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TABLE I. Room-temperature lattice parameters and magnetic properties of CaMnO32 d. The Néel temperatures and ordered moments
quoted from the refinements. The two values under the CaMnO2.89 compound are for the Mn41 and Mn31 sites, respectively. The lattice
constants for the CaMnO2.89 impurity phase are listed for comparison.

a b c TN mordered

meff(exp)
meff(calc) uC

CaMnO2.94 5.2729~6! Å 7.4416~6! Å 5.2554~6! Å 126.0~8! K 2.36(4)mB 4.44(1)mB

3.99mB

2 529~1! K

CaMnO2.89 5.270~2! Å 7.473~2! Å 5.284~2! Å 126~2! K
127~3! K

2.45(20)mB

4.00(30)mB

4.89(1)mB

4.10mB

2 450~2! K

CaMnO2.89

impurity
5.220~2! Å 7.483~3! Å 5.325~2! Å
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tained using a SCINTAG PAD V diffractometer with CuKa
radiation and a silicon standard. The resultant lattice par
eters were refined using a least squares minimization t
nique. The magnetic susceptibility from 4–400 K was me
sured using a SQUID magnetometer~MPMS, Quantum
Design!, and magnetoresistive properties were observed
ing a standard four-probe technique.7

Magnetic measurements were confirmed at McMas
University using a Quantum Design MPMS SQUID magn
tometer. Field cooled~FC! and zero field cooled runs~ZFC!
were completed in a temperature range of 5 to 350 K with
applied magnetic field of 0.01 T.

Neutron scattering experiments were completed on
powder samples at the Dualspec C2 beamline operate
the Neutron Program for Materials Research of the Natio
Research Council of Canada at the Chalk River Laborat
The wavelength of the neutrons wasl 5 2.37086(9) Å. The
samples were sealed in vanadium cans in a He atmosp
with an indium wire gasket. Data were taken over a tempe
ture range of 11 K to room temperature, covering a rang
2u of 10° to 90°. The room temperature data sets were
tained out to 2u5 120° to obtain a very accurate determin
tion of the crystallographic unit cell. The Rietveld refin
ments of the datasets were completed usingFULLPROF

~FULL98!. The CaMnO2.89 sample was found to have tw
very similar crystallographic phases~one of them comprising
approximately 25% of the material!, which was confirmed by
x-ray experiments done at McMaster using a CuKa1 source
and a Guinier-Ha¨gg camera with Si as an internal standa
As a result, a three-phase refinement was carried out on
material, two crystallographic and one magnetic in origin

RESULTS

Structure of CaMnO2.94. The crystal structure and lattic
parameters of CaMnO2.94 were consistent with the value
found using x-ray diffraction at Rutgers Universit
CaMnO2.94 crystallizes in an orthorhombic perovskite stru
ture with space group Pnma~Table I!. The Mn ions form a
network of corner-shared octahedra, with Ca ions occupy
the interstitial positions~Fig. 1!. The increased size of th
unit cell as oxygen defects are introduced is expected as
Mn31 ion has a slightly larger radius than Mn41 .12 The oxy-
gen defects are found from refinement to be on the sha
corners of the equatorial plane of the Mn octahedra; the
06442
-
h-
-

s-

r
-

n

e
by
al
y.

ere
a-
in
b-

.
is

g

he

ed
2

positions of 8d symmetry @Table II and figure 2~a!#. The
defect concentration correlates well with the titration ana
sis ~roughly 6% oxygen defects or 12% Mn31 concentration
for CaMnO2.94!. Each O defect creates two Mn31 sites in the
lattice, which effectively provides a method for electron do
ing these materials, in contrast to hole doping as in
La12 xCaxMnO3 series.13

Structure of CaMnO2.89. The full refinement of the
CaMnO2.89 sample proved to be much more difficult than t
CaMnO2.94 member in the series. Attempts were first ma
using the lattice constants and space group Pnma as rep
previously.7 The results of these refinements were not unr
sonable, but upon closer examination, it was clear that so
relatively strong reflections, in particular the strong seco
ary peak at 2u; 66° could not be indexed@see Fig. 2~b!#.
There were also a set of weak peaks which were first thou
to be due to an impurity phase.

FIG. 1. The crystal structure of CaMnO2.94.
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CHARGE AND MAGNETIC ORDERING IN THE . . . PHYSICAL REVIEW B 64 064421
In a first attempt to analyze the data the presence o
structurally similar impurity phase was assumed. In this d
ing regime, reports of impurity phases are not uncomm
For example, Chiang and Poeppelmeier found such an im
rity phase in CaMnO2.75.

14 Santhoshet al. investigated the
series of related materials Ca12 xBixMnO3 in the regimex
< 0.25, and found that for the Bi0.18Ca0.82MnO3 compound in
particular, a crystallographically similar impurity phase w
present at about 29 wt. % concentration.15 Clearly, this re-
gion of the phase diagram is prone to phase separation.

Cell constants for a perovskitelike orthorhombic impur
phase were refined from powder x-ray data obtained w
CuKa1 radiation and a Guinier-Ha¨gg camera @a
5 5.228(1) Å, b5 7.488(1) Å, andc5 5.3302(9) Å at T
5 290 K#. In the two phase refinement the atomic positio
of the impurity phase were fixed to those of CaMnO2.94 and
the scale factor was varied. The concentration of the impu
phase was seen to be; 25 wt. % by comparison of the scal
factor for the two phases. Final atomic positions for the m
jority phase are listed in Table IIIb. The temperature fact
were found to be unstable in the refinements, and were s
the values found for CaMnO2.94.

While the two phase approach accounts for the str
reflections in the powder pattern, several very weak refl
tions ~, 1% intensity of a strong reflection! remained unin-
dexed~Fig. 3!. Thus, an attempt was made to index these
a supercell. Again, Chaing and Poeppelmeier observed a
of weak reflections in CaMnO2.75 which could be indexed on
a a3 b3 4c supercell~Pnma setting! which they attributed to
the ordering of oxygen vacancies. They were not succes
however, in refining an unique model for the vacancy ord
ing. Using 8–10 weak reflections of the type shown in Fig
a supercell, also of dimensionsa3 b3 4c ~Pnma subcell set
ting! could be assigned to the major phase in CaMnO2.89. As
in the case of Chiang and Poeppelmeier, attempts to refi
unique model for the vacancy ordering were unsucces
due in part to the weakness of the superlattice reflections
the complicating factor of the second phase. It is thus lik
that even at room temperature there exists oxide vaca
ordering in the majority phase in CaMnO2.89 but a detailed

TABLE II. Refined atomic positions and their estimated sta
dard deviations at T5 11 K (CaMnO2.89) and T5 14 K
(CaMnO2.94). The thermal parameters were refined from t
CaMnO2.94 data and left constant in the CaMnO2.89 refinements.

CaMnO2.89 x y z Occ.

Ca 0.043~8! 0.25 2 0.004~12! 1.0
Mn 0 0 0.5 1.0
O~1! 0.480~7! 0.25 2 0.079~6! 1.0
O~2! 0.271~9! 0.0180~6! 2 0.293~6! 0.92~4!

CaMnO2.94 x y z Occ. Biso ~Å2!

Ca 0.033~1! 0.25 2 0.013~3! 1.0 0.58~21!
Mn 0 0 0.5 1.0 0.05~27!
O~1! 0.489~1! 0.25 0.055~2! 1.0 0.42~22!
O~2 0.288~1! 0.038~1! 2 0.287~1! 0.96~2! 0.42~22!
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FIG. 2. ~a! The neutron diffraction pattern of CaMnO2.94 at T
5 14 K andT5 130 K. The upper set of tickmarks are for the cry
tallographic reflections, and the lower are for the magnetic ph
~b! The neutron diffraction pattern of CaMnO2.89 at T5 11 K and
T5 130 K. The upper set of tickmarks are for the prima
CaMnO2.89 phase, the middle set are for the crystallographic imp
rity, and the bottom set is for theG-type1 charge-ordered struc
tures.

-

TABLE III. Selected interatomic distances and bond angles.

CaMnO2.94

(T5 14 K)
CaMnO2.89

(T5 11 K)

Mn-O~1! 1.8840(14) Å3 2 1.9173(74) Å3 2
Mn-O~2! 1.9077(14) Å3 2 1.965(40) Å3 2

1.8986(52) Å3 2 1.806(45) Å3 2
O~2!-Mn-O~2! 88.89~36! 89.82~79!

91.11~39! 90.18~91!
O~1!-Mn-O~2! 87.63~38! 84.16~86!

92.37~34! 95.84~88!
91.75~22! 95.20~84!
88.25~36! 85.81~80!

Mn-O~1!-Mn 161.850~64! 154.04~31!
Mn-O~2!-Mn 155.87~22! 163.28~92!
1-3
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FIG. 3. Evidence of possible vacancy orde
ing in CaMnO2.89. The superstructure peaks~0, 0,
1
2!, ~0, 0, 3

2!, and ~0, 1, 7
4! are shown here atT

5 130 K, which along with other weak reflection
can be indexed on the cella3 b3 4c.
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model is not available. Although it has been suggested
oxide vacancy ordering may induce Mn31 /Mn41 charge or-
dering, this cannot be confirmed from the present data.

Magnetism in CaMnO2.94. The magnetic structure o
CaMnO3 was among the first to be studied with neutr
diffraction.11 The magnetic Mn41 sublattice consists of two
interpenetrating face centred arrays of moments with anti
allel nearest neighbor spin arrangements, the so-called
G structure~Fig. 5!. The Néel temperature is 130 K, and th
effective magnetic moment is 2.43mB , which agrees well
with the spin-only value for Mn41 (3.00mB).11

Previous magnetic susceptibility measurements indica
a feature at 125 K which implied the possibility of lon
range antiferromagnetic ordering in both CaMnO2.94 and
CaMnO2.89.

7 Our measurements confirm this in the FC/ZF
06442
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d

CaMnO2.94 and CaMnO2.89 data sets~Fig. 4!. The sharp cusp
in the ZFC susceptibility atT; 125 K is a tell-tale sign of
antiferromagnetic ordering in both materials. The values
the effective moments and the Weiss constants extra
from high-temperature Curie-Weiss fits (T5 300– 350 K)
agreed well with the published results, indicating a mixtu
of Mn31 and Mn41 moments and strong antiferromagne
interactions.7 The differences between the experimental a
calculated effective moments have been attributed to fe
magnetic interactions from Mn31 2 Mn41 clusters.10

From the neutron diffraction data, Fig. 2~a! the magnetic
structure of CaMnO2.94 was readily identified as theG type
found for CaMnO3 ~Fig. 5!. The Rietveld refinements pro
duced very acceptableR values for the crystallographic an
magnetic phases~Rp5 4.02, Rwp5 5.58, Rmag5 2.12 at T
1-4
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FIG. 4. The magnetic susceptibility of CaMnO2.89 ~left! and CaMnO2.94 ~right! for an applied field ofH5 0.01 T.
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5 14 K!. The value for the ordered moment was found to
slightly smaller,m5 2.36(4)mB , compared to the value fo
CaMnO3 of 2.43mB .11 This is somewhat surprising as th
average Mn moment should be larger, given that a lar
spin-only moment (4.0mB) should be associated with Mn31

which comprise; 12% of the Mn sites.
The behavior of the ordered moment as a function of te

perature is typical of three-dimensional Heisenburg-like
dering~Fig. 6!. More precise measurements of the order
rameter are needed to get an exact determination of
phenomena, but a guide to the eye has been drawn b
upon the following scaling relationship:16

M~T! ; $~T2 TC! /TC%2b .

The values extracted from the fit,b5 0.32(4) and TC
5 126.0(8) K, are consistent withb5 0.33 andTC; 125 K,
as determined from the magnetic susceptibility measu
ments.

Magnetism inCaMnO2.89. The magnetic Bragg peak
which appear belowTN; 125 K can be divided into two cat

FIG. 5. The magnetic structure of CaMnO2.94 ~G-type structure,
on the left! and CaMnO2.89 ~G-type charge-ordered structure!.
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egories: the same ‘‘G-type’’ reflections as CaMnO2.94, albeit
of slightly altered intensities, and a set of reflections that c
be indexed on a~0, 0, 1

4! ordering wave vector@such as~0, 1,
1
4!, ~1, 1, 1

4! and~0, 1, 5
4!#. Since the CaMnO2.89 sample has a

higher concentration of oxygen defects, and hence a la
density of Mn31 moments than CaMnO2.94, it was hypoth-
esized that the new Bragg peaks were due to an orderin
Mn31 moments in the Mn41 G-type network. The stronges
new magnetic reflection in the diffraction pattern can be
dexed as~0, 1, 1

4!. This points to an arrangement of Mn31

moments that are antiferromagnetically coupled in ro
along theb direction and stacked with a periodicity of four i
the c-axis direction~Fig. 5!. This model is appealing in tha
theG-type structure of CaMnO3 and CaMnO2.94 is preserved
for low Mn31 doping levels while allowing for charge
ordering at higher doping levels. The full refinement of th
model for the CaMnO2.89 dataset was complicated by a num
ber of factors. Among them include the existence of a sec
crystallographic phase~comprising 25% of the sample!, and
a set of weak supercell reflections indicative of oxygen
cancy ordering. Several refinements were completed of
magnetic and charge ordered structures independently of
another until a suitable model was found to describe
observed diffraction pattern. Once a proper model w
found, the charge and spin ordered phases were comb
into one coherent model~Rp5 7.86%, Rwp5 10.71%,Rmag

5 25.6% atT5 11 K!.
However, the concentration of ordered Mn31 ions in the

model, 12.5%, is not consistent with the concentration, 22
expected from the chemical analysis if one assumes tha
electrons are completely localized on the Mn31 sites. This
suggests only partial charge ordering, with the residual Mn31

moments distributed randomly on the lattice. Previous wo
have indicated that there is a significant reduction in
resistivity of this sample as compared to CaMnO2.94,

7 which
suggests that there is an increase in the density of state
the Fermi energy even below the ordering temperature. F
ther transport studies are needed to resolve this problem
1-5
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FIG. 6. The ordered moment as a function of temperature for CaMnO2.94 ~left! and CaMnO2.89 ~right! as determined from neutron
scattering measurements. The fits are guides to the eye based on the power lawM (T); $(T2 TC)/TC%2b .
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Although the magnetic structure described above app
to be unique for manganate perovskites, there is a re
report by Santhoshet al. which indicates that a weak mag
netic superstructure has been reported for Bi0.18Ca0.82MnO3
of the form a3 b3 4c but no detailed model has bee
proposed.15 As well, aC-type, notG-type AF order is found.
There is clearly a structural analogy between the two m
rials, and further work is needed to understand them bot

The ordered moments for the two kinds of magnetic s
cies seem to correlate well with the expected spin-only v
ues for Mn41 and Mn31 @2.45(20)mB and 4.00(30)mB , re-
spectively#. The Néel temperatures for the typeG and k

5 (0,0,14 ) components, as determined by power law fi
agree to within experimental error@126~2! K and 127~3! K,
respectively, Fig. 6#.

DISCUSSION

It is natural to compare and contrast the results obtai
for the oxygen vacancy doped compounds CaMnO32 d , with
trivalent cation doped materials of similar electron dopi
levels ~Mn31 concentrations! in terms of issues such a
charge-ordering and magnetic ordering, including the m
netic structure and magneto-transport properties. In fact,
on such systems are relatively sparse as most attention
been focused on the hole-doped regime, i.e., Mn31 concen-
trations . 50% where CMR effects are observed. Noneth
less, the available data on systems such asM0.20Ca0.80MnO3,
where M5 La31 or Bi31 ,17 indicate that significant differ-
ences exist.

In the case of transport behavior, the CaMnO32 d materi-
als are much less conducting than their cation doped co
terparts. As the previous study indicated,7 the room tempera-
ture resistivities for CaMnO32 d are in the range from 2 to 10
V cm even for relatively high doping levels,d5 0.11
(; 22%Mn31 ) whereas the corresponding cation doped m
terials show values which are lower by factors of 102 to 103,
i.e., approaching~but not quite reaching! the metallic regime.
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This shows either that theeg electrons are much less mobi
or that the nominal carrier density is much lower in the oxi
vacancy than in the cation doped systems. Nonetheless
observed negative magneto-resistances are of the same
of magnitude, 40–50% for both series.

Concerning the issues of charge and magnetic order
for the cation doped compounds anomalies in the resisti
and magnetization at temperatures aboveTC for magnetic
AF order have been taken as evidence of charge orderi1

For example, La0.20Ca0.80MnO3 shows such anomalies a
about 195 K whereas AF order sets in only below; 120
K.18,19 Similar results are found for Bi0.18Ca0.82MnO3 where
TCO ~charge ordering! is 210 K and TC~AF!5 160 K. In
sharp contrast CaMnO2.94 and CaMnO2.89 show only a single
anomaly in the susceptibility at 125 K which corresponds
TC~AF! already shown. There is no indication of a high
temperatureTCO up to 300 K for either material, although, a
has been argued, it is difficult to understand the magn
structure of the majority phase in CaMnO2.89 without postu-
lating charge ordering. One is left with~at least! two alter-
natives, namely, thatTCO and TC~AF! are coincident for
CaMnO2.89 or that TCO. 300 K. TC~AF!. Possible support
for the latter hypothesis is found in the form of the we
supercell reflections present already at 300 K which could
attributed to oxide vacancy ordering which may indu
charge ordering as well by trapping Mn31 centers in the vi-
cinity of the vacancy. It should be noted that the char
ordering wave vector for Bi0.18Ca0.82MnO3 was found to be
incommensurate, while the oxide vacancy ordering wa

vector appears to be commensurate,k5 (0,0,14 ). In
La0.20Ca0.80MnO3 two supercells were found from electro
diffraction with ‘‘fourfold’’ and ‘‘23-fold’’ periodicities
which were attributed to charge ordering.17 It is not clear at
present if the ‘‘fourfold’’ structure is truly commensurate o
if it is related to the one found in CaMnO2.89 in the neutron
diffraction data.

Finally, the basic magnetic structures are different for
1-6
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CHARGE AND MAGNETIC ORDERING IN THE . . . PHYSICAL REVIEW B 64 064421
cation and oxide vacancy doped phases. TheC-type structure
is found for both La0.20Ca0.80MnO3 and Bi0.18Ca0.82MnO3,
while theG-type structure of CaMnO3 is conserved for both
oxide vacancy compounds studied here. In theC-type struc-
ture, one has ferromagnetic chains which are coupled a
parallel to nearest neighbor chains while all near neigh
correlations are antiferromagnetic in theG-type structure.
We note that for Bi0.18Ca0.82MnO3, uC5 160 K, a large posi-
tive value consistent with dominant ferromagnetic exchan
whereas,uC52 529 K and 2 450 K for CaMnO2.94 and
CaMnO2.89, respectively, which demonstrate dominant an
ferromagnetic exchange.

Further work on these materials, especially CaMnO2.89,
should include high resolution x-ray diffraction, as for e
ample reported recently for several members of the se
BixCa12 xMnO3 and La0.333Ca0.667MnO3,

20 in order to estab-
lish definitively the nature of the phase separated mate
near CaMnO2.89. Electron diffraction studies should be ca
ried out to determine if the formation of stripe domains,
ported recently for the cation doped systems, is also a fea
of the vacancy doped materials.

CONCLUSIONS

The electron-doped MR materials CaMnO2.94 and
CaMnO2.89 have been investigated using powder neutron
sh

m
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e
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fraction. The CaMnO2.94 structure orders in theG-type AF
structure as reported by Wollan and Koehler, but t
CaMnO2.89 exhibits charge ordering of the Mn31 /Mn41 mo-

ments in a magnetic structure,k5 (0,0,14 ) that has not been
reported before. TheG-type arrangement of the moments
preserved as in CaMnO2.94, but now there is an ordering o
the Mn31 moments in layers along thec axis. There is some
evidence for an ordering of the oxygen vacancies, which
the same supercell as the magnetic/charge ordered cell, i
trating the strong interplay between the structure, electro
and magnetic properties of these materials. A comp
model of the MR mechanism in these materials
still elusive.
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