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Removal of oxygen ions by thermogravimetric methods in CaMnO32d (0<d<0.34) produces electron
doping of the material and Mn41 ions are reduced to a trivalent state. Electrical resistivity measurements in
samples with controlled oxygen content show a strong increase of the conductivity for samples with
(32d)52.75 and 2.84. The paramagnetic susceptibility at high temperatures can be described by a Curie-
Weiss law with unusually large values for the Curie constant, which is also dependent on the oxygen stoichi-
ometry. These results are interpreted in terms of ferromagnetic Mn31-Mn41 spin clusters formed around the
oxygen vacancies. An extension of the Anderson-Hasegawa Hamiltonian for the double-exchange interaction
was made in order to understand the electric and magnetic behavior of these materials.
@S0163-1829~96!01221-0#

I. INTRODUCTION

Current interest inABO3 oxides with perovskite-type
structure stems from the great variety of physical properties
found in these substances. Recently, giant magnetoresistance
has been observed in hole-doped LaMnO3. The doping was
performed through~i! the substitution of La31 by divalent
cations Ca, Sr, or Ba~Ref. 1! and ~ii ! internal doping with
cation vacancies.2 In both cases Mn ions are found in
two valence states: Mn41 ions are created from Mn31 in
LaMnO3. A Zener double-exchange interaction has been
proposed as the cause of the strong ferromagnetic interac-
tions between Mn ions and of the metallic behavior found in
these substances.1,2

In the case of the CaMnO3 perovskite, where all the Mn
ions are four valent and occupy sites with octahedral oxygen
coordination, the introduction of oxygen vacancies also leads
to a mixed valency family of compounds: CaMnO32d . The
removal of an oxygen ion produces a reduction process
where two neighboring Mn ions are converted to Mn31.
Whend 5 0.5 all the Mn ions are trivalent and occupy sites
with square pyramidal oxygen coordination.3 CaMnO32d

belongs to the more generalABO32d group, a particularly
complex and phenomenologically rich group of nonstoichio-
metric compounds derived from the perovskite structure.4

The physical properties of these compounds depend on the
nature of theA andB cations and on the particular ordering
of the oxygen vacancies that affects the oxygen coordination
of the cations.4 In the case of CaMnO32d , Reller et al.

5

have reported an electron-diffraction study of the perovskite
superstructures and proposed the most likely vacancy struc-
tures compatible with the experimental data. Electrical resi-
tivity measurements by Taguchi6 for d 5 0, 0.08, and 0.15
show an increase of the conductivity asd increases. This
observation may be associated with the mobility of the elec-
trons left free in the reduction of the material. Early neutron-
diffraction experiments7 performed in CaMnO3 show anti-
ferromagnetic~AF! ordering atTN5110–130 K. Magnetic
susceptibilities were reported for the extreme compounds

(d 5 0 and 0.5! of the series. For CaMnO3 a weak ferro-
magnetic component is present atT<130 K,8 while in
CaMnO2.5 the results were interpreted in terms of antiferro-
magnetic ordering atTN5350 K.3 It is interesting then to
study simultaneously the magnetic and electric properties
of this system in order to analyze to what extent the con-
ductivity increase may be related to double-exchange inter-
actions. With this purpose we have prepared samples of
CaMnO32d , with carefully controlled oxygen content, for
0<d< 0.34. We present measurements of electrical resistiv-
ity extending the O-vacancy range studied in Ref. 6 to in-
clude samples richer in Mn31. We have also measured the
magnetic susceptibility on the same samples covering a wide
range ofd and temperatures not studied before.

II. EXPERIMENTAL PROCEDURES AND RESULTS

CaMnO3 was prepared by the nitrate method. Metallic
Mn and CaCO3 were disolved in nitric acid and heated in air
up to 800 °C. The synthetizing process was completed at
1400 °C for both powder and pressed pellets. The material
obtained was slowly cooled to 600 °C and then quenched to
room temperature. The reduction in H2 at low temperatures
(' 300 °C! of sintered samples as indicated in Ref. 3 pre-
sented microcracks that made difficult the resistivity
measurements. An alternative thermogravimetric method
was then used. The samples were treated, in all the cases, at
1000 °C in a Cahn electrobalance with controlled Ar/O2 at-
mospheres at different oxygen partial pressuresPO2

.
Under these conditions, equilibrium was reached at com-
positions CaMnO2.84 and CaMnO2.66 for PO2

51022 atm

and 1024 atm, respectively. CaMnO2.75 was obtained with
PO2

51023 atm by quenching the sample when the desired
composition was reached. It should be noted that full equi-
librium was not achieved in this case. The oxygen content of
the oxidized compound was established by hydrogen reduc-
tion as explained in Ref. 3 estimating in 0.5% the composi-
tion error in the whole series.

The samples were characterized by x-ray powder diffrac-
tion. The spectrum for CaMnO3 was virtually free from im-
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purities phases and is coincident with that reported for single
crystals in Ref. 3. It corresponds to a pseudotetragonal struc-
ture with lattice parametersa'b'A2ac , c'2ac , where
ac'3.724 Å is the ideal size of the undistorted perovskite
cell. The spectra for the reduced samples with~3
2d)52.84 and 2.75 indicate the presence of crystallographic
phases with larger distortions of the original perovskite
structure, as found in previous work~Refs. 5,9!. For ~3
2d)52.66, a new phase was observed whose x-ray pattern
shows major differences with those of the less reduced
samples.

The electrical resistivity was measured by a standard four
probe method in the temperature range 20–300 K. Magneti-
zation was measured with a Faraday balance magnetometer
in the range 300–1000 K and with a superconducting quan-
tum interference device~SQUID! magnetometer between 5
K and 300 K.

In Fig. 1 we show the temperature dependence of the
electric resisitivity,r vs T, for the CaMnO32d series. In all
casesr(T) increases as the temperature diminishes, while at
any fixed temperature we have found an important increase
of the conductivity with the O-vacancy doping. A minimum
of r(T) was reached for an oxygen content between 2.75 and
2.84. The temperature dependence of logr(T) is not well rep-
resented by aT21 law even at high temperatures. At low
temperatures (T,30 K! aT21/4 law seems to describe better
the experimental results, as shown in Fig. 1, in agreement
with the behavior found in Ref. 6.

Around and above room temperature~300 K<T<600 K!
the magnetic susceptibility for all samples measured follows
a Curie-Weiss law,x5C/(T1Q) ~see Fig. 2!. The Curie
constantC(d), obtained in the 300–600 K range, depends on
the oxygen content and increases withd as shown in Fig. 3.
We have determined a large antiferromagnetic value for the

Curie-Weiss temperature (Q'500 K! for all samples. Above
T'600 K the magnetic susceptibility deviates from a Curie
Weiss law and hysteretic behavior is observed in thex(T) vs
T curves. Simultaneous measurements~in the Faraday

FIG. 3. Curie constant vs oxygen content~32d). The open
circle is an estimation from Ref.@3#. The dashed line~a! shows
calculated Curie constant for mixtures of weakly interacting
Mn31 and Mn41 ions. The solid lines correspond to ferromagnetic
clusters where one Mn31 is strongly coupled to one~b!, two ~c!,
and threee~d! Mn41 ions.

FIG. 1. Electrical resistivity vsT for ~n! CaMnO3 , ~s!
CaMnO2.84, ~,! CaMnO2.75, and~L! CaMnO2.66. Inset: log~r! vs
T for CaMnO2.66 ~L! and CaMnO2.75 ~,!. Solid lines represent
T21, T21/2, andT21/4 dependence for log~r!.

FIG. 2. x21 vs T for CaMnO32d series. In the inset, the irre-
versible behavior reflects thein situ reoxidation of CaMnO2.84
aboveT'600 K.
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balance! of the changes in the sample mass indicate
that a reoxidation process takes place at these temperatures
even for very low values ofPO2

~see Fig. 2!. A sample of

CaMnO2.84 reached a final composition CaMnO3.00, after
warming up to 1000 K. Oxidized samples retained their oxy-
gen content when cooled to room temperatures. Thisin situ
heat treatment of the CaMnO2.84 sample allowed the deter-
mination ofC(d) for 2.84<~32d) <3.00.

At low temperatures a weak ferromagnetic component
mWF in the magnetization was detected in all the studied
samples forT<125 K. The high-field susceptibility presents
a rounded maximum, which would indicate AF ordening, at
temperatures ranging from 110 K for CaMnO3 to 240 K for
CaMnO2.66. The saturation value ofmWF'0.04mb for
d50 agrees with Ref. 8. Ford.0 we obtained decreasing
values ofmWF, beingmWF'0.01mB for 32d52.84. For
32d52.75 and 2.66 a saturation value is not reached at
T.5 K as is shown in Fig. 2. In summary we have not found
any relation between this low temperature weak ferromag-
netic behavior and the electrical conductivity on the same
samples. Therefore the observed weak ferromagnetic behav-
ior does not seem to be connected to the double-exchange
mechanism in any way.

III. DISCUSSION

To understand the effect of oxygen vacancies in these
materials we study first a simple extension of the model for
double exchange proposed by Anderson and Hasegawa,10

where the diagonal energies (e i) at the two Mn sites are
different according to the oxygen environment. We assume
that the energye2 for the regular octahedral coordination is
larger thane1 , which corresponds to the square pyramidal
coordination~one oxygen vacancy in the octahedron!.

The corresponding Hamiltonian is

H5(
i ,s

e inis2t(
s

~c1s
† c2s1H.c.!2J(

i
SW isW i

1U(
i
ni↑ni↓ ,

wheret is the hopping energy,J is the intraatomic exchange
energy ~we takeJ.0 and J@t) , andU is the Coulomb
repulsion.cis annihilates an electron of spins at sitei and
nis5cis

† cis . SW i andsW i are the ionic and itinerant spin op-
erators, respectively.S53/2 corresponds to Mn41 ions in
high-spin configuration.

We further assumeU→` to inhibit the possibility of
forming Mn21ions when electrons are added to the system.
For a pair of Mn ions the zero-particle states correspond to
noninteracting Mn41 ions and the two-particle states corre-
spond to noninteracting Mn31 ions. The one-particle states
correspond to mixed valency states where the double-
exchange mechanism operates. As a consequence, the
ground state depends on the local spin configuration. If the
local spins are parallel to each other, the added electron spin
is also parallel to them~total spin 2S11/2! and the probabil-
ity to find it in any of the sites is finite. If the local spins are
antiparallel, the added electron remains more localized in the
lower-energy site with its spin parallel to the local spin~total

spin 1/2!. The energy difference between the antiparallel and
parallel configurations, neglecting terms in (t/J)2, is given
by D5A(e12e2)

2/41t22A(e12e2)
2/41(t/4)2. This en-

ergy difference, as in the case of the Anderson-Hasegawa
Hamiltonian, favors the alignment of the spins of neghboring
atoms and at the same time favors hopping of the added
electron between them. One should notice, however, that
D→0 when (e12e2)/t→` making the double-exchange
mechanism ineffective when the energy difference between
sites is large.

Having this picture in mind, we can imagine first, ignor-
ing t, that the two nearest-neighbor Mn sites to an oxygen
vacancy will be occupied by the two electrons that the re-
moved oxygen ion leaves behind. In the absence of hopping,
this configuration is expected to be stable since the pyrami-
dal oxygen coordination presents lower diagonal energy.
Turning on the hopping term, the double-exchange mecha-
nism will act to connect them with their nearest-neighbor
Mn41 ions through oxygen bridges. Due to the ferromag-
netic effective interaction, two high-spin clusters will be
formed, where the extra electrons move relatively free.

We propose that these spin clusters are the origin of the
high values of the Curie constants found in the oxygen de-
fective samples. For isolated clusters the maximum effective
spin value is 6S11/2. We compare in Fig. 3 the expected
Curie constant for CaMnO32d samples, assuming~a! para-
magnetic and weakly interacting Mn31 and Mn41 ions and
~b! Mn31-Mn41 ions coupled in clusters of two, three, and
four sites, with total spin of 7/2, 5, and 13/2, respectively.
Notice that the experimental data are better described in
terms of clusters than as a weakly interacting mixtures of
Mn31 and Mn41 ions. When the vacancy concentration in-
creases, and consequently the density of clusters, the electri-
cal resistance of the whole samples is expected to be lowered
due to hopping of the electrons between clusters. The tem-
perature dependence of the resistance of thed51/6 and 1/4
suggests that this hopping is thermally activated.

We can go further in this direction: According to Reller
et. al.,5 the oxygen vacancies in CaMnO32d form well-
ordered structures ford.1/6,1/4,1/3 with rows of vacancies
along thec axis, as shown in Fig. 4 for the compound
CaMnO2.84. The ordering of vacancies leads in a natural

FIG. 4. Oxygen vacancies ordering in theab plane for
CaMnO2.84 as proposed in Ref. 5. The lines indicate possible paths
for electron propagation.
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way to the crystallographic ordering of Mn31 and Mn41

ions. Inspection of Fig. 4 shows that the Mn31 and Mn41

ions form one-dimensional paths for electron propagation in
the ab plane. Similar chains of alternating Mn31 and
Mn41 ions can also be identified for~32d)52.75 and 2.66.
However, the density of Mn31-Mn41 chains, and thus the
expected conductivity, is maximum for the CaMnO2.84struc-
ture. The conductivity goes to zero ford 5 0 and 0.50. In
order to explore the validity and consequences of these ideas
it is necessary to grow single crystals with precise content of
vacancies.

The effect of substitution of Ca ions by La, forming
La12xCaxMnO3, can also be understood on the basis of this
picture.11 One can expect that the Mn ion nearest neighbors

of La ions will have different diagonal energies than the rest.
However, each La ion will have eight Mn nearest neighbors
instead of two as is the case of oxygen vacancies, and then
the energies differences will be smaller. These two factors
favor the propagation of the added electrons and can lead to
the metallization of the disordered alloys.
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