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Large magnetoresistance in antiferromagnetic CaMnO32d
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CaMnO32d with d50, 0.06, and 0.11 was prepared by the Pechini citrate gel process at 1100 °C. Oxygen
defects were created by quenching the sample from high temperature. Chemical analysis and x-ray absorption
show that the formal valence of Mn in CaMnO3 is close to 41, and that Mn~III ! is created in the quenched
samples. Moreover the x-ray absorption near-edge spectra results support the creation of two Mn~III ! five
coordinate sites for each O vacancy. CaMnO32d (d50 – 0.11) aren-type semiconductors and order antiferro-
magnatically with Ne´el temperatures close to 125 K. The activation energy decreases with increasingd. A
relatively large~;40%! negative magnetoresistance~MR! is observed for CaMnO2.89. This result shows that a
substantial MR can occur in theseG-type antiferromagnetic materials.@S0163-1829~99!02913-6#
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INTRODUCTION

Recently, magnetoresistance materials have attra
much attention both because of their interesting fundame
structural, electronic, and magnetic properties and their
tential application for magnetic recording and sensing.1–5 By
far the La12xMxMnO3 (M5Ba, Sr, Ca, Pb! system has been
studied in the greatest detail.6–9 Three types of the magneti
structures have been established in this system: LaMnO3 or-
ders antiferromagnetically~AF! with an ‘‘A-type’’ perovskite
structure, where the Mn~III ! ions order ferromagnetically
~FM! in planes and AF between planes; La12xCaxMnO3

(0.1,x,0.5) orders FM with a ‘‘B-type’’ structure, while in
CaMnO3 neighboring Mn~IV ! ions order AF with a ‘‘G-
type’’ structure.10 LaMnO3 has been studied in grea
detail.11,12 The formal valence of Mn is near 31 for the
stoichiometric compound. However, part of the Mn~III ! can
be oxidized to Mn~IV ! under suitable conditions due to eith
or both Ln and/or Mn cation deficiency. This leads
Mn~III !-O-Mn~IV ! double exchange interactions an
La12xMn12yO3 shows a semiconductor-to-metal transiti
~SM! at ;200 K with colossal magnetoresistance~CMR!
near the SM transition temperature.13,14 In CaMnO32d , the
other end of La12xCaxMnO3 system, the formal valence o
Mn is near 41(d;0). Mn~III ! should be created in thi
compound when oxygen defects are introduced~i.e., d
.0). The introduction of Mn~III !-O-Mn~IV ! moiety would
be expected to decrease the resistivity of the compound,
may lead to double exchange~DE! interactions. In contras
with the hole doped cation-defect La12xMnxO3, oxygen-
defect CaMnO32d is electron doped with a ‘‘G-type’’ mag-
netic structure. Several groups15,16 have investigated the
electrical resistance and the magnetic properties
CaMnO32d , however, magnetoresistance~MR! of
CaMnO32d has not been demonstrated thus far. In this pa
we report the x-ray absorption near-edge spectra~XAS!,
electrical, magnetic, and magnetoresistance propertie
CaMnO32d with d50, 0.06, 0.11. Comparing the propertie
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of A- andG-type manganites, we may shed some light on
mechanism of GMR and CMR materials.

EXPERIMENTAL

CaMnO32d was prepared by a sol-gel method. Mn~NO3!2
was purchased as a 49.7% w/w aqueous solution~Aldrich!.
Appropriate stoichiometries of Mn~NO3!2 and CaCO3 ~Ald-
rich, 991%! were dissolved in an excess amount of 35
nitric acid. An excess of citric acid and ethylene glycol we
also added to the solution. The solution was slowly eva
rated to a resin and dried. The sample was then heated sl
to 600 °C to decompose the organic compounds, and pre
into pellets at 1 Kbar. Thed50 material was sintered in
flowing oxygen at 1100 °C for 24 h, and then slowly cool
to room temperature. The oxygen-deficient samples w
heated in air to 1100 °C for 24 h and then quenched fr
1100 or 1000 °C to room temperature.

The powder x-ray diffraction~PXD! data were collected
with a SCINTAG PAD V diffractometer with monochroma
tized CuKa radiation. Silicon powder was used as an intern
standard. Lattice parameters were refined by a least-sq
method. The dc electrical resistivity and the magnetore
tance measurements were carried out by a standard f
probe technique from 400 to 4 K in asuperconducting quan
tum interference device~SQUID! magnetometer~MPMS,
Quantum Design!. Magnetic properties were also measur
with this SQUID magnetometer in the temperature ran
4–400 K.

The Mn K-edge XAS measurements were performed
beam linesX-19A and X-18B at the Brookhaven Nationa
Synchrotron Light Source using a double crystal Si~311! and
channel cut Si~111! monochromator, respectively. Electro
yield, fluorescence mode, and transmission mode meas
ments were made and checked for consistency. A stan
was run simultaneously with all the measurements for p
cise calibration. The relative energies between various sp
tra were established by careful comparison of the stand
spectra. In general the relative accuracy of the energy
8784 ©1999 The American Physical Society
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TABLE I. Oxidation state and lattice parameters for CaMnO32d .

Composition Tq ~°C!a Mn valence a ~Å! b ~Å! c ~Å! V ~Å3!

CaMnO3 No quench 3.99 5.2641~3! 5.2782~2! 7.4546~1! 207.13~2!

CaMnO2.94 1000 3.88 5.2647~3! 5.2792~2! 7.4601~1! 207.34~2!

CaMnO2.89 1100 3.78 5.2644~1! 5.2802~1! 7.4622~2! 207.42~1!

aTq temperature of quenching.
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about60.05 eV.17 All spectra were normalized to unity ste
in the absorption coefficient from well below to well abov
the edge.

Chemical analysis were made with a Baird Atomic Mod
2070 inductively coupled plasma emission spectrome
~ICP!. The oxidation state of Mn was determined by
chemical titration in which the samples were dissolved
dilute sulfuric and phosphoric acids with an excess
Fe~NH4!2~SO4!2, and titrated with KMnO4 solution.

RESULTS AND DISCUSSIONS

Oxidation State of Mn.Chemical titration shows that th
formal oxidation state of Mn is near 41 for the sample pre-
pared in oxygen atmosphere~Table I!. The formal oxidation
state of Mn decreases with increasing temperature of que
ing. The results of the titration measurements can be in
preted in terms of the titration-Mn-valencev t(Mn) and/or
the O-vacancy contentd ~i.e., CaMnO32d) with v t(Mn)54
22d. For the O2 prepared and 1100 °C quenched materi
values of d50/v t(Mn)53.99 and d50.11/v t(Mn)53.78
were found. Thus the titration results indicate that about 2
of the Mn sites are reduced to Mn~III ! in the CaMnO32d (d
50.11) material. The results of the Mn-K XAS, below, sup-
port the formation of two Mn~III ! sites associated with eac
of these O defects.

The Mn-K edges of the CaMnO32d with d50 and d
50.11 along with that of the Mn~III ! compound LaMnO3,
are shown in Fig. 1. The most intenseB feature at these
edges is related to 1s-to-4p transitions. The systematic up
shift of this feature with increasing Mn valence has been w
established in studies of the La12xCaxMnO3 system~illus-
trated in Fig. 2 by the end point spectra!.17 Comparing the
CaMnO32d (d50.11) spectrum with that of CaMnO3 one
notes that, although theirB features peak at the same energ
there is substantial excess intensity in the O-deficient sp
trum on the low-energy side of theB peak. Indeed the place
ment of the excess intensity is suggestive of a new com
nent in the spectrum with aB feature close to that o
LaMnO3.

The presence of an O vacancy, at the shared corner
adjacent Mn octahedra, would be expected to induce
adjacent Mn~III ! sites into the Mn~IV ! lattice of CaMnO3.
With this in mind, one can extract an estimate of the M
defect site spectral component by assuming that the;80%
Mn~IV ! component of the spectrum is unchanged from t
of the fully oxidized CaMnO3. @Note the 22% Mn~III ! con-
centration has been rounded to 20% since the method is
approximate.# The approximation of the defect-site~DS!
spectrum, by a weighted, renormalized difference spectr
is shown in Fig. 1. One should note that the peak of
DS-difference spectrum is at the same energy as that o
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Mn~III !-LaMnO3 spectrum. The additional structure on th
low-energy side of the difference spectrum~in the energy
range labeledA! is not unreasonable in view of the distorte
five-coordinate defect environment. Such a distorted en
ronment typically leads to splittings in the 4p features at the
K edges of transition metals.18,19 This identification of a dis-
tinct Mn~III ! site spectral component in the Mn~IV ! back-
ground stands in contrast to the La12xCaxMnO3 system
where a continuous shift of the Mn-K edge spectra from
Mn~IV ! to Mn~III ! was observed.17

Before discussing the expanded-energy-scale pre-eda
feature, it is worth noting the behavior of theD* feature,
shown in Fig. 1. In the previous XAS study of th
La12xCaxMnO3 system thisD* feature is systematically en
hanced with increasing Mn valence. However, discussion
this D* feature was omitted in the previous work.17 In Fig. 1
theD* feature can be seen to be degraded with O deficien
and this is again consistent with the reduction of the Mn~IV !
content.

Figure 2 shows an expanded view of the pre-edge spe
i.e., the region labeled~a! in Fig. 1. Comparison of the
CaMnO32d , d50 andd50.11 spectra clearly shows that
substantial decrease of thea-feature resolution and spectra
weight accompanies the increased O deficiency.~The larger
absolute magnitude of the spectral intensity in thea-feature
region of thed50.11 curve is due to the much larger bac

FIG. 1. Mn-K edge for the Mn~III ! perovskite LaMnO3, the
fully oxygenated Mn~IV ! perovskite CaMnO3 ~referred to as I!, and
the oxygen deficient CaMnO32d (d50.11) ~referred to as II!. Mo-
tivated by the titration results, which estimate that about 20% of
Mn sites may be reduced to Mn~III ! in the CaMnO32d (d50.11)
material, the defect site~DS! difference spectrum@(II-0.8I )/0.2#
was plotted. Also the disparity betweend50.11 ~;22% reduction!
and the 20% reduction is neglected due to the approximate natu
the difference spectrum calculation.
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ground.! In view of the established increaseda-feature inten-
sity with increasing Mn valence,17 these observations ar
again consistent with the reduction of Mn~IV ! to Mn~III !
upon O depletion.

Inspection of Fig. 2 also reveals a distinct change in
a-feature energy distribution in these materials. T
Mn~IV !-CaMnO32d , d50 a feature can be seen to conta
three identifiable subfeaturesa1 , a2 , and a3 . ~Previous,
lower resolution work only identified thea1 and a2
features.17! The Mn~III !-LaMnO3 a feature consists of a
broad, much weaker, and apparently unresolved bimo
structure. The LaMnO3, a-feature onset also has a mode
but distinct shift to lower energy relative to the CaMnO3
a-feature onset. The DS-difference spectrum, in Fig. 2, ma
fests this same distinct shift to lower energy, characteristi
the Mn~III ! character of the defect induced sites. Intere
ingly the DS also shows a quite robust peak~labeledaL).
The enhancement of thisaL-feature intensity~relative to that
of LaMnO3) is consistent with the square-pyramidal enviro
ment at the defect sites.20 Namely, the enhancement of th
p/d admixture in such noncentrosymmetric sites has b
established to consistently enhance such transition metal
edge features.21

Thus both the main- and pre-edge XAS results prov
evidence of Mn~III ! behavior for the defect sites in th
CaMnO32d, system. As noted, this stands in contrast to
behavior of the La12xCaxMnO32d , Mn-K XAS results
where distinct site behavior was not discernible.17 Interest-
ingly, structural studies have shown that the high
O-deficient CaMnO32d , d50.5 material forms a structur
where all sites are equivalent with this five coordination20

Studies of the crossover to this ordered structure should
quite interesting and are being pursued. It is worth not
that the O-defect structure in this system stands in contra
that in the SrCoO32d system where thed50.5 material
forms the Brownmillerite structure. Indeed Co-K XAS stud-
ies show the segregation of four-coordinated Co~II !-O defect
and six-coordinated Co~IV !-O sites in this Co case.22

FIG. 2. Mn-K pre edge for the Mn~III ! perovskite LaMnO3, the
fully oxygenated Mn~IV ! perovskite CaMnO3 ~I!, and the oxygen
deficient CaMnO32d (d50.11) ~II !. The DS difference spectrum
@(II-0.8I )/0.2# estimate is as discussed above. The three com
nentsa1 , a2 , anda3 of the CaMnO3 pre-edge should be noted.
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Lattice parameters.CaMnO32d crystallizes in orthorhom-
bic perovskite structure in space groupPnma.20 The unit cell
parameterc and the volume increase with increasing quen
ing temperature, and henced ~see Table I!. This is consistent
with the increase of Mn~III ! content and the increased effe
tive ionic radius of Mn~III ! ~0.72 Å! relative to that of
Mn~IV ! ~0.67 Å!.23

Electronic properties.Figure 3 shows the variation o
log10r with 1/T for CaMnO32d . All the compounds are
semiconducting. Qualitative Seebeck measurements for t
samples shown-type behavior. The electrical conductivit
increases and the activation energy decreases with dec
ing oxygen content over the range of temperatures meas
~Table II!. In the oxygen deficient samples the presence
Mn~III !-O-Mn~IV ! sites reduces the activation energy su
stantially. However, the XAS results indicate that t
Mn~III ! sites are located near oxygen vacancies. Worle
et al.24 have found an adiabatic small polaron hopping co
ductivity of the forms5(A/T)e2Ea/kT ~or r5T/AeEa/kT) to
adequately describe the resistivity of the La12xCaxMnO3
system forx50 – 1.0 in the range 300–1000 K. The resu
presented here for thed50 sample follow the same form a
the temperatures studied, however, thedÞ0 materials devi-
ate strongly at lower temperatures. There is a change in
slope of the log10r versus 1/T plot in the 60–80 K range for
the d50.11 sample~Fig. 3!. This anomaly in the resistivity
could be related to the turnover in the magnetic susceptib
seen near the same temperature~Fig. 4!.

Magnetic properties.Figure 4 shows the magnetizatio
~M! as a function of temperature of the samples studi
Between 150 K and room temperature,M follow the Curie-
Weiss lawx5C/(T2up) ~where a linearx5M /H has been
assumed!. The Weiss constantsup are large and negative fo
all of these phases, indicating AF interactions~Table III!. As
noted previously,25 the magnitude of theup parameter, even

o-

FIG. 3. log10r vs 1/T for CaMnO32d .

TABLE II. Electrical properties of CaMnO32d .

Composition Ea (1022 eV) Ea (1022 eV)

CaMnO3 7.07 ~above 80 K!
CaMnO2.94 3.38 ~above 65 K! 2.46 ~below 65 K!

CaMnO2.89 2.20 ~above 60 K! 1.33 ~below 60 K!
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in the d50 material, is too high to be explained byG-type
AF interactions. In CaMnO32d the O-Mn-O angle is 158°
~not 180° as in the ideal perovskite structure!. This distortion
leads to AF order at 125 K, which exhibits spontaneous
low field spin canting and hence a weak FM component. T
Curie constants~C! are larger than the expected values a
increase with decreasing oxygen content~Table III!. This is
attributed to the occurrence of Mn~III !-Mn~IV ! clusters with
a ferromagnetic intracluster interaction.15 Again, however,
the continued largeup values do not evidence a longer ran
FM component.

The local maxima in theM (T) curves of the O-deficien
materials motivate consideration of magnetic frustration
fects such as seen in spin-glass or mictomagnetic system
Fig. 5 the field-cooled~FC! and zero-field-cooled~ZFC!
magnetization behavior of thed50 and 0.11 materials both
show disparities. Specifically the ZFC for the fully oxyge
ated CaMnO3 first increases then tracks the FC curve d
creasing, as the temperature is raised. A similar, but la
effect is seen in the O-defect materials~Fig. 5!. Such behav-
ior is seen in spin glass and mictomagnetic~concentrated
spin-glass type materials! systems where it is attributed t
magnetic frustration introduced by random competing m
netic interactions. Although it is reasonable that such effe
may be present in the O-deficient materials, their rather
bust persistence in the fully oxygenated material makes s
an explanation more difficult. An alternate interpretatio
based on irreversible AF domain spin canting effects, is p
ferred at present.

The fact that the~FC! magnetization of thisG-type AF
material manifests a FM type increase belowTN indicates
field-induced spin canting in the AF phase aided by the sp
taneous canting moment. The absence of an AF peak in

FIG. 4. Magnetization as a function of temperature
CaMnO32d .

TABLE III. Magnetic properties of CaMnO32d .

Composition TN ~K! C ~emu/mol K! meff up ~K!

CaMnO3 125 2.25 4.24 2472
CaMnO2.94 125 2.46 4.44 2494
CaMnO2.89 125 2.99 4.89 2462
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susceptibility atTN indicates that the anisotropy energ
holding the spins along the preferred direction, must hav
low barrier for spin canting away from this direction. AtT
50 K a ZFC ceramic CaMnO3 sample will have many do-
mains with random orientations of the AF easy axes. Wh
the field is increased, those domains for which the AF po
ization is perpendicular to the field, for which the cantin
perpendicular susceptibility is large, will dominate the ma
netic response. As the temperature is increased, the AF o
parameter decreases, and some domains will reorient t
axis perpendicular to the applied field, thereby yielding
increasing magnetization with increasing temperature. Ev
tually ~with increasingT!, most of the domains will be reori
ented and the decreasing AF order parameter will yi
smaller static spins to be canted, thereby leading to a
creasing magnetization with increasing temperature. Thi
consistent with the broad maximum observed in the Z
magnetization vs temperatured50 curve in Fig. 5.

In the FC case the AF domains develop belowTN with
their AF polarization axes as close as possible to the tra
verse polarization and with their canted moment para
with H. Thus the domains grow with the energetically favo
able orientation of the high spin canting perpendicular s
ceptibility. The increasing temperature FC magnetizat
(d50) therefore manifests only the weakening transve
response that accompanies the AF order parameter dec
~i.e., no maximum occurs as the domains were grown tra
verse!.

In the O-deficient material the ZFC magnetization is s
more strongly suppressed atT50. Moreover in thed50.11
material even the FC magnetization exhibits a local ma
mum ~as do theH515 kOe curves in Fig. 4!. This would be
consistent with the Mn~III !-O-Mn~IV ! clusters having their
net spin aligned with the overall AF polarization axis. In a
external field, the preferred alignment of these clusters wo
be along the external field direction. Thus the clusters wo
hinder the field-induced transverse reorientation of the
domains thereby increasing the low-T down turn in magne-
tization, due to incomplete transverse polarization. The s
pression of the small spontaneous canting~at H50) in the
O-deficient materials probably also occurs. Moreover,
breaks in the slope of the FC magnetization of thed50.11

FIG. 5. Zero field and field cooled magnetization as a funct
of temperature for CaMnO32d .
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material may indicate actual reorientation phase transitio
Magnetoresistance.The magnetoresistance is defined

MR5(rH2r)/r0 , whererH andr are the resistivities atH
and zero applied magnetic field. Figure 6 shows the MR a
function of temperature for the CaMnO32d materials. A
negative MR effect is observed below theTN . However, MR
of CaMnO3 is negligible. The concentration of Mn~III ! in-
creases with decreasing oxygen content and with it the p
sibility of local double exchange. The MR is, however, n
related to that seen at the paramagnetic-ferromagne
semiconductor-metal transition in double exchange mat
als, where the MR is sharply peaked aroundTc . The MR
here is more analogous to GMR materials where the
grows with the AF order parameter belowTN .26 In the GMR

FIG. 6. MR as a function of temperature for CaMnO32d .
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materials the field flips selected spin layers. In the
CaMnO32d materials AF domain reorientation appears to
important belowTN . The O vacancies appear to substa
tially modify these domain effects. The MR could therefo
be related to AF domain scattering effects~somewhat remi-
niscent of GMR materials!. Further work is clearly required
to establish the exact mechanism of MR in CaMnO32d .

CONCLUSIONS

Titration and Mn-K XAS indicate the reduction o
Mn~IV ! to Mn~III ! with increasingd in the CaMnO32d sys-
tem by the creation of two five coordinate Mn~III ! sites per O
vacancy. The resistivity of the electron doped CaMnO32d
decreases asd increases but remains semiconducting in
range 20–300 K. The superexchange interactions that lea
G-type antiferromagnetic ordering in thed50, Mn~IV ! ma-
terial still dominate in the O-defect materials, however,
AF-domain canting appears hindered. Evidence of FM in
cluster Mn~IV !-O-Mn~IV ! interactions are found in the Curi
constant enhancement with increasingd. A large;40% MR
is demonstrated in CaMnO2.89.
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