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The doping of CaMnO32d at Mn sites with pentavalent and
hexavalent d0 elements 0 Nb, Ta, W, Mo 0 modi5es the
resistivity behavior of this phase, extending the insulating do-
main and increasing signi5cantly the resistivity at low temper-
ature as the doping element content increases. The higher valency
of the doping element introduces electrons; i.e., Mn31 species are
formed in the Mn41 matrix. Double exchange phenomena then
allow ferromagnetic interactions, by application of external
magnetic 5elds which are similar to those observed for electron-
doped manganites Ca12xLnxMnO3 (x40.15), but with smaller
magnetic moments. Consequently, this Mn site doping induces
CMR properties with resistivity ratios considerably larger than
those for CaMnO32d . ( 2000 Academic Press

Key Words: magnetoresistance; manganites; metal+insulator
transitions.

The numerous studies of manganites with the perovskite
structure performed over these past years have shown the
extraordinary richness of the transport properties of these
materials. Considering the general formula of these oxides,
Ln

1~x
A

x
MnO

3
, two kinds of behavior can be distinguished.

The hole-doped manganites exhibit colossal magnetoresis-
tance (CMR) for a rather wide composition range around
x:0.3 and require a large A-site cation (see, for instance,
Refs. (1}10). The electron doped manganites show CMR
properties in a narrow range of composition (x:0.15) and
only for rather small A cations (11}12).

The recent investigations of the substitutions at the Mn
sites of these compounds have shown a great potentiality of
the doping for inducing magnetotransport properties. For
instance, a metal}insulator transition and CMR e!ects
could be induced in the charge-ordered manganites
Ln

0.5~x
Ca

0.5`x
MnO

3
by doping the Mn site with chro-

mium, cobalt, or nickel, which strongly damage the charge-
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ordering process (13}16). Recently, Kimura et al. (17) have
detected the Cr-doped submicrometer induced ferromagnetic
(FM) phase which appears in the insulating charge-ordered
matrix of these manganites, showing complex hysteretic
phenomena that they compare to those of relaxor ferroelec-
trics. The G-type antiferromagnet CaMnO

3
is itself of great

interest, since removal of oxygen in this phase produces
electron doping so that a strong increase of the conductivity
is observed in the so-formed oxygen-de"cient perovskite
CaMnO

3~d (18). Recently, Zeng et al. (19) produced a mag-
netoresistance of about 40% in CaMnO

2.89
that they at-

tribute to antiferromagnetic (AF) domain scattering e!ects.
Thus, we believe that the doping at the Mn site of

CaMnO
3

should be a powerful technique not only to over-
turn but also to control the magnetotransport properties of
this manganite, although its magnetoresistance (MR) mag-
nitude is small. Our present investigation is based on the
idea that a partial substitution of a pentavalent or a hexa-
valent element for Mn(IV) in this oxide should induce elec-
tron doping, i.e., Mn3` species, in the Mn4` matrix and
consequently double-exchange (DE) phenomena (20) as pre-
viously shown for Ca

1~x
Ln

x
MnO

3
(15, 21). In this com-

munication, we show that the electron-doped manganites
CaMn

1~x
M

x
O

3~d with M"Nb, Ta, W, Mo, exhibit
a quasi-semimetallic behavior over a wide composition
range down to 30 K and signi"cant ferromagnetic interac-
tions. We demonstrate the existence of a CMR e!ect at low
temperature, in the range 4}50 K, with a resistivity ratio
o
0
/o

7T
of more than one order of magnitude at 20 K.

The CaMn
1~x

M
x
O

3~d samples, with M"Nb, Ta, W,
Mo, were synthesized in air in the form of parallelepipedic
bars sintered at temperatures up to 15003C according to the
method previously described for Ca

1~x
Sm

x
MnO

3
(11). The

electron di!raction analysis performed on numerous crys-
tallites of the x"0.06 Nb-sample indicates the Pnma sym-

metry &&a
P
J2, 2a

P
, a

P
J2;'' the regular contrast observed by

high, resolution electron microscopy attests to the absence
of Nb segregation. The EDS analysis con"rms the nominal
cationic composition.
3
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FIG. 1. Evolution of the resistivity (o) versus temperatue (¹) for
CaMn

1~x
Nb

x
O

3
in the absence of magnetic "eld (the x values are labeled

in the graph). The o (¹ ) curves for stoichiometric CaMnO
3

and oxygen-
de"cient CaMnO

2.95
are labeled &&x"0'' and &&x"0, d"0.05'', respect-

ively.
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The o (¹) curves of the niobium-doped manganites
CaMn

1~x
Nb

x
O

3~d in the earth's magnetic "eld are shown
in Fig. 1. For all these compounds, two domains can be
distinguished according to temperature: at high temper-
ature (¹'150 K, HT) the behavior of these oxides is close
to that of semimetals, whereas at low temperature (typically
¹(150 K, LT) the resistivity increases as ¹ decreases,
indicating semiconducting behavior. The resistivity of these
Nb-doped samples in the semimetallic region is approxim-
ately two orders of magnitude smaller than that of
stoichiometic CaMnO

3
(x"0). More important is the com-

parison with the oxygen-de"cient manganite CaMnO
3~d

(d+0.05), for which magnetoresistance e!ects have been
reported (19). We observe that doping with niobium does
not signi"cantly a!ect the HT semimetallic region, the resis-
tivity decreasing slightly for x"0.02 as ¹ decreases. How-
ever, as the niobium content is further increased (x'0.02)
do/d¹ changes sign and concomitantly the resistivity at
room temperature increases from 4]10~3 to
2]10~2 ) ) cm. This clearly shows that carrier scattering
increases as Nb is substituted for Mn. More importantly,
the resistivity in the LT region is considerably increased by
Nb doping. For example at 50 K, the resistivity increases
from 10~1 ) ) cm for x"0 to 30 ) ) cm for x"0.12, and the
transition temperature ¹

5
(de"ned by the tangent to the HT

and LT parts of the o (¹ ) curve in Fig. 2a) increases regular-
ly with the niobium content. This is illustrated in Figs. 1 and
2, where it can be seen that the ¹

5
close to 70 K for x"0.02

(Fig. 2a) is increased to 100 K for x"0.06 (Fig. 2b) and to
135 K for x"0.12 (inset of Fig. 2c). Thus the LT insulating
domain is extended as the Nb content increases.
The application of a magnetic "eld of 7 T shows that
niobium doping induces a large negative magnetoresistance
e!ect at low temperature (Fig. 2), in contrast to stoichiomet-
ric CaMnO

3
for which no MR is observed (19). The evolu-

tion of the resistivity ratio, o
0
/o

7T
, shows that the CMR

appears below 70 K when x"0.02. In fact the temperature
domain for the CMR e!ect is expanded as the niobium
content increases, from 70 K for x"0.02 to 130 K for
x"0.10. Beyond x"0.10, the negative magnetoresistance
disappears as shown for x"0.12 (inset of Fig. 2c).

Clearly, in the region 0(x(0.10, the extent of the CMR
domain increases with niobium content, following that of
the insulating domain. The values of the resistance ratio at
25 K are very high and increase dramatically as the niobium
content increases from 2.6 for x"0.02 to 21.4 for x"0.10
(Table 1). The o

0
/o

7T
then decreases as ¹ increases, as

shown for the values at 50 K ranging from 1.3 to 3.4 (Table
1). Note that the resistance ratio at 25 K can reach values
one order of magnitude larger than that obtained for the
oxygen-de"cient perovskite CaMnO

3~d (Fig. 2d or Ref.
(19)).

The magnetization curves M(¹) show that ferromagnetic
(FM) interactions are induced by the substitution within the
antiferromagnetic (AFM) matrix of CaMnO

3
. This is illus-

trated for the x"0.06 sample (Fig. 3), whose M(¹) curve
registered under 1.45 T shows a maximal magnetization of
0.18 k

B
at 60 K. The magnetization maximum increases

with Nb content from x"0.02, reaches a maximum value
for x"0.06, and then decreases again as x increases, as
shown for x"0.08 and x"0.10. Thus, the Nb substitution
induces FM interactions in the AFM matrix in a manner
similar to that in the electron-doped manganites
Ca

1~x
Ln

x
MnO

3
for x+0.1 (11, 12). Nevertheless, the value

of the magnetic moment is much smaller than that observed
for the latter. These small values of the magnetic moment
are con"rmed by the M(H) curve, recorded at 5 K for
CaMn

0.94
Nb

0.06
O

3
(inset of Fig. 3), where a value of 0.33 k

B
is reached in 5 T without saturation. These magnetic mo-
ments, smaller than those for Ca

1~x
Ln

x
MnO

3
(11, 12) and

small compared to the theoretical moment (&3.1 k
B
), indi-

cate that the FM interactions remain weak in these doped
manganites. This is consistent with the d0 electronic con"g-
uration of Nb5` which limits the double exchange (DE)
pathways on the Mn sublattice.

These results support our idea that the introduction of
a cation with a valency higher than (IV) on the manganese
sites of CaMnO

3
induces the formation of Mn3` species in

the Mn4` matrix according to the ideal formula
CaMnIV

1~2x
MnIII

x
NbV

x
O

3
. Moreover, the formation of Mn3`

can be reinforced by the existence of oxygen de"ciency, as
previously observed for CaMnO

3~d . This is indeed con-
"rmed by the chemical analysis of the x"0.06 sample,
using the Mohr salt titration method, which shows a d value
of 0.05, leading to the formula CaMnIV

0.78
MnIII

0.16



FIG. 2. Resistivity curves (left y-axis) of CaMn
1~x

Nb
x
O

3
under 0 T and 7 T and resistivity ratio o

0
/o

7T
(right y-axis) versus temperature: (a) x"0.02,

(b) x"0.06, (c) x"0.10 and in the inset x"0.12, (d) CaMnO
2.95

. Figure 2a shows the tangents to the o(¹ ) curve which determine ¹
t
.
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NbV
0.06

O
2.95

. Thus the DE between Mn3` and Mn4` spe-
cies explains the existence of ferromagnetic #uctuations,
which are at the origin of the CMR e!ect at low temper-
ature. In fact, Nb(V) displays two opposing e!ects. Due to
its higher valency, Nb favors electronic delocalization by
doping the system with electrons and induces DE ferromag-
netic interactions between the so-formed Mn3` and Mn4`

species. But, due to its d0 electronic con"guration Nb also
tends to prevent long-range FM ordering and, thus, to limit
electron propagation, at least at low temperature.

Such an interpretation of the role of niobium in the
creation of the CMR properties of Nb-doped CaMnO

3
suggests that the doping of CaMnO

3
with any element

having a valency higher than four should induce a similar
CMR e!ect. The investigation of the manganites
CaMn

1~x
M

x
O

3
, with M"Ta, W, and Mo, con"rms this

viewpoint. The o (¹ ) curves of the tantalum-doped manga-
nites for x"0.06 and x"0.10 (Fig. 4) show CMR proper-
ties comparable to those observed for niobium. In fact the
o
0
/o

7T
values for di!erent x values (Table 1) show that the

Ta-doped compounds exhibit a behavior very similar to
that of the Nb-doped ones, the highest o

0
/o

7T
value at 25 K

of 18.3 being reached for x"0.10. This great similarity
between Ta and Nb is in agreement with their pentavalent
character, leading to the introduction of one electron per
Ta(V) in the Mn4` matrix, according to the ideal formula
CaMnIV

1~2x
MnIII

x
TaV

x
O

3
. The corresponding M(¹) curves of

the Ta-doped phases (inset of Fig. 4) are also close to
those of the Nb-samples (Fig. 3), with an identical max-
imum magnetic moment of 0.18 k

B
for x"0.06 and a

slightly larger moment of 0.10 k
B
for x"0.10. The tungsten-

and molybdenum-doped manganites also exhibit similar
CMR properties at low temperature, as shown for instance
by the o (¹ ) curves of the x"0.05 sample of the W-doped
phase (Fig. 5), for which a resistivity ratio of 13 at 25 K
is observed. A similar behavior is encountered for the



TABLE 1
Resistivity Ratio q0/q7T for CaMn12x MxO3

o
0
/o

7T
at 25 K o

0
/o

7T
at 50 K

x Nb Ta W Mo Nb Ta W Mo

0.01 * * 2.0 * * * 1.3 *

0.02 2.6 3.1 4.1 4.5 1.3 1.4 1.8 2.0
0.03 * * 5.0 4.8 * * 2.3 2.3
0.04 5.2 5.4 4.9 3.7 1.9 2 2.6 2.3
0.05 * * 13 2.4 * * 6.6 2.8
0.06 7 7 4.8 15.02 2.6 2.4 1.8 3.9
0.08 10.5 9.4 no no 3.5 2.9 no no
0.10 21.4 18.3 no no 3.4 3.2 no no

FIG. 4. The resistivity curves o(¹ ), under 0 and 7 T, for CaMn
1~x

Ta
x

O
3
with x"0.06 and 0.10. Inset: Corresponding M(¹) curves under 1.45 T.
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molybdenum-doped compounds, as shown in Fig. 6. How-
ever, it is remarkable that the maximum o

0
/o

7T
values of the

W- and Mo-, doped compounds are observed for lower
x values (Table 1), i.e., for x"0.05}0.06, than those ob-
served for the Nb-, and Ta-doped samples (x:0.10). This
di!erence can be explained by the fact that W and Mo, due
to their hexavalent character, introduce twice as many elec-
trons per atom than Ta or Nb, according to the ideal
formula CaMnIV

1~3x
MnIII

2x
WVI

x
O

3
. The M(¹ ) curve of the

x"0.05 tungsten-doped sample (inset of Fig. 5) con"rms
the existence of ferromagnetic interactions with a magnetic
moment of 0.35 k

B
, at 5 K and in 1.45 T, signi"cantly higher

than the maximum values observed for Nb- or Ta- doped
samples. This di!erence between the &&W, Mo'' doped phases
and the &&Ta, Nb'' doped oxides suggests that the electron
concentration introduced by doping plays a crucial role in
the magnetotransport properties of this material. As a con-
FIG. 3. The M(¹) curves registered in 1.45 T, after zero "eld cooling,
for CaMn

1~x
Nb

x
O

3
(x values are labeled in the graph). Inset: Field

dependence of the magnetization at 5 K for CaMn
0.94

Nb
006

O
3
.

sequence, a smaller content of hexavalent than pentavalent
dopants is required to create the same electron concentra-
tion. The DE FM establishment is thus less a!ected by the
former, explaining their higher magnetization values and
their more conductive character at HT (positive do/d¹
above 225 K in Fig. 5).

Finally, the fact that the valency of the doping element
is prominent for inducing CMR in CaMnO

3
is also sup-

ported by the study of the titanium-doped manganite
CaMn

1~x
Ti

x
O

3
. It is indeed remarkable that doping

CaMnO
3

with titanium does not induce any magnetoresis-
tance, whatever the x. This result is in perfect agreement
with our statement, that Ti, owing to its tetravalent charac-
ter, does not induce any electron concentration, i.e. does not
FIG. 5. The o (¹ ) curves, under 0 and 7 T (left y-axis), and the o
0
/o

7T
(¹ ) curve (right y-axis) for CaMn

0.95
W

0.05
O

3
. Inset: The corresponding

M(¹ ) curve registered under 1.45 T.



FIG. 6. The o(¹ ) curves, under 0 and 7 T (left y-axis), and the
o
0
/o

7T
(¹ ) curve (right y-axis) for CaMn

0.95
W

0.06
O

3
. Inset: M(¹ ) curves

registered for the CaMn
1~x

Mo
x
O

3
series (1.45 T).
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generate Mn3` species according to the ideal formula
CaMnIV

1~x
TiIV

x
O

3
. Consequently, no FM interactions are

created to induce CMR.
In conclusion, we have shown that it is possible to induce

CMR properties at low temperatures in CaMnO
3

by dop-
ing the Mn4` matrix with transition elements of higher
valency, i.e., pentavalent (niobium, tantalum) or hexavalent
(tungsten, molybdenum) elements. This behavior is under-
stood on the basis that such valences of the doping element
induce electron doping, i.e., formation of Mn3`, so that
weak ferromagnetism, and thus CMR, result from double-
exchange between the Mn3` and Mn4` species, as in the
electron-doped materials Ca

1~x
Ln

x
MnO

3
(11, 12). Never-

theless the major di!erence comes form the fact that the
B-site substitutions a!ect the MnO lattice; the presence of
the d0 cations strongly limits the extent of ferromagnetic
interactions, so that weaker magnetization values, together
with higher low-temperature resistivities, are obtained. Fi-
nally, it should be emphasized that the CMR induced by
B-site substitutions in these Mn4`-rich manganites is total-
ly di!erent in nature from the observations in the previous
reports on the Cr-doped charge-ordered manganites. In the
latter, the CMR was induced by hindering the charge-
ordering process, whereas in the former the heterovalent
substitutions represent a novel way to modify the manga-
nese valency. In this respect, starting from CaMnO

3
, it
should be possible to induce charge-ordered structures if
a su$cient density of electrons is created by the substitu-
tion.
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