333~2! 0.0334~2! 0.0331~5! 0.0343~7! 0.037~1!

z 20.2293~3! 20.2292~3! 20.229~1! 20.226~1! 20.229~2!

B (Å2) 0.73~3! 0.99~3! 1.08~6! 1.28~3! 1.54~3!

Rp ~%! 5.62 5.08 4.53 5.67 4.95
Rwp ~%! 7.04 6.37 5.84 6.73 6.19
x2 1.451 1.312 1.171 1.001 1.101
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TABLE III. ~Continued!.

T ~K! 10 120 300 350 450

P1121 /a R3̄c
La-O~1! 2.82~2! 2.81~3! 2.81~1! 3.060~1!33 3.057~1!33
La-O~1! 2.71~3! 2.72~3! 2.69~1!

La-O~1! 3.00~2! 2.99~2! 3.12~2!

La-O~1! 2.53~3! 2.55~2! 2.41~2! 2.469~1!33 2.475~1!33
La-O~2! 2.51~2! 2.52~2! 2.52~1!

La-O~2! 3.19~2! 3.10~2! 3.05~2!

La-O~2! 2.95~2! 2.95~2! 2.83~2! 2.7521~1!36 2.7547~1!36
La-O~2! 2.74~3! 2.70~3! 2.74~2!

La-O~3! 3.00~2! 3.10~3! 3.01~2!

La-O~3! 2.35~2! 2.33~2! 2.48~1!

La-O~3! 2.51~3! 2.57~3! 2.70~2!

La-O~3! 2.78~2! 2.75~2! 2.72~2!

Mn~1!-O~1!32 1.99~2! 2.02~2! 1.94~1! 1.9671~2!36 1.9680~6!36
Mn~1!-O~3!32 2.04~2! 2.03~3! 1.94~1!

Mn~1!-O~3!32 1.89~2! 1.92~3! 1.99~1!

Mn~2!-O~1!32 1.93~2! 1.91~2! 2.00~1!

Mn~2!-O~2!32 2.06~3! 1.95~3! 1.99~1!

Mn~2!-O~2!32 1.87~3! 1.97~3! 1.94~1!

Mn~1!-O~1!-Mn~2! 161.5~10! 161.6~10! 160.8~6! 162.71~6! 162.98~6!

Mn~2!-O~2!-Mn~2! 161.7~10! 165.0~10! 163.5~7!

Mn~1!-O~3!-Mn~1! 161.5~10! 160.0~11! 163.5~7!

Pnmaphase
La-O~1! 2.619~3! 2.622~3! 2.618~8! 2.61~1! 2.64~3!

La-O~1! 2.909~3! 2.906~3! 2.929~8! 2.93~1! 2.92~3!

La-O~1! 3.096~3! 3.101~3! 3.088~9! 3.11~1! 3.07~3!

La-O~1! 2.433~3! 2.430~3! 2.454~9! 2.44~1! 2.48~3!

La-O~2!32 2.497~2! 2.496~2! 2.497~6! 2.492~2! 2.49~2!

La-O~2!32 3.113~2! 3.111~2! 3.121~5! 3.137~9! 3.14~1!

La-O~2!32 2.788~2! 2.789~2! 2.802~5! 2.975~8! 2.86~1!

La-O~2!32 2.629~2! 2.634~2! 2.627~7! 2.639~9! 2.58~2!

Mn-O~1!32 1.9712~5! 1.9723~5! 1.976~1! 1.978~2! 1.977~4!

Mn-O~2!32 1.973~1! 1.973~1! 1.972~5! 1.962~6! 1.96~1!

Mn-O~2!32 1.964~2! 1.966~2! 1.973~6! 1.991~7! 2.00~1!

Mn-O~1!-Mn 159.5~2! 159.4~2! 159.5~4! 159.1~6! 160~1!

Mn-O~2!-Mn 162.01~7! 161.97~8! 162.2~2! 161.3~3! 161.2~5!
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cies were also varied, but in every case the refined values
not differ significantly from the stoichiometric compositio
@values ranging from 0.98~1! to 1.03~1!, with 1.00 corre-
sponding to full occupancy#. Therefore in all subsequent re
finements the oxygen occupancy was fixed to 1.00. In
case of sample IIa~whose nuclear and magnetic structur
are the same as those of the compound studied by Elem
et al.5!, there is no doubt that the composition correspond
stoichiometric LaMnO3 within the limits of error of our mea-
surements. It is more difficult to reach conclusions
samples IIb and III, which show the possible presence
cation vacancies. If we compare the results of refineme
carried out assuming full occupancies for La and Mn w
those obtained when these parameters were allowed to v
we see that a lowering of the cation occupancies is invaria
accompanied by a lowering of the temperature factors
these atoms, and by an increase of the temperature facto
the oxygen atoms. Similar results are also apparent in th
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cases reported in the literature in which the authors h
given not only the finalR factors for the models tested, bu
also the atomic thermal parameters~e.g., compare models 1
and 2 in Table IV of Ref. 8!. This behavior suggests that
loss of scattering power due to partial occupancy of the c
ion sites~and the consequent decrease in the cation/oxy
ratio! tends to be compensated by corresponding change
the thermal factors. While our results indicate the presenc
cationic vacancies, the correlation between occupancies
thermal factors makes it difficult to establish with certainty
the vacancies occur in equal number on the La and Mn s
An answer to this question can only be inferred indirec
from other experiments, such as chemical analysis
Mn41, detection of impurity lines from La2O3 or Mn2O3 in
the powder patterns, etc. The results of Table II show that
R factors for the various models also vary only marginal
These refinements also showed that for the cases liste
Table II, the possible presence of low-concentration cat
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vacancies does not introduce changes outside statistica
certainties in the final values of the other structural para
eters. For this reason the final results reported in this pa
have been obtained assuming full occupancy for all atom

Examples of the agreement between observed and ca
lated intensities at 15 K are shown in Fig. 1~a! for the ferro-
magnetic~sample IIb! and Fig. 1~b! for the antiferromagnetic
~sample IIa! orthorhombic phases, respectively. An excelle
fit to the patterns is obtained, and, in particular, we find
evidence for any additional magnetic peaks that might re
from a canted magnetic structure. There is also no evide
of any impurity phases in these data. Figure 2 shows
temperature dependence of the sublattice magnetization
the antiferromagnet, and the magnetization for the ferrom
nets, for the various samples investigated. The ordered
ments in the ground state are quite different for the differ
samples, but the ordering temperatures are comparable
sults of the final refinements of samples I, IIa, IIb, and
and relevant bond distances and angles, are given in Ta
III–VI, respectively, for some of the temperatures cons
ered. More complete lists of the results are available with
Physics Auxiliary Publication Service.12

The diffraction patterns of sample I~annealed in air! in-
dicate the presence of two phases, one of which is or
rhombic ~space groupPnma!, while the other gives reflec
tions that can be indexed equally well either in terms o
rhombohedral cell of symmetryR3̄c, or in terms of a mono-
clinic, pseudorhombohedral cell of space groupP1121 /a.
Figure 3 shows a portion of the powder pattern illustrat
the close relationship between the rhombohedral and mo
clinic lattices and the resulting ambiguity in the indexing
the diffraction lines. TheR factors obtained from the profile
refinements, however, show that below 300 K the mo
Pnma1P1121 /a gives better agreement between observ
and calculated intensities than the modelPnma1R3̄c.
Above 300 K, the structural parameters of the monocli
phase become highly correlated and the only refinable m
is a mixture of the orthorhombic and rhombohedral pha
~see Table III!. In order to understand these results and to
an idea about the nature and the magnitude of the monoc
distortion of the rhombohedral lattice, it is convenient
convert the rhombohedral cell into the correspond
pseudomonoclinic one by means of the transformation

~aWMbWMcWM !5~ 2
3 ,

1
3 ,2

1
3 /

4
3 ,

2
3 ,2

1
3 /0,1,0!$aWHbWHcWH%,

where aWH , etc., and aWM , etc., are the hexagonal an
pseudomonoclinic axes, respectively, and the curly brac
indicate 331 matrices. In the absence of a distortion, th
transformation yields the parameters of the pseudomo
clinic cell indicated by open circles in Fig. 4~a!. Below 300
K, the refined parameters of the true monoclinic cell@indi-
cated by solid circles in Fig. 4~a!# deviate smoothly from
rhombohedral symmetry, and the magnitude of the devia
increases as the temperature decreases. This behavior m
it difficult to ascertain if the symmetry of the phase abo
300 K is truly rhombohedral or if there is still a monoclin
distortion too small to be detected with the resolution of o
experiment. The smooth variation with temperature of
lattice parameters of the monoclinic and orthorhom
phases@Figs. 4~a! and 4~b!, respectively# indicates that there
n-
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are no anomalies or detectable structural changes at the
netic transition temperature~;130 K!, in contrast to the situ-
ation found when the system is doped with Ca.10 Figure 4~c!
shows how the relative amounts of the phases of samp
vary with temperature. Below;100 K, when substantia
magnetic intensities begin to appear at the positions of
nuclear reflections, the composition of the sample rema
constant at 85 and 15 wt % of the orthorhombic and mo
clinic phases, respectively. It is certainly possible that th
two modifications have different ordering and/or magnitu
of the magnetic moments. However, we have recently inv
tigated the 33% Sr- and Ca-doped compounds13 which, in the
ferromagnetic regime, have the same ordering of the m
netic moments, and nuclear structures of monoclinic a
orthorhombic symmetry practically identical to those bei
investigated here. In view of these structural similarities
seems reasonable to assume that the two phases of sam
have the same magnetic structure. Magnetic reflections
absent~or very weak! when h1k1 l52n11 and, for the
classh1k1 l52n, whenk52n11. This observation estab

TABLE IV. ~Top! Structural parameters for LaMnO3-IIa. Space
groupPnma. ~Bottom! Selected bond distances~Å! and angles~°!
for LaMnO3-IIa.

T ~K! 14 121 300

a ~Å! 5.7391~2! 5.7389~2! 5.7363~1!

b ~Å! 7.6721~2! 7.6788~3! 7.6994~2!

c ~Å! 5.5319~2! 5.5304~2! 5.5358~1!

V (Å3) 243.58~2! 243.71~2! 244.50~1!

La x 20.0482~3! 20.0475~3! 20.0475~3!

z 20.0079~4! 20.0081~3! 20.0080~3!

B (Å2) 0.32~3! 0.31~3! 0.62~3!

Mn B (Å2) 0.37~6! 0.48~6! 0.51~6!

m (mB) 3.65~3! 2.09~3!

O~1! x 0.5144~4! 0.5137~4! 0.5131~4!

z 0.0753~4! 0.0749~4! 0.0752~4!

B (Å2) 0.41~5! 0.43~4! 0.79~4!

O~2! x 0.1932~3! 0.1936~3! 0.1941~3!

y 0.0392~2! 0.0394~2! 0.0385~2!

z 20.2252~3! 20.2247~3! 20.2256~3!

B (Å2) 0.45~3! 0.42~3! 0.79~3!

Rp ~%! 6.58 6.54 5.87
Rwp ~%! 8.59 8.49 7.34
x2 1.559 1.434 1.285

La-O~1! 2.552~3! 2.560~3! 2.562~3!

La-O~1! 3.262~3! 3.254~3! 3.249~3!

La-O~1! 3.160~3! 3.155~3! 3.159~3!

La-O~1! 2.420~3! 2.421~3! 2.421~3!

La-O~2!32 2.445~2! 2.443~2! 2.454~2!

La-O~2!32 3.394~2! 3.394~2! 3.389~2!

La-O~2!32 2.696~2! 2.701~2! 2.704~2!

La-O~2!32 2.646~2! 2.647~2! 2.651~2!

Mn-O~1!32 1.9646~5! 1.9655~5! 1.9708~4!

Mn-O~2!32 2.178~2! 2.175~2! 2.174~2!

Mn-O~2!32 1.906~2! 1.909~2! 1.907~2!

Mn-O~1!-Mn 155.0~1! 155.2~1! 155.2~1!

Mn-O~2!-Mn 154.84~9! 154.74~9! 155.4~8!
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lishes without ambiguity the ferromagnetic nature of the s
ordering. As in the doped compounds, the moments
aligned along thec axis, and the magnetic space groups
Pn8m8a andP1121 /a for the orthorhombic and monoclini
cases, respectively.

Sample II~annealed in N2! is a mixture of two orthorhom-
bic phases having the same nuclear space group symm
Pnma, but considerably different lattice parameters~Table
I!. Below 100 K, these two modifications have different o
dering of the magnetic moments. More specifically, o
phase exhibits a ferromagnetic structure of the same typ
that found in the orthorhombic compound of sample I. T
other corresponds to a simple antiferromagnetic structur
space groupPn8ma8 in which the spins are coupled ferro
magnetically in thea, c planes and antiferromagnetical
along theb axis @Fig. 7~e!#. Annealing in N2 at 900 °C with
a Ti getter transforms the mixture into the pure antiferrom
netic modification~sample IIa!, while annealing in air at
1000 °C produces the ferromagnetic orthorhombic co

TABLE V. ~Top! Structural parameters for LaMnO3-IIb. ~Bot-
tom! Selected bond distances~Å! and angles~°! for LaMnO3-IIb.

T ~K!
Space group

15
Pnma

300

Pnma ~88 wt %! R3̄c ~12 wt %!

a ~Å! 5.4913~3! 5.4953~3! 5.5317~5!

b ~Å! 7.7748~4! 7.7855~4!

c ~Å! 5.5268~3! 5.5355~3! 13.330~1!

V (Å3) 235.96~3! 236.83~3! 353.25~6!

La x 20.0233~3! 20.0201~4!

z 20.0023~4! 20.0028~5!

B (Å2) 0.58~3! 0.91~3! 0.91~3!

Mn B (Å2) 0.38~4! 0.72~4! 0.72~4!

m (mB) 2.94~4!

O~1! x 0.5081~5! 0.5072~6! 0.443~1!

z 0.0666~5! 0.0633~5!

B (Å2) 0.87~5! 1.16~5! 1.06~5!

O~2! x 0.2260~3! 0.2279~4!

y 0.0352~2! 0.0347~2!

z 20.2275~3! 20.2286~4!

B (Å2) 0.62~3! 1.15~4!

Rp ~%! 6.73 6.30
Rwp ~%! 8.58 7.89
x2 1.868 1.228

La-O~1! 2.601~3! 2.623~4! 2.450~8!33
La-O~1! 2.943~3! 2.921~4! 3.082~8!33
La-O~1! 3.123~4! 3.106~4! 2.7542~9!36
La-O~1! 2.414~4! 2.438~4!

La-O~2!32 2.492~2! 2.496~3!

La-O~2!32 3.145~2! 3.130~2!

La-O~2!32 2.787~2! 2.803~2!

La-O~2!32 2.629~3! 2.634~3!

Mn-O~1!32 1.9787~5! 1.9781~5! 1.971~1!36
Mn-O~2!32 1.980~2! 1.978~2!

Mn-O~2!32 1.970~2! 1.974~2!

Mn-O~1!-Mn 158.4~1! 159.5~2! 161.5~5!

Mn-O~2!-Mn 160.87~9! 161.4~1!
n
re
e

try

e
as
e
of

-

-

pound, mixed, at room temperature, with small amounts
the rhombohedral phaseR3̄c ~sample IIb!. These results are
consistent with published data. In fact, the room-tempera
lattice parameters of phase IIa are in close agreement
those reported by Elemanset al. for LaMnO3 ~Ref. 5! and by
Voorhoeveet al.14 for sample 1F~which contains only 2% of
Mn41!. PhaseR3̄c of samples IIb and I, on the other hand,
the same as that reported by various workers6–8 ~see also
sample 2F of Ref. 14!, for compositions LaMnO31d with
d.0.13–0.15. Our results would also indicate that the ort
rhombic ferromagnetic phase present in samples I, II,
and III ~which, to our knowledge, has not been reported p
viously! represents an intermediate stage between the
dized phaseR3̄c of samples I and IIb, and the reduced an
ferromagnetic phasePnma of samples II and IIa. This
conclusion is corroborated by the values of the aver
Mn-O distances which are, at 300 K, 1.971 Å in Mn41-rich
R3̄c, 1.977 Å in ferromagneticPnma @Table V ~bottom!#,
and 2.017 Å in antiferromagnetic, stoichiometricPnma
@Table IV ~bottom!#. Interestingly, the data of Table I see
to indicate that each of the two orthorhombic modificatio
exists over a range of values of the lattice parameters a
presumably, of compositions.

Figure 5 shows the variation of the lattice parameters
sample IIa with temperature. The overall volume decrea
monotonically with decreasing temperature, but from roo
temperature to about 150 K thea axis shows negative ther
mal expansion, which becomes positive between 150
100 K, and negative again below 100 K. With decreas
temperature thec axis has positive thermal expansion dow
to 150 K and negative below this temperature, with a cha
of slope below 90 K. Theb axis, on the other hand, de
creases monotonically with temperature, with a small cha
of slope between 90 and 150 K. The length changesDa/a
and Dc/c are about 0.1% and, with the resolution of o
experiment, we have not been able to correlate these cha
with corresponding effects in the nuclear and/or magne
structure. A somewhat similar behavior of the lattice para
eters has been found by Argyriouet al.15 in the canted fer-
romagnetic insulator La0.875Sr0.125MnO31d. This compound
is also orthorhombic and the length changes are of the o
of 0.4%. The authors were able to correlate the variation
lattice parameters with corresponding variations of the Mn
bond lengths resulting in a large breathing motion of t
MnO6 octahedra. A similar situation is possible also in o
case, but with length changes much smaller than those fo
in the Sr-doped compound.

IV. DISCUSSION

The relationship between the lattice parameters of
phases described in this paper and those of perovskit
illustrated in Fig. 6. The rhombohedral structure can be
rived from the undistorted configuration of perovskite by ti
ing the MnO6 octahedra about each of the three fourfold ax
of the cubic cell by the same angle~about 9° in our case! but
with opposite sense of rotation for consecutive octahed
This tilt system has been indicated with the symb
a2a2a2 ~Ref. 16! and is equivalent to a rotation about on
of the original three-fold axes of the cubic cell.17 The result-
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TABLE VI. Structural parameters and selected bond distances~Å! and angles~deg! for LaMnO3-III.
Space groupPnma.

T ~K!

Structural parameters Bond distances and angles

10 300 10 300

a ~Å! 5.4948~2! 5.4975~2! La-O~1! 2.598~3! 2.617~3!

b ~Å! 7.7749~3! 7.7867~3! La-O~1! 2.952~3! 2.932~3!

c ~Å! 5.5252~2! 5.5341~2! La-O~1! 3.112~3! 3.104~3!

V (Å3) 236.04~2! 236.90~3! La-O~1! 2.425~3! 2.440~3!

La-O~2!32 2.481~2! 2.487~2!

La x 20.0249~3! 20.0218~3! La-O~2!32 3.166~2! 3.149~2!

z 20.0040~4! 20.0037~4! La-O~2!32 2.784~2! 2.800~2!

B (Å 2) 0.57~3! 0.83~3! La-O~2!32 2.627~2! 2.632~2!

Mn B (Å 2) 0.30~4! 0.57~4! Mn-O~1!32 1.9784~4! 1.9788~4!

m (mB) 2.68~5! Mn-O~2!32 1.980~2! 1.977~2!

Mn-O~2!32 1.975~2! 1.979~2!

O~1! x 0.5077~4! 0.5071~5!

z 0.0663~4! 0.0638~4! Mn-O~1!-Mn 158.5~1! 159.3~1!

B (Å 2) 0.72~7! 1.34~8! Mn-O~2!-Mn 160.26~8! 160.81~8!

O~2! x 0.2246~3! 0.2268~3!

y 0.0358~2! 0.0354~3!

z 20.2256~3! 20.2269~3!

B (Å2) 0.71~5! 1.15~5!

Rp ~%! 6.14 5.38
Rwp ~%! 7.94 6.85

x2 1.681 1.439
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ing configuration of the octahedra in consecutive layers
illustrated in Fig. 7. The O-Mn-O bond angles are given
Fig. 8 and they show that, in addition to the tilting, the o
tahedra of the rhombohedral phase are also slightly distor

The Mn-O distances and O-Mn-O angles in the two no
equivalent MnO6 octahedra of theP1121 /a structure are not
significantly different from each other and are remarka
similar to those found in theR3̄c structure. This result show
that the distortion of the octahedra is essentially the sam
the rhombohedral and monoclinic phases and that the ca
Mn31 and Mn41 are randomly distributed in the monoclin
structure. Qualitatively, the tilt of the MnO6 octahedra is also
similar in P1121 /a andR3̄c. Due to the high values of the
is

-
d.
-

y

in
ns

standard deviations on the tilt angles, however, it is diffic
to establish with certainty if the tilt system is identical in th
two cases. As shown in Table III~top!, the La cations of the
monoclinic structure are slightly shifted from the special p
sitions they occupy in the rhombohedral cell, and this sh
may well be accompanied by a small departure of the
system from thea2a2a2 configuration. The displacement o
La occurs roughly along one of the cell diagonals and
antiparallel in successive layers along the direction of thb
axis.

The structures of both orthorhombic phases are gener
from that of undistorted perovskite by tilting the MnO6 oc-
tahedra according to the tilt systema1b2b2.16 The magni-
n-
by

s

FIG. 3. Part of the powder pattern from
sample I. The short vertical lines indicate the a
gular positions of Bragg reflections generated
the orthorhombic phase~top rows! and by the
monoclinic ~at 10 K! and rhombohedral phase
~bottom rows!.
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tude of the tilt angle is different in the two cases, howev
being 9°–10°~i.e., similar to that of theR3̄c andP1121 /a
phases! and 12°–13° for the ferro- and the antiferromagne
modifications, respectively. The atomic configuration p
duced by the systema1b2b2 is basically different from that
of the monoclinic and rhombohedral phases, since in
case the sense of tilting along one of the crystallograp
axes~theb axis, with our choice of the reference system! is
the same, rather than opposite, for consecutive octahedr
the orthorhombic ferromagnetic modification, the MnO6 oc-

FIG. 4. Variation with temperature of the lattice parameters a
composition of the phases present in sample I. In~a! the full circles
represent the parameters ofP1121 /a and the open circles those o
R3̄c.
,

-

is
ic

In

tahedra are only slightly distorted~in a manner similar to tha
discussed for the rhombohedral and monoclinic phases!, with
Mn-O distances nearly equal~1.98, 1.97, and 1.98 Å at 300
K! and with O-Mn-O angles differing from 90° by less tha
2°. In the case of the antiferromagnetic structure, howev
the Mn-O distances become 1.97, 2.17, and 1.91 Å at 30
~with the O-Mn-O angles;90.3°!, thus showing a much
more pronounced distortion of the octahedra. These b
distances and angles are in very good agreement with
values reported for LaMnO3 in Table II of Ref. 5. Also the
shifts of the La cations are more pronounced in the anti
romagnetic than in the ferromagnetic structure, resulting
LaO12 cages in which the La-O distances range from 2.42
3.39 Å in the first case and from 2.48 to 3.14 Å in th
second.

As we have mentioned previously, our results have c
firmed the existence of cationic vacancies but we were
able to determine their ratio. Other results, however, supp

d

FIG. 5. Variation with temperature of the lattice paramete
unit-cell volume, and sublattice magnetization obtained from
refinements of the antiferromagnetic orthorhombic phase of sam
IIa.
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their occurrence in equal number on the La and Mn sites
the structure. These include~i! the presence of about 30% o
Mn41 in theR3̄c phase~and of only 2% in thePnmaanti-
ferromagnetic phase!;14 ~ii ! the lack of evidence for intersti
tial oxygen or oxygen vacancies;~iii ! the absence of extra
phases in high-resolution transmission electron microsc
studies,7 or impurity lines of La2O3 and/or Mn2O3 in x-ray
and neutron powder diffraction patterns~Refs. 6, 7, presen
work!; ~iv! thermogravimetrical18 and density analyses.19

The oxireduction process in the undoped lanthanum man
nite can therefore be represented with the following chem
reaction proposed by Roosmalen and Cordfunke:18

LaMnO31
d

2
O25

31d

3
$~La3/~31d!hd/~31d!!

3~Mn~326d!/~31d!
31 Mn~6d!/~31d!

41 hd/~31d!!O3%

which implies equal number of La and Mn vacancies an
stoichiometric oxygen sublattice.

The structural features and the magnetic ordering of
various phases described previously are in general agree
with the predictions derived by Goodenough from the ch
acter of the manganese-oxygen bonding.4 In the case of the
orthorhombic structure of sample IIa, the Mn31 ions are or-
dered ferromagnetically in thea, c plane below the Curie
temperature and have Mn-O bond distances of 2.178
1.906 Å. These separations correspond to ionic and sem

FIG. 6. Relationship between the crystallographic axes of p
ovskite and those of phasesR3̄c, P1121 /a, andPnma. The trans-
formation matrices needed to obtain the unit cells of these ph
from the unit cell of perovskite are~i! ~1 021 / 21 1 0 / 2 2 2! for
R3̄c ~hexagonal axes!; ~ii ! ~1 1 0 / 0 1 1 / 1 0 1! for R3̄c ~rhombo-
hedral axes!; ~iii ! ~1 1 0 / 0 022 / 21 1 0! for P1121 /a and
Pnma.
f
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valent bonding, respectively, and the spin coupling in th
plane is consistent with case 2 in Table I of Ref. 4. Along th
b axis, on the other hand, both Mn31 ions are bonded semi-
covalently to the two neighboring oxygen ions, with Mn-O
distance of 1.965 Å, and are coupled antiferromagnetical
as predicted by case 1. If the orthorhombic lattice paramet
at 10 K are transformed into those of the perovskite ce
ap , bp , cp by means of the transformation matrix~ 12 0

1
2/0

1
2 0/2

1
2 0

1
2!, we obtainbp /cp50.967 andD[(cp2bp)/cp

50.037. These values are in good agreement with those p
dicted by Goodenough~0.959 and 0.041, respectively! for
the compositionx50, x being the fraction of Mn41 ions in
the structure. For the antiferromagnetic phase of sample II
is bp /cp50.971 andD50.029. Again, these values are con
sistent with Goodenough’s predictions for the compositio
range 0,x,0.1 and indicate a slight change in the distribu
tion of the Mn-O bonding in thea, c plane due to the pres-
ence of a small number of Mn41 ions.

If the concentration of the Mn41 ions is sufficiently high
(x.0.25) and if Mn31 and Mn41 are randomly distributed,
cases 1 and 2, which dominate the bonding type in the an
ferromagnetic structure, cannot exist anymore and are
placed by the metalliclike bond represented by case 4 in R
4. This means that, below the Curie temperature, ferroma
netic double exchange between the Mn ions takes pla

r-

es
FIG. 7. Schematic representation of the nuclear and magne

structures in the lanthanum manganite system:~a! nuclear structure
represented in thePnma reference system;~b! tilting of the
MnO6 octahedra in two successive layers along b;~c! tilt angles of
the octahedra;~d! ferromagnetic structure of phasesP1121 /a and
Pnma; ~e! antiferromagnetic structure of phasePnma ~sample
IIa!.
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FIG. 8. O-Mn-O angles in the MnO6 octahe-
dra for the phases of the system. The Roman
merals before the space group symbols indic
the sample in which the phase was found.
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along all three crystallographic directions. This new config
ration will result in a significant reduction in the distortion
the MnO6 octahedra. These theoretical predictions are c
firmed by the magnetic properties and the general struct
features of the orthorhombic phase present in samples
and III, which is ferromagnetic below;140 K and in which
the three Mn-O separations are approximately equal.
ratios bp /cp of the ferromagnetic structure present
samples II and III~0.980 and 0.998, respectively! also show
that this phase exists in a range of compositions, as show
the phase diagram of Fig. 5 in Ref. 4.

The symmetry of the ferromagnetic phase predicted
Goodenough, however, is rhombohedral rather than or
rhombic. We have observed an orthorhombic to rhombo
dral transition in samples I and IIb~see Table I!, but with the
rhombohedral phase appearing at room temperature. A t
mally induced structural change of the same type has
been observed in the system La12xSrxMnO3 in the range of
composition 0.15,x,0.20 and has been attributed
changes in the ionic sizes of the constituent ions.20 As we
have mentioned previously, the structures of the orthorho
bic and rhombohedral phases are significantly different si
they are characterized by different tilt systems of the Mn6
octahedra. It is therefore interesting that both in the undo
and in the Sr-doped systems the basic ordering of the m
netic spins remains unaffected by such a large rearrange
of the nuclear structure.

As shown in Table I, sample II is a mixture of the ferr
and antiferromagnetic orthorhombic phases. This resul
not surprising because this sample was prepared by inc
plete reduction of sample I and, according to Goodenoug
phase diagram, a mixture of two phases is predicted in
composition range 0.1,x,0.25. A portion of the diagram is
reproduced in Fig. 9, where the unit-cell volume found
this study for the ferro- and antiferromagnetic orthorhom
structures is plotted against the compositions predicted
Goodenough. Here the volume is determined from the
fraction results, while the concentration of Mn41 is deter-
mined by assuming that sample IIa is fully reduced a
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sample IIb is fully oxygenated orthorhombic. Sample II is
mixed phase, and thus must lie on either side of the mix
phase regiona1b. These assumed concentrations f
Mn41 are consistent with our determined defect concent
tion on the Mn and La sites, and we see that the experim
tally determined volumes then lie on a straight line.

In summary, using neutron crystallographic techniqu
we have reconciled the apparent discrepancies among
reported magnetic structures for undoped LaMnO3 prepared
by different procedures. Our analysis indicates that the s
ichiometric compound is orthorhombic of space grou
Pnma, and that the moments order antiferromagnetica
along theb-axis direction. With the gradual introduction o
cation vacancies on the La and Mn sites by annealing in
oxygen-rich atmosphere, the crystalline structure chan
first from orthorhombic antiferromagnetic to orthorhomb
ferromagnetic, Pnma. This intermediate orthorhombic

FIG. 9. Plot of the unit-cell volumes of the orthorhombic phas
in samples II, IIa, and IIb vs the compositions predicted by Goo
enough~Ref. 4!.
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phase, which has not been observed previously, has a
stantially smaller unit-cell volume in comparison to the s
ichiometric compound. Further oxygenation then leads t
monoclinic phase, space groupP1121 /a, which is also fer-
romagnetic below;130 K. With increasing temperature th
monoclinic distortion becomes smaller, and above room te
perature it is not possible to distinguish this from a rhomb
hedral phase of space groupR3̄c. The magnetic ordering
temperature, on the other hand, is not particularly sensitiv
these structural changes even though the magnetic stru
changes from antiferromagnetic to ferromagnetic. We fi
that the antiferromagnetic orthorhombic phase can easily
recovered and the preparation processes are fully revers
Our observed phases and their corresponding magnetic s
sh

O

dt

lid

e

ro

-

ub-
-
a

-
-

to
ure
d
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le.
uc-

tures agree well with the theoretical predictions of Goo
enough regarding the dependence on the Mn-O bonding
the Mn-Mn magnetic exchange. These results provide a fi
basis for understanding the evolution of the structural a
magnetic properties of doped LaMnO3 compounds, which
we will discuss in a future paper.
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