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Structural, thermal, transport, and magnetic properties
of the charge-ordered La1/3Ca2/3MnO3 oxide
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The compound La1/3Ca2/3MnO3 has been studied in the temperature range from 1.5 to 400 K. The anomalous
behavior of the resistivity, magnetic susceptibility, specific heat, and lattice parameters are the signature of a
charge-ordering transition taking place at around 270 K. A structural model of this charge-ordered state is
developed with a crystallographic unit cell given by (3a3b3c) of the high-temperature unit cell and the same
Pbnmsymmetry. At 170 K an antiferromagnetic transition is clearly established on the magnetic susceptibility,
resistivity, and specific heat. Neutron diffraction shows that the Mn magnetic moments order antiferromag-
netically with a propagation vectork5(0,1/2,0). The observed magnetic configuration belongs to one of the
two bidimensional representations of the groupPbnmassociated withk5(0,1/2,0).@S0163-1829~99!02902-1#
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INTRODUCTION

Hole-doped manganese oxides of perovskite ty
R12xAxMnO3 where R and A are trivalent rare earth an
divalent alkaline earth, respectively, are highly correla
electron systems in which a close interplay of structu
transport, and magnetic properties gives rise to a comp
phase diagram. Even if the main features of these phase
grams have been established in the 1950s,1,2 their interesting
complexity makes a more profound characterization wo
while.

The x50 compound is antiferromagnetic and it show
orbital ordering due to a cooperative Jahn-Teller effect. S
stitution of La by a divalent cation oxidizes Mn13 to Mn14,
introducing holes in thed band allowing the hopping of the
eg electron of a Mn13 ion to the corresponding hole of
neighboring Mn14. This double exchange mechanism favo
ferromagnetic interactions and leads to great enhanceme
the conductivity below the Curie temperature.3–7

Besides the known negative magnetoresistance effe8

this family of compounds presents another interesting p
nomenon which is the real-space ordering of charge carr
when the long-range Coulomb interaction between carr
overcomes their kinetic energy. It was suggested by Wo
and Koeller2 that ordering of alternate Mn13 and Mn14 in a
Nacl-like lattice would take place for compositions ne
x50.5. A few years ago, Tomiokaet al.9 observed a transi
tion from a ferromagnetic metal to an antiferromagnetic
sulator on cooling. This transition can be suppressed by
application of a magnetic field. The spin-lattice coupling
sponsible for this latter phenomenon was also found by
same research group to be present in the La12xSrxMnO3 sys-
tem in which the orthorhombic-rhombohedral structural tra
sition was monitored by application of a magnetic field.10

Yamada et al.11 reported the existence of a polaro
ordered phase at low-doping rates in La12xSrxMnO3 with
PRB 590163-1829/99/59~2!/1277~8!/$15.00
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x51/8, where holes freeze on the lattice sites. The on
of the polaron order coincides with the point of upturn
the resistivity. Such ordering of polarons has also been
ported for hole-doped transition-metal oxides with layer
perovskite structures, such as La22xSrxNiO4 (x51/3 and
1/2!,12 La22xSrxCuO4 (x51/8),13 and La12xSr11xMnO4

(x51/2).14

More recently, real-space charge ordering has been
ferred from electron-diffraction experiments o
La12xCaxMnO3 in the concentration range 0.63,x,0.67 by
Ramirezet al.15 Similar results have been published by Ch
et al.16 and Moriet al.17 on thex52/3 compound using elec
tron diffraction. None of these publications give a quanti
tive analysis of the charge-ordering state, but they prop
models from the geometric characteristic of the electron
fraction pattern.

From these examples, it seems that the charge-ord
state is observed when the carrier concentration is a ce
fraction of the number of lattice points, as if the commens
rability of the hole concentration may be essential for t
existence of a low-temperature charge-ordering transition

In this paper we present a study of the structural, m
netic, and transport behavior of La1/3Ca2/3MnO3 from 400 to
1.5 K. We present quantitative support for a particu
charge-ordering state that can be deduced from the ana
of the magnetic state of the sample.

EXPERIMENT

The synthesis was performed by the classical cera
method by annealing the stoichiometric amounts of the c
responding oxides for 72 h at 1400 °C in air. The resulti
material was characterized by ICP~induce coupling plasma!,
thermogravimetric analysis, and x-ray diffraction confirmin
the nominal composition. The chemical analysis also sho
1277 ©1999 The American Physical Society
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1278 PRB 59FERNÁNDEZ-DÍAZ, MARTÍNEZ, ALONSO, AND HERRERO
that the anionic lattice is complete.
Susceptibility measurements were performed in a SQU

magnetometer~QD-MPMS-5S! in the temperature rang
from 1.8 to 800 K, under an applied magnetic field of 0.1
The resistance measurements were performed by the
probe method in a temperature range from 5 to 400 K w
an applied constant current of 1 mA. The specific heat w
measured by the adiabatic heat pulse method in a temp
ture range from 2 to 400 K, and an applied external magn
field up to 9 T~QD-PPMS system!.

Neutron powder diffraction was performed at the IL
Diffraction data were collected on the high resolution po
der diffractometer D2B at 300, 200, and 1.5 K, using a wa
length of 1.594 Å. A temperature scan was made wh
warming from 1.5 to 300 K on the high flux powder diffrac
tometer D1B, with a wavelength of 2.52 Å, in order to fo
low the evolution of the magnetic structure and the dep
dence of the lattice parameters on temperature. The Riet
method was applied to refine the crystal and magnetic st
ture using the programFULLPROF.18

RESULTS

The temperature dependence of the magnetic suscep
ity and the electrical resistivity are shown in Fig. 1, parts~a!
and ~b!, respectively. It can be noticed that on cooling fro
high temperature, there is an increase of the magnetic
ceptibility. The inverse susceptibility plot leads to a positi
Weiss constantuW , indicating ferromagnetic interactions a
high temperature.

The observed continuous increase in the magnetic sus
tibility may correspond to a double-exchange interaction
tween Mn13 and Mn14 ions. As no magnetic contribution in
the neutron diffraction data at RT is observed, it is suppo

FIG. 1. ~a! Temperature dependence of the magnetic susce
bility. ~b! Thermal dependence of the electrical resistivity.
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that the corresponding ferromagnetic interactions have a v
short correlation length; this is in agreement with the m
sured value ofr.1022 V cm which indicates an electro
mean free path of a few Å. This could also be the reason
the lack of the linear Curie-Weiss behavior of the inver
magnetic susceptibility until high temperatures. The pa
magnetic moment calculated for a temperature range f
450 to 800 K is 7.0mB , which is roughly double than ex
pected for the mixture of 2/3 Mn14 and 1/3 Mn13. This fail-
ure of the Curie-Weiss model could be related to the sh
range ferromagnetic fluctuations and/or the inadequacy
the local moments approximation.

At 270 K the magnetic susceptibility reaches its ma
mum value, and below that temperaturex drops rapidly
while r rises from the same temperature value. At low
temperature there is a broad maximum in the magnetic
ceptibility, related to the long range antiferromagnetic ord
(TN'170 K).

Resistivity measurements have also been carried out
der an external applied magnetic field on heating. Unlike
spectacular change in the resistivity observed
Pr1/2Sr1/2MnO3 with the applied magnetic field,9 in this com-
pound the charge-ordered state is stable under an exte
applied magnetic field of 9 T. However, a hysteresis eff
can be observed in the resistivity data on cooling and wa
ing, indicating a first order character of the charge-order
transition. The activation energy from the resistivity data
the high-temperature range (T.300 K) is 27 meV.

To shed some light on the origin of these special featu
of the macroscopic magnetic susceptibility and transp
measurements, specific heat and neutron powder-diffrac
measurements have been carried out.

In order to analyze the relevant electronic and magn
contributions to the specific heat data we assume a la
contribution to the specific heat calculated from thr
Einstein oscillators centered at the optical frequencies
«/kB'200, 450, and 800 K.19 This lattice contribution fits
the data very well at high temperature, where both coinc
Due to the fact that an Einstein model is used the lo
temperature specific heat~below 50 K! is not fitted. The
remaining specific heat, after having subtracted the pure
tice part, is related to the electronic and magnetic contri
tions to the specific heat. Figure 2 shows the specific h
once the lattice contribution has been subtracted, in wh
two anomalies can be clearly observed, the main one at
K ~charge ordering! and a second one at 150 K~antiferro-

ti-

FIG. 2. Electronic and magnetic specific heat vs temperatur
La1/3Ca2/3MnO3.
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FIG. 3. Observed and calculated neutron powder diffraction patterns for La1/3Ca2/3MnO3 at room temperature.
e

on
a

he

rn
ic
a
e
O

th
n
a

tie
t

es
o
e
w

th
a
h
i-
v
te
A
n
ci

e
nge
he
ag-

re-
es

ate
. In
t

rlat-
rez
the
nge
de-
ring

pro-
era-

ev-
gle
ity
ag-
p-

K as
eat
n.
e

nti-
magnetic ordering!. The applied magnetic field~9 T! does
not affect the antiferromagnetic order, but displaces the p
associated with the charge ordering only 5 K to higher tem-
peratures and makes it slightly broader.

The analysis of the high resolution neutron-diffracti
pattern obtained at room temperature gives a single ph
structure with orthorhombic symmetry described by t
space groupPbnm ~standard settingPnma, no. 62! with b
.a.c/&, but metrically pseudotetragonal (b'a). Figure
3 displays the observed and calculated diffraction patte
and the details of the structure are given in Table I, wh
includes the refined atomic positions, lattice parameters,
temperature factors as well as the different Mn-O distanc

Assuming the Mn site completely occupied, the relative
as well as the La and Ca content were verified by refining
occupation factors of their sites. The stoichiometry fou
was the nominal one within the standard errors. This is
essential result for the discussion of the physical proper
of this compound because they are strongly dependent on
percent Mn14 content. From the calculated Mn-O distanc
the octahedra distortion can be seen with three different b
lengths,d(Mn-O)51.925 and 1.935 Å for the basal plan
oxygen ions and 1.919 Å for the apical oxygen, which sho
a compressed octahedra.

The behavior of the structure has been followed as
temperature is reduced by sequential refinement of D1B d
For the whole temperature range the average structure
been described inPbnm space group and the atomic pos
tions obtained from the high resolution diffraction data ha
been used. The dependence of the lattice parameters on
perature from 1.5 K to RT is plotted in the inset of Fig. 4.
smeared phase transition becomes evident from the sig
cant change in the lattice parameters. The orthorhombi
ak
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increases (aÞb) and there is an important contraction of th
c axis. The change takes place in a wide temperature ra
and starting around 260 K. This value coincides with t
specific heat anomaly, the upturn temperature of the m
netic susceptibility, the onset of the rapid increase ofr, and
the appearance of electron diffraction superlattice spots
ported in the literature.15 As a consequence, all these featur
should be ascribed to the same underlying mechanism.

We consider that the different effects mentioned origin
in a localization process which gives rise to a static state
this state, theeg electrons of the Mn13 ions are anchored a
specific lattice sites so as from a definite Mn13-Mn14 pat-
tern. This charge-ordered state gives the additional supe
tice spots in the electron-diffraction experiments of Rami
et al. Another consequence of the freezing of carriers is
great increase in the resistivity value, showing that a cha
in the carrier mobility has occurred. The simultaneous
crease of the magnetization suggests that charge orde
suppresses the ferromagnetic interactions, which are
duced by double-exchange mechanism at higher temp
tures.

In the neutron diffraction measurements below 170 K s
eral extra peaks appear at low values of the diffraction an
that cannot be indexed on the nuclear cell. Their intens
grows as the temperature is lowered indicating antiferrom
netic ordering of Mn magnetic moments. This transition a
pears as a bump in the magnetization data around 170
well as giving the second broad anomaly in the specific h
measurements, after subtraction of the lattice contributio

It is interesting to make a brief comparison with th
x51/2 compound. In the case of La1/2Ca1/2MnO3,

20 a ferro-
magnetic transition takes place atT5225, K and at T
5155; K, at the charge-ordering transition, it becomes a
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1280 PRB 59FERNÁNDEZ-DÍAZ, MARTÍNEZ, ALONSO, AND HERRERO
ferromagnetic with the magnetic structure reported by W
lan and Koeller.2 In the present case, the antiferromagne
ordering takes place at a Ne´el temperature more than 100
lower than the charge-ordering transition. This fact seem
indicate that even if the charge-ordering pattern can de
mine the resulting type of magnetic arrangement, the
phase transitions are decoupled. Nevertheless, as has
reported for the isostructural Bi12xCaxMnO3 in this Mn14

rich regime,21 the existence of antiferromagnetic fluctuatio
between the charge-ordering transition and the Ne´el tempera-
ture cannot be excluded. The observed susceptibility infl
tion can be explained if, at high temperatures, the hoppingeg
electron induces ferromagnetic correlations through
double-exchange mechanism and, when these elect
freeze, the ferromagnetic fluctuations are replaced by su
exchange driven antiferromagnetic spin fluctuations.

A STRUCTURAL MODEL FOR THE CHARGE-ORDERED
PHASE

In order to clarify the kind of change induced in the stru
ture by this electronic phase transition, the refinement of

TABLE I. Structural data of La1/3Ca2/3MnO3 ~Pbnm! at RT and
200 K from data collected in D2B with a wavelength of 1.59 Å.

Parameter T5300 K T5200 K

La/Ca (x,y,1/4)
x 0.0055~4! 0.0032~5!

y 0.0213~3! 0.0226~4!

B(A2) 0.80~2! 0.75~3!

Mn ~1/2,0,0!
B(A2) 0.31~2! 0.39~3!

Op ~x,y,z!
x 0.2795~3! 0.2765~4!

y 0.2782~3! 0.2773~3!

z 0.0313~1! 0.0326~1!

B11 0.0070~2! 0.0144~3!

B22 0.0071~2! 0.0054~2!

B33 0.00331~7! 0.0033~1!

B12 0.0024~2! 0.0021~4!

B13 20.0001~4! 0.0008~5!

B23 0.0006~4! 20.0007~4!

Oa (x,y,1/4)
x 20.0594~3! 20.0631~3!

y 0.4924~5! 0.4930~5!

B11 0.0085~2! 0.0106~3!

B22 0.0096~3! 0.0071~3!

B33 0.00082~9! 0.0005~1!

B12 0.0007~5! 0.0001~7!

dMn-Op 1.925~2! 1.933~2!

1.935~2! 1.939~2!

dMn-Oa 1.9184~3! 1.9069~3!

a ~Å! 5.3854 ~1! 5.4067 ~2!

b ~Å! 5.3805 ~1! 5.3948 ~1!

c ~Å! 7.56425 ~9! 7.5032 ~1!

Rp 3.49 4.79
Rwp 4.68 6.33
x2 ~%! 2.81 3.06
RNUCL ~%! 3.67 5.84
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high-resolution diffraction data measured at 200 K has b
made. In our measurements we cannot see any superla
reflections, and the data seem to fit well with the origin
Pbnmsymmetry. However, a clear change is observed in
thermal parameters of oxygen atoms. They are larger and
thermal ellipsoid which, at room temperature, is almost re
lar in the xy plane becomes clearly elongated along thex
direction at 200 K. This effect could be due to charge ord
ing leading to displacement of the oxygen atoms in
Mn13-O6 octahedra by a static Jahn-Teller distortion.

As the symmetry seems to not change through the tra
tion, when looking for a new space group for this low
temperature phase we begin by considering the isomor
subgroup of lower index ofPbnm which corresponds to a
tripling of the cell in one of the three directions. This choi
is supported by the superstructure reflections clearly
served by Ramirezet al.15 and by the propagation vecto
found in the low-temperature results as shown later. The
pling of the structure can take place in either of the two ba
directions a or b. As no superstructure satellites are o
served, it is not possible to decide between a (3a3b3c)
superstructure or an (a33b3c) one. The development o
both models has been undertaken and the results obtaine
almost identical for both orientations. However, only one
the options will be presented and the former superstruc
type has been chosen, just to be in accordance with the e
tron diffraction results of Ramirezet al. in which a~1/3,0,0!
propagation vector was found for the new phase. With t
assumption a superstructure model has been built cons
ing a triplication alonga direction; i.e., aLT53aHT , bLT
5bHT , cLT5cHT . The main feature in that description of th
structure is the existence of two different Mn sites, one is
special 4(a) site and the other a general 8(g) one. From the
proportion of Mn14/Mn13 ions and having in mind quasi
static considerations it seems plausible to place Mn13 ions in
the special site with multiplicity 4 and Mn14 ions in the
general position with multiplicity 8. Each one of the thre
other sites in the asymmetric unit of the RT-Pbnmsymme-
try becomes three sets of nonequivalent sites in the new
cell. As a consequence the new asymmetric unit conta
eleven atoms of which four are in general positions, invo
ing 15 atomic-coordinate parameters to fit. For the refi
ment of that superstructure, it has been assumed as a
fixed parameters for Mn14 sites and refined the rest of th
atomic positions considering a random occupancy for La
Ca cation and the position of the three sites related in
following way: Ca/La~1!5x,y,z; Ca/La~2!5x11/3,y,z,
and Ca/La~3!5x12/3,y,z. The coordinates of the six oxy
gen positions were refined independently. Then, the temp
ture isotropic factors have been refined with the followi
constraints: B@Ca/La~1!#5B@Ca/La~2!#5B@Ca/La~3!#;
B(Mn13)5B(Mn14); B(Op1)5B(Op2)5B(Op3); and
B(Oa1)5B(Oa2)5B(Oa3). Finally the coordinates o
Mn14 site have been allowed to vary, using soft constrai
in the Mn14-O distances to obtain a nearly regular octah
dron.

The results of the refinement are summarized in Table
and in Fig. 4 the calculated and experimental patterns
shown. It can be seen that the quality of the fit is almost
same as the one obtained with the average structure.
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FIG. 4. Rietveld plot of La1/3Ca2/3MnO3 neutron powder diffraction data at 200 K. The refinement results we show correspond
Pbnm2(3aHT3bHT3cHT) described in the text. The inset shows the lattice parametersa, b, andc as a function of temperature, obtaine
from sequential Rietveld refinement of neutron powder diffraction spectra.
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number of refined atomic parameters is 19 in the simple
structure with anisotropic temperature factors for oxyg
ions ~model I! and 28 in the triple cell model with isotropi
temperature factors~model II!. In this second case, they
coordinates have a high standard deviation. The same t
has been found when supposing a structure model w
propagation vectork5(0,1/3,0), but the indeterminacy i

TABLE II. Structural data of La1/3Ca2/3MnO3 at 200 K based on
a triple cell model (3a3b3c) and keeping thePbnmsymmetry.

Atom x y z B

La/Ca~1! 0.0012~7! 0.019~2! 0.25 0.67~3!

La/Ca~2! 0.3387~6! 0.018~2! 0.25 0.67~3!

La/Ca~3! 0.6640~5! 0.029~2! 0.25 0.67~3!

Mn13 0.5 0 0 0.35~3!

Mn14 0.1697~5! 20.0036~7! 20.0002~4! 0.35~3!

Op(1) 0.0955~3! 0.2709~7! 0.0271~9! 0.76~2!

Op(2) 0.0796~2! 20.2294~8! 0.0315~9! 0.76~2!

Op
(3) 0.2616~2! 0.2127~8! 20.0405~7! 0.76~2!

Oa(1) 20.0154~3! 0.483~2! 0.25 0.53~3!

Oa(2) 0.1931~2! 20.014~2! 0.25 0.53~3!

Oa(3) 0.1448~3! 20.009~2! 20.25 0.53~3!

dMn13-Op(1) 1.9913~46!

dMn13-Op(2) 1.9631~40!

dMn13-Oa(1) 1.8946~8!

dMn14-Oa 1.916~9!

dMn14-Op 1.918~40!

a516.2187 (4) Å;b55.3948 (1) Å;c57.5031 (2) Å
Rp55.00; Rwp56.44; x2 (%)53.12; RNUCL (%)56.24
ll
n

ng
th

the positions was in that case alongx direction. This fact
could reveal the existence of structural domains with diff
ent orientation of the wave vector along the two orthogo
directions of thex-y plane; i.e., domains of (3a3b3c) and
(a33b3c) type. The same effect is observed in the electr
diffraction patterns15 where two orthogonal sets of superla
tice spots are found to originate from double domain str
ture of the charge modulation.

The most significant change of the structure in the tran
tion is in the Mn-O bond lengths. The Mn-O bond distanc
resulting from the averaged structure fit~same structure de
scription as above the transition! show a contraction of the
apical bond length and two essentially equal in-plane
bond distances. Model II was constrained to give six eq
Mn14-O distances, and the Mn13 octahedra has two shor
bond lengths along thec direction of 1.8946 Å, two medium
of 1.963 Å, and two long of 1.991 Å in theab plane. From
Fig. 5 it is evident that an average of that distribution wou
give rise to four equivalent in-plane Mn-O distances, in a
cordance with the results of model I.

MAGNETIC ORDERING

From the position of the extra peaks found at low te
perature, a propagation vector for the magnetic structure
~1/3,1/2,0! referred to the RT cell is obtained, which means
propagation vector k5(0,1/2,0) referred to the low-
temperature superstructure. Nevertheless, the magnetic
flections present an asymmetric broadening that prev
from distinguishing between the two possible propagat
vectorsk5(1/2,1/3,0) andk5(1/3,1/2,0) as they do not ex
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FIG. 5. Scheme of the low-temperature superstructure model for La1/3Ca2/3MnO3 showing the projection inab plane.
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actly coincide with the commensurate positions. This bro
ening may be due to the existence of antiferromagnetic
mains separated by stacking faults, corresponding t
change of sign of the magnetic moments in some planes
associated to the presence of planar charge-ord
domains.20,22

The arrangement of magnetic moments has been fo
with the help of group-theory calculations. The vectork lies
in the first Brillouin zone and it has the full symmetry of th
space group (Gk5Pbnm). As indicated previously, the
magnetic atoms occupy two different sites in the low te
perature phase. Mn13 atoms are in a 4~a! position and are
numbered in the following way: 1/2,0,0~1!; 1/2,0,1/2 ~2!;
0,1/2,1/2~3!, and 0,1/2,0~4!. The Mn14 atoms are placed in
an 8(g) position and labeled: x,y,z ~1!; x,y,2z11/2 ~2!;
2x11/2,y11/2,2z11/2 ~3!; 2x11/2,y11/2,z ~4!; 2x,
2y,2z ~5!; 2x,2y,z11/2 ~6!; x11/2,2y11/2,z11/2 ~7!;
x11/2,2y11/2,2z ~8!. Using the method developed b
Bertaut,23 the basis vectors associated withk5@0,1/2,0# have
been found in the two-dimensional irreducible represen
tions of space groupPbnm. The transformation properties o
points 4(a) and 8(g) generate three sets of basis function
corresponding to the three directionsx,y,z. The basis func-
tions separate the Mn14 magnetic sublattice in two sets o
related magnetic moments: atoms in 1,2,7,8 and atom
3,4,5,6. For each combination of basic functions, the syst
atic agreement between the observed and calculated dif
tion patterns has been checked. The direction of the magn
moments is found to lie in thexy plane. The best agreeme
is obtained when considering magnetic moments arrange
accordance to the basis functionc1 of the G2k representa-
tion. For the Mn13 sublattice the relationship between th
magnetic moments isS1x2S2x2S3x1S4x and S1y2S2y
-
o-
a

nd
ed

nd

-

-

,

in
-
c-
tic

in

1S3y2S4y . For the Mn14 the linear combinations of mag
netic moments areS1x2S2x2S7x1S8x and S3x2S4x2S5x

1S6x ; and for they componentsS1y2S2y1S7y2S8y and
S3y2S4y1S5y2S6y . The magnetic structure can be d
scribed in terms of three independent positions for M
ions: a Mn13 in ~1/2,0,0! and two Mn14 in ~1/6,0,0! and in
~21/6,0,0!. The magnetic vectors are defined with spheri
coordinates and are refined by the modulus of the magn
moment and the phi angle with thex direction, imposing
equality of the magnetic moments for the two Mn14 sublat-
tices. The fit is mostly equivalent if considering the magne
moments of the two Mn14 sublattices related by a rotation o
180° which would correspond to a combination of magne
moments such as S1x2S2x2S7x1S8x1S3x2S4x2S5x

1S6x ; and for y componentsS1y2S2y1S7y2S8y2S3y

1S4y2S5y1S6y .
The fit of the experimental pattern at 1.5 K is plotted

Fig. 6. The saturated magnetic moments of Mn13 and Mn14

are respectively 3.4~2! and 2.6~1!mB per Mn ion. The usual
nuclear and magnetic agreement factors are given in T
III. The sequential fit of D1B diffraction patterns gives th
dependence of ordered magnetic moment on tempera
this is plotted in the inset of Fig. 6.

A representation of the planez50 of the magnetic struc-
ture is shown in Fig. 7. The planez51/2 presents the sam
ordering pattern antiferromagnetically coupled to the ba
plane. That is a noncollinear magnetic structure in wh
Mn13 magnetic moments are nearly parallel to the magn
moments of two of their four Mn14 nearest neighbors~the
ones along the two long bond lengths of the Mn13-O6 octa-
hedron!, and almost antiparallel to the other two~the ones
along the two medium bond lengths of the Mn13-O6 octahe-
TABLE III. Refined magnetic moments of Mn13 and Mn14 ions given in spherical coordinates.

Ion Magnetic Moment (mB) Phi ~degrees! Theta~degrees!

Mn13 3.4~2! 236~6! 90
Mn14(1) 2.6~1! 207~4! 90
Mn14(2) 2.6~1! 51~4! 90
Rp54.28; Rwp55.69; x2 (%)53.99; RNUCL (%)52.34; RMAG (%)513.1



s
or Mn

PRB 59 1283STRUCTURAL, THERMAL, TRANSPORT, AND . . .
FIG. 6. Observed and calculated neutron powder diffraction patterns for La1/3Ca2/3MnO3 at 1.5 K. The first set of tick marks correspond
to the nuclear phase and the second one to the magnetic phase. The temperature dependence of the ordered magnetic moment f13 and
Mn14 ions obtained from the sequential Rietveld refinement of neutron powder diffraction data from D1B is shown in the inset.
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dron!. On the contrary, the relative orientation of the ma
netic moments of two Mn14 nearest neighbors is nonco
linear. The existence of ferromagnetic and antiferromagn
Mn13-Mn14 exchange interactions cannot be explained i
traditional superexchange model, as there is no way for
oms to couple ferromagnetically in one direction and antif
romagnetically in another. As Goodenough proposed
La1/2Ca1/2MnO3,

6 the charge ordering can be accompan
by an orbital ordering, where the half-filled Mn13 orbitals are
associated with long Mn13-O bonds. This scheme of orbita
ordering together with the theory of semicovalence excha

FIG. 7. Proposed antiferromagnetic structure
La1/3Ca2/3MnO3. The drawing shows thez50 plane and only Mn
ions have been represented. The magnetic order for thez51/2 plane
corresponds to the same kind of structure but coupled antiferrom
netically with the plane shown.
-
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discussed in the Goodenough model allows us to explain
observed magnetic structure.

CONCLUSIONS

The electrical, magnetic, thermal, and structural behav
of La1/3Ca2/3MnO3 gives strong evidence for a first orde
transition to charge-ordered state in this system taking p
at temperatures around 270 K. The resulting superstruc
would consist of the tripling of the RT cell alonga or b
direction. A triple-cell structure keeping thePbnmsymme-
try allows a plausible model with the distribution of the tw
types of manganese ions (Mn13 and Mn14) in two non-
equivalent crystallographic sites. Neutron diffraction sho
that a further transition to an antiferromagnetic state ta
place atTN'170 K. The antiferromagnetic ordering is als
clearly observed on the magnetic susceptibility and the
cess specific heat. Within the same triple-cell crystal
graphic model, the resulting magnetic structure has been
tained with the help of group theory calculations giving
antiferromagnetic ordering of the Mn-ions magnetic m
ments with propagation vectork5(0,1/2,0) perpendicular to
the structural modulation wave vector~1/3,0,0!, and belong-
ing to the representationG2k of the groupPbnmassociated
with @0,1/2,0# propagation vector.
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