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Charge, orbital, and magnetic ordering in La0.5Ca0.5MnO3
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The unusual magnetic properties of La0.5Ca0.5MnO3 were found to be associated with structural and mag-
netic ordering phenomena, resulting from the close interplay between charge, orbital, and magnetic ordering.
Analysis of synchrotron x-ray and neutron powder diffraction data indicates that the anomalous and hysteretic
behavior of the lattice parameters occurring betweenTC;225 K andTN;155 K is due to the development of
a Jahn-Teller~J-T! distortion of the MnO6 octahedra, thedz

2 orbitals being oriented perpendicular to the
orthorhombicb axis. We observed an unusual broadening of the x-ray Bragg reflections throughout this
temperature region, suggesting that this process occurs in stages. BelowTN , the development of well-defined
satellite peaks in the x-ray patterns, associated with a transverse modulation withq5[1/22«,0,0], indicates
that quasicommensurate~«;0! orbital ordering occurs within thea-c plane as well. The basic structural
features of the charge-ordered low-temperature phase were determined from these satellite peaks. The low-
temperature magnetic structure is characterized by systematic broadening of the magnetic peaks associated
with the ‘‘Mn13’’ magnetic sublattice. This phenomenon can be explained by the presence of magnetic domain
boundaries, which break the coherence of the spin ordering on the Mn13 sites while preserving the coherence
of the spin ordering on the Mn14 sublattice as well as the identity of the two sublattices. The striking
resemblance between these structures and the structural ‘‘charge ordering’’ and ‘‘discommensuration’’ domain
boundaries, which were recently observed by electron diffraction and real-space imaging, strongly suggests
that these two types of structures are the same and implies that, in this system, commensurate long-range
charge ordering coexists with quasicommensurate orbital ordering.@S0163-1829~97!05705-6#
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INTRODUCTION

The close interplay between magnetism and trans
properties inA12xAx8MnO3 manganese perovskites~A5La,
rare earth,A85Ca, Sr, Ba! ~Ref. 1! has recently been th
subject of intense research. As a function of temperat
doping, applied pressure, andA-site ionic radius, these sys
tems display various magnetic and crystallographic tra
tions, some of which are associated with sharp change
the electrical conductivity. In particular, much attention h
been concentrated on the paramagnetic-to-ferromagn
transition, for x;0.3, associated with a sharp drop
resistivity.2–5 The Curie temperature can be increased in
magnetic field, thereby producing a colossal magnetore
tance ~CMR!, traditionally ascribed to a double exchan
mechanism.6–8 The solid solution La12xCaxMnO3 is particu-
larly interesting, since it provides the opportunity of studyi
the effect of electronic doping throughout the whole ran
0<x<1 ~corresponding to all formal Mn valences fro
Mn13 and Mn14!, with only a small variation of the ratio
betweenA- andB-site ionic radii.1–5,9 In 1955, Wollan and
Koehler described in a classic study the several magn
550163-1829/97/55~5!/3015~9!/$10.00
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structures displayed by this system as a function ofx, as
determined by neutron powder diffraction.10 In the light of
this work, Goodenough proposed a comprehensive qua
tive interpretation of the correlation between magnetism a
transport in this system.11 Thex50 end member of the solid
solution, LaMnO3, is an insulator at all temperatures and
low-temperature magnetic structure, which may be dep
dent on small variations of the La/Mn ratio, has been va
ously reported as ferromagnetic, antiferromagnetic, a dom
mixture of the two, or spin-canted. Between 0.2,x,0.45,
the system is a ferromagnetic metal at low temperatures,
displays CMR effects nearTC . At higher doping levels
(x.0.50) the system is antiferromagnetic at low tempe
tures and, in a narrow region of composition aroundx50.50,
a competition between the two types of magnetic orderin
observed.7 At high temperatures, La0.5Ca0.5MnO3 is a para-
magnetic insulator and upon cooling, it first becomes fer
magnetic~TC;225 K! and then antiferromagnetic~TN;155
K!. This intriguing behavior has been attributed to the co
petition between ferromagnetic double exchange and ant
romagnetic superexchange coupling. The magnetic struc
of La0.5Ca0.5MnO3, first reported by Wollan and Koehler, i
3015 © 1997 The American Physical Society
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quite complex: it entails a quadrupling of the volume of t
original orthorhombic unit cell and consists of two magne
sublattices with independent propagation vectors. This ob
vation, along with the fact that La0.5Ca0.5MnO3 is an insula-
tor at low temperatures, has led to the hypothesis, first
mulated by Goodenough,11 that the two sublattices resu
from chargeordering between Mn13 and Mn14. In Good-
enough’s model, charge ordering is accompanied byorbital
ordering, whereby thed z

2 Mn13 orbitals @associated with
long Mn13-O bonds in the Jahn-Teller~J-T! distorted
Mn13O6 octahedra# would order, forming zig-zag chains i
the a-c plane. Goodenough proposed that this order
would entail displacements of the Mn14O6 octahedra along
the orthorhombic@101# direction. Very recently, the presenc
of a low-temperature phase transition in La0.5Ca0.5MnO3 has
been evidenced by electron diffraction~ED!, by the observa-
tion of satellite reflections associated with a quasicomm
surate structural modulation.12 We have previously reporte
an account of the observation of structural anomalies
tweenTC and TN , which are associated with the develo
ment, with decreasing temperature, of a strong J-T-type
tortion of the MnO6 octahedra. In this work, more comple
structural and magnetic data on La0.5Ca0.5MnO3, as obtained
from high-resolution synchrotron x-ray and neutron powd
diffraction measurements, will be presented. In particular,
show that the development of magnetic ordering is ass
ated with the appearance of weak extra reflections in
x-ray diffraction patterns, which are the signature of sm
structural distortions due tocharge and orbital ordering.
These peaks can be indexed on a quasicommensurate s
structure withq5[1/22«,0,0], allowing the structural pa
rameters of the charge- and orbital-ordered phase to be
fined. We have found that, in agreement with Goodenoug
hypothesis,11 the superstructure is characterized by a la
J-T distortion of the Mn13O6 octahedra, while the Mn14O6
octahedra remain almost undistorted. Furthermore,orbital
ordering occurs by a displacement of the Mn14O6 octahedra
mainly along the@0,0,1# direction ~transversemodulation!,
which is in disagreement with Goodenough’s ea
speculations.11 Using neutron powder diffraction, we hav
also studied in detail the antiferromagnetic structure
La0.5Ca0.5MnO3 at 1.5 K. By employing a high-resolutio
configuration, we have observed a systematic peak broa
ing of the magnetic reflections, which indicates that the t
magnetic sublattices have quite different coherence leng
Both the incommensurability of the structural modulati
and the selective peak broadening of the magnetic reflect
can be explained by the presence of a single domain bo
ary, which breaks the coherence of orbital ordering and
the Mn13 magnetic sublattice, while leaving charge orderi
and the Mn14 magnetic sublattice unperturbed.

EXPERIMENTAL DETAILS

The synthesis procedure for the La0.5Ca0.5MnO3 sample is
described elsewhere.9 Synchrotron x-ray powder diffraction
data were collected on the X7A beamline at the Natio
Synchrotron Light Source at Brookhaven National Labo
tory, using a wavelength of 0.7015 Å. Two different instr
ment configuration were employed in the course of th
experiments. On the first set of measurements, which w
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briefly described in Ref. 13, a narrow capillary~0.3-mm di-
ameter! sample and a linear position-sensitive detec
~PSD!, with an instrumental resolution of;0.05°, were used.
Extended data sets up to 2u572° were collected at 300, 160
and 20 K on cooling, at a wavelength of 0.7015 Å. Becau
of the unexpectedly complicated nature of the 160-K patte
additional scans were performed at various temperatu
over selected regions, at a wavelength of 0.7104 Å,14 with a
Ge~220! analyzer crystal inserted in the diffracted beam, g
ing a much better instrumental resolution of;0.01°. In order
to improve counting statistics and obtain accurate lattice
rameters, a further set of data was collected as a functio
temperature in the latter configuration with a flat-pla
sample in symmetric reflection geometry at a wavelength
1.1418 Å. Extended data sets were obtained at 250 and 1
out to 2u values of 61° and 51°, respectively.

Neutron diffraction data were collected on the hig
resolution powder diffractometer D2B at the Institut Lau
Langevin in Grenoble, France. Once again, two instrum
configurations were employed. Using a wavelength of 1.5
Å, in the high-intensity mode, with no primary beam col
mation@the monochromator mosaic spread full width at h
maximum ~FWHM! being;158 of arc# and 58 collimation
between sample and detector, full diffraction patter
~5°<2u<165°! were collected at several temperatures b
tween 1.5 and 300 K on warming. In order to obtain mo
detailed information on the magnetic structure, an additio
diffraction pattern was collected in a higher resolution co
figuration. We employed a wavelength of 2.400 Å, that w
filtered using a 3-cm-thick highly oriented pyrolitic graphi
filter in the primary beam~l/2 andl/3 contamination were
lower than 0.1% and 0.2%, respectively!. Furthermore, the
monochromatic beam divergencea2 was limited to;0.2°,
by means of a slit system positioned;15 cm after the mono-
chromator~the same configuration as for thel51.594 data
was used for the primary beam and detector collimatio!.
This allowed a resolution ofD2u'0.2° to be attained in the
angular range where magnetic reflections are stron
~2u<100°!. The complete x-ray and neutron patterns we
analyzed using theGSASprogram.15 Magnetization was mea
sured using a commercial superconducting quantum inter
ence device magnetometer and resistivity was measured
standard four-contact ac method.

SYNCHROTRON X-RAY DIFFRACTION

Analysis of the full patterns and of individual reflection
reveals that La0.5Ca0.5MnO3 is metrically orthorhombic~i.e.,
aÞbÞc, a5b5g590°! at all temperatures. These lattic
constants are related to the simple perovskite lattice par
eterap by a'c'&ap andb'2ap . The systematically ab-
sent reflections are consistent with the proposed space g
Pnma ~No. 62!.16 Below ;180 K, a few extra reflections
were observed, which could not be indexed on the basi
the original unit cell~see below!. As already noted,13 the
lattice parameters display large changes in the region
tweenTC andTN , with a drastic decrease of theb axis and a
corresponding increase of thea andc axes. Furthermore, the
lattice parameters display significant hysteresis betw
heating and cooling runs~Fig. 1!. The presence of hysteres
in this temperature range has already been evidenced
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55 3017CHARGE, ORBITAL, AND MAGNETIC ORDERING IN . . .
magnetization and electron diffraction measurements.9,12The
cell volume is not hysteretic and shows only a small cha
of slope nearTN . The region of largest change of the lattic
parameters is characterized by a very unusual peak broa
ing effect, which we have interpreted as either a continu
distribution of lattice parameters with several maxima, wh
evolves with temperature, or as a number of discrete pha
each having a coherence length larger than the intrinsic
herence length for x rays~a few thousand Å!, their relative
proportions varying with temperature.13 This peculiar effect
deserves to be discussed in further detail. The Bragg pe
are quite sharp at room temperature and low temperat
but, between 250 and 180 K, they develop a pronoun
structure, which is inconsistent with a symmetric partic
size or strain effect. In our x-ray diffraction patterns, the ve
asymmetric peak broadening is best monitored by obser
the appearance of extra scattering density between pai
[h 0 h]-[0 2h 0] reflections~Fig. 2!, the intensities of
which are roughly in a 2:1 ratio~since they arise from the
splitting of the [h 0 0] reflection of the ideal cubic perov
skite!. In Fig. 2, portions of a full-pattern Rietveld refine
ment profile for La0.5Ca0.5MnO3 at 160 K are shown for the
@202#-@040# and @404#-@080# Bragg peaks. It is noteworthy
that, apart from the better instrumental resolution of
higher order reflections and the presence of an extra peak
to accidental degeneracy, the same profile is qualitativ
reproduced in the two instances, implying that the two p
terns are related by asingle scale factor. This is consisten
with either a multiphase model~in our case, four phases wer
employed for the fit! or on any strain-type model, since th
profile reflects the distribution of lattice parameters a
therefore depends only on the direction~and not on the mag
nitude! of the reciprocal lattice vectors. We conclude that t
observed effect unequivocally indicates a distribution of l
tice parameters in the sample. Since, as we shall see
large anomaly of the lattice parameters is due to the de
opment of a static J-T distortion of the Mn13O6 octahedra,
the different ‘‘phases’’ may correspond to domains with d
ferent degrees of orientational orbital ordering of the J

FIG. 1. Lattice parameters and unit-cell volume as a function
temperature for La0.5Ca0.5MnO3 as obtained from synchrotron x-ra
diffraction data collected atl51.1418 Å. Empty and filled symbols
~joined with continuous and dotted lines as guides for the e!
indicate data obtained on cooling and heating, respectively. E
bars are smaller than the symbols. The shaded area represen
width of the magnetization hysteresis loop.
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distorted octahedra. This effect may be related to the de
opment of an incommensurate structural modulation~see
below!.

The existence of charge ordering at low temperature
one of the main questions to be investigated by diffracti
The observation of two independent magnetic sublattices
neutron powder diffraction10 has been interpreted as an ind
cation of charge disproportionation between Mn13 and
Mn14, which would necessarily entail a reduction of th
crystallographic symmetry fromPnma at least toP21/m
~with the same unit cell!, since there must be two inequiva
lent Mn sites in the unit cell. However, the appearance
new Bragg reflections would be associated not so much w
the different charge on the two sites, as with the displa
ment of the cations and coordination oxygen atoms, due
the different ionic radii of the two species and the prese
of J-T distortion of the Mn13O6 octahedra. As a conse
quence, in this particular instance, diffraction is much mo
sensitive toorbital ordering than tocharge ordering. Since
the smallest nuclear unit cell consistent with the magne
symmetry would result in a doubling of either thea or thec

f

or
the

FIG. 2. Portions of a full-pattern synchrotron x-ray Rietve
refinement pattern for La0.5Ca0.5MnO3 at 160 K ~l50.7015 Å!,
including the 202-040~lower! and 404-080~upper! Bragg reflec-
tions. The observed data points are indicated with crosses~1!,
while the calculated pattern is shown as a continuous line.
positions of the two reflections at 300 and 20 K are indicated w
arrows, while those for the four phases employed in the refinem
~see text! are indicated with tick marks below the patterns. T
arrow with an asterisk~* ! marks the position of a group of Brag
reflections with are accidentally degenerate with the 404-080 d
blet but are absent for the 202-040.
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axis, Goodenough has proposed an ordering of thed z
2 Mn13

orbitals in such a way as to form zig-zag chains.11 In fact, a
few weak and rather broad reflections~;0.2° FWHM!, not
observed at room temperature, were seen in the 20-K pa
~Fig. 3!. These are the same reflections noted in our previ
papers and are significantly broadened compared to the
damental peaks. The positions of these reflections do
exactly coincide with those predicted on the basis of a u
cell with a or c doubled, indicating that the superstructu
cannot be commensurate. For example, the superlattice
at ;27° in Fig. 3 is displaced about 0.03° to the left of t
~ 32 2 3! position, and another peak at 23.7° is displac
about 0.06° to the left of the~ 52 0 2! position, well outside
the experimental accuracy of;0.005°. However, a satisfac
tory indexing can be obtained using a slightly incommen
rate modulation wave vector@1/22«,0,0#. « is ;0.01 at 20 K
and shows a strong temperature dependence with
nounced hysteresis. These results are in excellent agree
with recently presented temperature-dependent electron
fraction ~ED! data on the same system.12 ED evidences the
existence of a low-temperature phase transition, charac
ized by the appearance of superlattice reflections. Howe
the modulation wave vector of the superstructure was fo
to be quasi- but not perfectly commensurate and to disp
significant variations in length between different regions
the sample, as well as hysteresis. The incommensurabil«
as a function of temperature, as determined from our s
chrotron x-ray diffraction data and, for comparison, fro
ED,12 is shown in Fig. 4.

Some preliminary remarks can be made on the basi
the positions and intensities of the observed superlattice
flections. First, only theq5[1/22«,0,0] modulation wave
vector ~and not the@0,0,1/22«#! is observed, indicating a
strong coupling between the modulation and the octahe
tilt pattern.17 Second, no satellite peaks are observed for
flections withk52n11 and l50 and, finally, the only ob-
served peaks are associated with strong fundamental re
tions to which La and Mn contribute in phase and whi
have reciprocal lattice vectors with a significantc* compo-

FIG. 3. Portion of an x-ray synchrotron diffraction pattern f
La0.5Ca0.5MnO3 at 20 K. The experimental points are indicated
crosses~1!. The continuous line is a Le Bail~Ref. 22! fit to the
pattern, obtained using the Bragg reflections~indicated by tick
marks! generated by thePnma space group~a'c'&ap and
b'2ap!. The presence of two satellite peaks~see text for the in-
dexing! is evidenced in the inset.
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nent ~e.g., 121, 202, and 123!. These facts indicate that th
displacements giving rise to the modulation are mainly alo
thec axis ~transverseto the modulation wave vector!, are in
the same direction for atoms along theb axis related by a
translation of;@0,12,0# and involve cations as well as poss
bly oxygen. On the basis of these consideration, a mode
the superstructure was developed~Fig. 5!. For simplicity, the
superstructure is considered to be commensurate,

FIG. 4. Incommensurability parameter« of the superlattice
wave vector @1/22«,0,0# as a function of temperature fo
La0.5Ca0.5MnO3, as obtained from x-ray synchrotron diffractio
data atl51.1418 Å ~filled symbols! and, for comparison, from
electron diffraction~open symbols, replotted from Ref. 12!. Circles
and squares are heating and cooling runs, respectively. Lines
guides for the eye.

FIG. 5. Low-temperature La0.5Ca0.5MnO3 superstructure. The
projection shows thea-c plane. Arrows indicate the displacemen
of the Mn14O6 octahedra (Dz) and of the La~1! and La~2! atoms
(Dz8). Unlabeled atoms in the darkest gray shade are oxygen
oms.



rg

n

t

31
a
re
d

s
h

-

g

er
o
t
ed

fi

ee

e

h a
-

tion

ers
e
he
ray
se,
ron
In
re-
to
us
na-
ere
m
all
m-
hase
m-
ince
l
-
in

d

o-

th
ur
aft

si-

ge

55 3019CHARGE, ORBITAL, AND MAGNETIC ORDERING IN . . .
a'23&ap , c'&ap , andb'2ap ~exact doubling along
thea axis! and to haveP21/m space group symmetry.18 This
space group can be derived from the aforementioned cha
ordered subgroup ofPnma ~P21/m withoutcell doubling!
by removing one half of the screw axes and the correspo
ing centers of symmetry located on the Mn14 atoms ~the
reason for the Mn14 and Mn13 labeling will be clear from
what follows!. In theP21/m structure, the four inequivalen
atoms@Mn, La, O~1!, and O~2!# in the Pnma cell are dis-
tributed among fifteen sets of sites, involving a total of
positional parameters, as listed in Table I. Although the d
are clearly inadequate for a full refinement of this structu
good results were obtained with a highly constrained mo
based on the average structure withPnmasymmetry and the
following additional features:~i! the four O~2! atoms in the
a-c plane surrounding the Mn14 atoms were shifted toward
the latter, so as to give a roughly regular undistorted octa
dron with Mn-O distances of about 1.915 Å.~ii ! the Mn14O6
octahedron centered at14,0,

1
2 was shifted alongc towards the

Mn13 atoms at 0,0,0 and12,0,0 by Dz, while the Mn14O6
octahedron centered at34,0,

1
2 was shifted in the opposite di

rection ~see Table I!. ~iii ! the La~1! and La~2! atoms were
shifted by Dz8 in the same direction as the neighborin
Mn14O6 octahedra.~iv! the Mn13 and remaining La and
O~1! atoms were left undisturbed. Integrated intensities w
obtained for all possible satellite peaks which were reas
ably well separated from adjacent fundamental peaks, ou
2u527° ~14 peaks in all! and a least-squares fit was carri
out with two variable parameters,Dz and Dz8. The scale
factor was fixed at the value determined from a Rietveld
to the average~unmodulated! structure withPnmasymme-
try. The results are listed in Table II and we find the agr

TABLE I. Atomic positions for La0.5Ca0.5MnO3 for the 20-K
modulated structure, based on a doubled cell (2a3b3c) with
P21/m symmetry and Mn13 atoms in special positions, La an
O~1! in special positions atx, 1/4, z and Mn14 and O~2! atoms in
general positions atx,y,z. The least squares fit to the x-ray synchr
tron data~l51.1418 Å! yields Dz50.018(2) andDz850.010(1)
~see Table II!. The average positional parameters were fixed to
values obtained from a Rietveld fit to the unmodulated struct
with Pnmasymmetry, based on the same data. The numbers
the ‘‘3’’ sign indicate the site multiplicity.

Atom x y z

Mn13~1! 32 0.0 0.0 0.0
Mn13~2! 32 0.5 0.0 0.0
Mn14 34 0.25 0.0 0.52Dz
La~1! 32 0.26 0.25 0.0042Dz8
La~2! 32 0.76 0.25 0.0041Dz8
La~3! 32 0.01 0.25 0.496
La~4! 32 0.51 0.25 0.496
O1~1! 32 20.005 0.25 20.065
O1~2! 32 0.495 0.25 20.065
O1~3! 32 0.245 0.25 0.5652Dz
O1~4! 32 0.745 0.25 0.5651Dz
O2~1! 34 0.1375 0.034 0.2352Dz
O2~2! 34 0.6375 0.034 0.2351Dz
O2~3! 34 0.1175 20.034 0.7252Dz
O2~4! 34 0.6175 20.034 0.7251Dz
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ment to be very satisfactory in view of the simplicity of th
above model. Based on the value of 0.018~2! found forDz,
Mn13 has two long distances in thea-c plane@2.07 and 2.06
Å for Mn13~1! and Mn13~2!, respectively# and four short
distances averaging about 1.92 Å, entirely consistent wit
J-T distortion of the Mn13O6 octahedra. The shift in the as
sociated La positions,Dz8, is only about half ofDz, and
presumably reflects the less rigidly constrained coordina
around the La atoms.

NEUTRON DIFFRACTION

The observation of an anomaly in the lattice paramet
betweenTC and TN implies that atomic positions chang
significantly. This issue was investigated by refining t
structural parameters using the Rietveld method. Both x-
and neutron-diffraction data were used for this purpo
yielding the same qualitative answer, but only the neut
results will be reported in view of their higher accuracy.
addition, the complex peak broadening displayed in the
gion between the magnetic transitions made it difficult
obtain reliable structural parameters for the vario
‘‘phases’’. Therefore, for the structural parameter determi
tion, we used only data obtained at 300 and at 1.5 K, wh
the broadening effect is minimal. However, it is clear fro
inspection of both x-ray and neutron patterns that a sm
amount of untransformed material is still present at low te
perature, and this was modeled in the fits as a second p
with lattice parameters close to those of the roo
temperature phase and identical positional parameters. S
this ‘‘phase’’ only gives a small contribution to the tota
integrated intensity@6.6~2!%# and since its structural param
eters were not refined during the fit, we will not discuss it

e
e
er

TABLE II. Least-squares fit of observed and calculated inten
ties for the 20-K modulated structure of La0.5Ca0.5MnO3 based on
the positions listed in Table I withDz50.018(2) and
Dz850.010(1). Estimated errors forI ~obs! are given in parenthe-
ses. The values ofI ~calc! were scaled based on a fit to the avera
structure withPnmasymmetry.

hkl I ~obs! I ~calc!

101, 101̄ 0~5! 3
111, 111̄ 0~5! 0
301, 301̄ 0~5! 1
121, 121̄ 24~5! 26
112, 112̄ 0~5! 2
321, 321̄ 5~5! 14

H302, 302̄122, 122̄
136~50! 93

501, 501̄ 0~5! 0
132, 132̄ 0~5! 1
103, 103̄ 0~5! 0
502, 502̄ 44~10! 36
332, 332̄ 0~10! 0

H303, 303̄123, 123̄
70~10! 56

H701, 701̄323, 323̄ 40~10! 50
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FIG. 6. Rietveld plot of La0.5Ca0.5MnO3 neutron powder diffraction data at 1.5 K~l52.400 Å!. Symbols are as for Fig. 2. A differenc
curve~observed minus calculated! is plotted at the bottom. The tick marks indicate Bragg reflections for the following phases~starting from
the bottom!: main nuclear phase, residual high temperature phase, Mn13 magnetic phase, Mn14 magnetic phase,G-type magnetic phase
~assumed to be from the residual high-temperature phase!. The inset shows a detail of the low-angle region of the pattern. To emphasiz
selective broadening effect, a few nuclear Bragg peaks~N! as well as magnetic peaks from the Mn13 and Mn14 sublattices are labeled. Th
asterisk marks the position of the@110# reflection, typical of theG-type phase~see text!.
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detail. It is noteworthy, however, that this minority comp
nent of the sample may display antiferromagnetic~AFM!
ordering different from that of the majority phase~see be-
low!. At low temperatures, a significant contribution to t
total neutron diffracted intensity is due to magnetic refle
tions, especially in the low-angle region of the pattern.
preliminary set of refinements was carried out based only
the 1.594 Å data above 30°. After the determination of
details of the magnetic structure~see below!, both 1.594 and
2.400 Å data were simultaneously used in the refinem
procedure. On the basis of the x-ray diffraction results,
would expect the appearance of nuclear superlattice re
tions in the neutron-diffraction patterns as well. In fact, t
strongest nuclear peak predicted on the basis of the af
mentioned quasicommensurate superstructure~1/2-«,2,2! is
visible near 67°~for l52.400 Å! as a small hump in the
difference curve, even after accounting for all the magne
reflections~Fig. 6!. However, the scattering at the superla
tice positions is dominated by the much larger magnetic
flections, leading to instabilities in the refinements based
the lower symmetry of the quasicommensurate struct
namelyP21/m. Therefore, subsequent refinements based
neutron-diffraction data were carried out in the higher sy
metry Pnma space group, characteristic of the structu
above the transition. It should be clear that this proced
will yield only a structure averaged over the symmetry o
erators of thePnma space group. The correspondin
La0.5Ca0.5MnO3 structural parameters at 300 and 1.5 K a
reported in Table III and selected bond distances and an
are reported in Table IV.

The most significant difference between the roo
temperature and low-temperature structures is in the M
bond lengths. At room temperature, the octahedral coord
tion of manganese with oxygen is almost undistorted, w
six equal Mn-O distances. At low temperatures, the two M
O~1! distances~along theb axis! become shorter than th
-
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four Mn-O~2! distances in thea-c plane by;0.04 Å, imply-
ing a J-T distortion of the ‘‘apically compressed’’ type. This
result is completely consistent with the superstructure mo
discussed above, as the in-plane Mn bond length, avera
over thePnmasymmetry operators, will yield for both Mn
O~2! bond lengths inPnma essentially the same value
which will be longer than the simple Mn-O~1! ‘‘AFM’’ bond
along theb axis, hence mimicking the presence of an ‘‘ap
cally compressed’’ octahedron. These results clearly dem
strate that there is close link between the lattice parame
and the presence of J-T distorted Mn13O6 octahedra with the
d z
2 orbital oriented in thea-c plane. This supports the inter

pretation of the multiple ‘‘phases’’ with different lattice pa
rameters observed by x-ray diffraction betweenTC andTN as
different stages of the development of orientational orb
ordering. It should be remarked that conventional diffracti
techniques, being sensitive to theaveragestructure, are un-
able to unambiguously determine the nature of the hi
temperature structure, which may contain either undistor
or orientationally disordered MnO6 octahedra~either stati-
cally or dynamically!. This ambiguity could be resolved onl
by employing techniques which are sensitive to the lo
structure, such as extended x-ray-absorption fine structur
pair distribution function analysis.

The magnetic reflections in the low-temperature neut
powder diffraction patterns may be indexed on the basis
the a'c'23&ap and b'2ap unit cell, previously pro-
posed by Wollan and Koehler.10 The magnetic structure
known as CE-type, is characterized by two Mn sublattic
As we have seen, based on the sizes and the distortions o
octahedra on the inequivalent Mn sites in the modula
structure~orbital ordering!, there is strong circumstantial ev
dence for charge ordering in this system. Furthermore, as
shall see in further detail, all the neutron observations
consistent with the charge ordering beingcommensurate,
long range, and coupled with the magnetic ordering. As a
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consequence, we will still label the two magnetic sublattic
‘‘Mn 13’’ and ‘‘Mn 14’’ as in the original paper by Wollan
and Koehler.10 The magnetic structures of the two sublattic
have different propagation vectors:@ 12,0,

1
2# for Mn

14 ~U point
of the first Brillouin zone! and@0,0,12# or @12,0,0# for Mn

13 ~Z
or X point of the first Brillouin zone!. In view of the pro-
nounced broadening of the Mn13 reflections~see below!, it is
not possible to resolve the ambiguity between the two pro
gation vectors directly from the data. However, space gr
considerations make it very natural for the Mn13 magnetic
propagation vector to be perpendicular to the structu
modulation wave vector@1/22«,0,0#. In fact, in this case, the
space group of the ideally commensurate structural mod
tion ~P21/m with 2a3b3c! would coincide with the uni-
tary group associated with the Shubnikov group of the m
netic structure~P2c21/m with 2a3b32c for spins in the
a-c plane, as discussed below19!. Therefore, in what follows,

TABLE III. La 0.5Ca0.5MnO3 structural parameters at 300 an
1.5 K, as determined from Rietveld refinements based on neu
powder diffraction data. A single wavelength@1.59434~2! Å# was
used for the 300-K data, while, for 1.5 K, data obtained at t
wavelengths@1.59434~2! and 2.39979~3! Å# were simultaneously
refined. The space groupPnma~No. 62! was used at both tempera
tures ~see text!. The atomic sites are: La/Ca 4c[x,14,z]; Mn
4a[0,0,0]; O~1! 4c[x,14,z]; O~2! 8d[x,y,z]. The fractional occu-
pancies were fixed to 0.5~for La and Ca! and 1 for all the other
atoms, and not refined. Numbers in parentheses are statistical e
in the last significant digit.

Parameter T5300 K T51.5 K

a ~Å! 5.4248~1! 5.4466~3!

b ~Å! 7.6470~2! 7.5247~4!

c ~Å! 5.4355~1! 5.4763~3!

V ~Å!3 225.485~9! 224.44~2!

La/Ca x 0.0195~3! 0.0194~3!

z 0.4952~4! 0.4964~2!

U~Å2! 0.0099~2! 0.0090~3!

Mn U~Å2! 0.0040~3! 0.0017~5!

O~1! x 0.4926~4! 0.4905~4!

z 0.5608~3! 0.5645~2!

U11~Å
2! 0.014~1! 0.0080~9!

U22~Å
2! 0.0057~6! 0.0054~7!

U33~Å
2! 0.0125~7! 0.0147~8!

U13~Å
2! 0.0008~8! 0.001~1!

O~2! x 0.2763~2! 0.2720~2!

y 0.0307~1! 0.0337~1!

z 0.2236~2! 0.2271~2!

U11~Å
2! 0.0085~5! 0.0031~6!

U22~Å
2! 0.0144~4! 0.0056~4!

U33~Å
2! 0.0108~5! 0.0261~8!

U12~Å
2! 20.0024~6! 20.0013~8!

U13~Å
2! 20.0045~4! 0.0010~4!

U23~Å
2! 20.0021~7! 20.0028~8!

Rwp ~%! 4.54 5.85a

R(F2) ~%! ~l51.594! 3.69 9.46
R(F2) ~%! ~l52.400! 4.65
x2 5.803 6.570a

aFor both histograms.
s
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we will assume the propagation vector of the Mn13 magnetic
sublattice to be parallel to thec axis. Rietveld refinements o
the low-temperature neutron powder diffraction patte
clearly indicate that the magnetic moments are predo
nantly oriented in thea-c plane but there is a certain degre
of ambiguity in the determination of the spin direction
within thea-c plane. For Mn13, thex andz components of
the magnetic moment could be refined separately, but
same could not be done reliably for the Mn14 sublattice and
the latter were therefore constrained to be parallel to thc
axis. The refined values of the magnetic moments are
ported in Table V. Although the CE-type structure accou
for the great majority of the magnetic reflections, at 1.5

on

ors

TABLE IV. Selected bond distances and angles f
La0.5Ca0.5MnO3, as obtained from Rietveld refinements of neutr
powder diffraction data. Numbers after the multiplication sign~3!
are bond multiplicities. Estimated errors are in parentheses.

Parameter T5300 K T51.5 K

Mn-O~1! ~Å!32 1.9406~3! 1.9148~3!

Mn-O~2! ~Å!32 1.944~2! 1.951~1!

1.946~2! 1.959~1!

La/Ca-O~1! ~Å!31 2.881~3! 2.904~2!

2.591~2! 2.593~2!

3.026~2! 3.076~2!

2.417~2! 2.410~2!

La/Ca-O~2! ~Å!32 2.633~2! 2.592~1!

2.716~1! 2.728~1!

3.085~1! 3.061~1!

2.443~2! 2.442~2!

O~1!-Mn-O~2! ~°! 89.79~7! 89.40~6!

89.99~6! 89.81~6!

90.21~7! 90.60~6!

90.01~6! 90.19~6!

O~2!-Mn-O~2! ~°! 90.94~1! 91.25~1!

89.06~1! 88.75~1!

Mn-O~1!-Mn ~°! 160.23~9! 158.51~8!

Mn-O~2!-Mn ~°! 161.65~6! 161.93~5!

TABLE V. Refined magnetic moment components of the Mn13

and Mn14 sublattices, for La0.5Ca0.5MnO3 at 1.5 K. The magnitudes
of the magnetic moments are:mMn1352.98(2) and mMn14

52.57(2). The site coordinates are expressed as fractions of
2a3b32c magnetic cell. The Shubnikov symmetry isP2c21/m
~Ref. 19!.

Mn13 sublattice Mn14 sublattice

sites mx mz sites mz

0 1
4 0 1.01~9! 2.80~4! 1

4
1
4

1
4 2.57~2!

1
2

1
4 0 3

4
1
4

3
4

0 3
4

1
2

1
4

3
4

3
4

1
2

3
4

1
2

3
4

3
4

1
4

0 1
4

1
2 21.01~9! 22.80~4! 1

4
1
4

3
4 22.57~2!

1
2

1
4

1
2

3
4

1
4

1
4

0 3
4 0 1

4
3
4

1
4

1
2

3
4 0 3

4
3
4

3
4



0
Å

t

b
te

,
tw
ll-

e

le
in
o

r-

-

er
he
tru
th

w
e
e
e
e-

-
gl
t

las
ne
s

’’
ly
-
ra
at

t
t
th

ry.

ave

n-
o-

ng
ugh

l or-
on
di-
rue
he
e
t of
ital
ng

ain
ral
the

uc-
ted
nd-

3022 55P. G. RADAELLI, D. E. COX, M. MAREZIO, AND S-W. CHEONG
there is evidence for a small magnetic@110#/@011# reflection,
which is typical of the so-calledG-type phase, in which there
is AFM coupling in all directions10 ~this peak is absent at 5
K, but is present at 1.5 K for both the 1.594 and the 2.400
data sets, and cannot therefore be due tol/2 contamination!.
Should this additional magnetic component be attributed
the majority phase, it would correspond to;0.3mB/Mn
atom. An alternative explanation, which we believe to
more likely, is that this magnetic signal should be attribu
to the minority phase.

A striking feature of the La0.5Ca0.5MnO3 magnetic struc-
ture, as revealed by the neutron powder diffraction data
the presence of two different coherence lengths for the
magnetic sublattices. The low-angle portion of the fu
pattern Rietveld refinement profile for La0.5Ca0.5MnO3 at
1.59 K ~2.400 Å data! is shown in Fig. 6. It is clear by
inspection that, while the nuclear peaks and the magn
Bragg peaks associated with the Mn14 sublattice are
resolution-limited, the Mn13 reflections are significantly
broadened. This broadening can be satisfactorily mode
using a particle-size-type Lorentzian term, from which, us
the simple Scherrer formula, a magnetic domain size
;310 Å can be calculated~or if an anisotropic model is
used,;250 and;450 Å in the directions parallel and pe
pendicular to thea axis, respectively!.20 On the contrary, the
coherence length of the Mn14 magnetic sublattice is compa
rable to that of the nuclear structure, i.e.,;.2000 Å. This
result is most intriguing, since it indicates that the two int
penetrating magnetic sublattices have quite different co
ence lengths and implies the presence, in the magnetic s
ture, of domain boundaries capable of breaking
coherence of the Mn13 sublattice, while leaving the Mn14

sublattice unperturbed. It is not difficult, however, to sho
that several such domain boundaries can exist: among th
a ‘‘twin’’ boundary, at which there is a change by 90° in th
directionof the Mn13 propagation vector with respect to th
crystallographic axes and a ‘‘spin-flip’’ boundary, that r
verses the directions of the spins on the Mn13 sublattice. The
striking similarities between thesemagneticdomain bound-
aries and thestructural domain boundaries, which were re
cently observed by electron diffraction and imaging, stron
suggest that these structures actually coincide. Since
Mn13 propagation vector is probably coupled magnetoe
tically rather strongly to one of the two inequivalent in-pla
crystallographic axes~a or c!, the magnetic twin boundarie
are likely to be associated with the structurala-c twins and
also with the charge ordered domain~COD! boundaries, ob-
served by ED.12 On the other hand, the magnetic ‘‘spin-flip
boundaries are likely to coincide with the much more fine
spaceddiscommensurationDC boundaries, which are re
sponsible for the incommensurability of the structu
modulation.12 This hypothesis is confirmed by the fact th
the relationship between the incommensurability« and the
domain size L ~L52p/p«, with p52 ~Ref. 21! and
«;0.009 at 20 K! would yield L;350 Å, which is very
similar to the magnetic coherence length found for the Mn13

sublattice. In Fig. 7, we depict a model for such a magne
and structural domain boundary. It can be seen that, at
domain boundary, there is no loss of coherence for
charge and magnetic ordering into ‘‘Mn13’’ and ‘‘Mn 14’’
sublattices. Likewise, the spin structure of the Mn14 mag-
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netic lattice is not perturbed through the domain bounda
However, the directions of the spins on the Mn13 sublattices
are reversed, and the phase of the structural modulation w
~indicated by arrows! is abruptly changed byp. Therefore, a
single type of defect is able to explain both the incomme
surability of the structural modulation and the selective c
herence length effects on the magnetic structure.

CONCLUSIONS

The early work on La0.5Ca0.5MnO3 established a fairly
simple picture of this system, in which magnetic orderi
was associated with commensurate charge ordering, thro
a separation of Mn13 and Mn14 onto two interpenetrating
commensurate sublattices and with commensurate orbita
dering. A comparative evaluation of our x-ray and neutr
diffraction results, as well as recent ED data, clearly in
cates that this scenario is oversimplified and that the t
nature of this system is considerably more complex. T
region betweenTC andTN is characterized by a rapid chang
of the lattice parameters, associated with the developmen
a J-T distortion of the octahedra as well as partial orb
ordering, by which the average angle between the lo
Mn-O bond ~d z

2 Mn orbital! and theb axis gradually ap-

FIG. 7. Proposed model for the structural/magnetic dom
boundary responsible for the incommensurability of the structu
modulation and for the selective coherence lengths effects on
magnetic structure. The projection shows thea-c plane~orientation
is the same as in Fig. 5!. Filled and empty circles are Mn13 and
Mn14, respectively. Pluses~1! and minuses~2! indicate the direc-
tions of the spins~actually oriented in the samea-c plane!. Arrows
indicate the direction of the displacements giving rise to the str
tural modulation. AFM and ferromagnetic couplings are indica
with continuous and dashed lines, respectively. The domain bou
ary is indicated with a horizontal dotted line.
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proaches 90°. The different ‘‘phases’’ observed by x-ray d
fraction ~characterized by different values of theb axis! are
likely to be discrete intermediate stages in this process
the same time, ED indicates that, in the same tempera
range, there is a certain degree of incommensurate or
ordering in thea-c plane as well. BelowTN , the observation
of satellite peaks by x-ray diffraction, as well as the ED a
real-space imaging evidence, indicate that orbital orderin
the a-c plane locks into a quasicommensurate propaga
vector at sufficiently low temperatures, characterized by
presence of phase-breaking discommensuration bounda
Structural refinements based on the integrated intensitie
the satellite peaks allow the formulation of a plausible mo
for the superstructure, in which the symmetry lowering
obtained by correlated displacements of cations and oxy
The Mn atoms, which are symmetry-equivalent in thePnma
c
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structure, are distributed among three crystallographically
equivalent sites in the ideally commensurateP21/m super-
structure: for two of these sites, each having twofold mu
plicity ~Mn13!, the coordination oxygen atoms form strong
J-T distorted octahedra, whereas the other site, with four
multiplicity, ~Mn14! has almost undistorted coordinatio
The systematic broadening effect on the magnetic reflect
associated with the Mn13 sublattice can be explained by th
presence of finely spaced ‘‘magnetic spin-flip’’ boundarie
which break the coherence of the Mn13 magnetic sublattice
but not that of Mn14. These structures are likely to coincid
with the DC boundaries, which would therefore break t
coherence of the orbital ordering but not that of the cha
ordering. This constitutes indirect evidence that the cha
ordering modulation has the same very long cohere
length as that of the Mn14 magnetic sublattice.
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