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The structural, magnetic, and transport properties of the electron-doped perovskites cobalt oxides
La1−xTexCoO3 �0�x�0.25� have been investigated. For the structural properties, the room

temperature structural transition from rhombohedra �R3̄C� to orthorhombic �Pbnm� symmetry is
found in these samples with x�0.10 by the Rietveld refinement of x-ray powder diffraction
patterns, which is ascribed to the smaller ionic radius of Te. As for the magnetic properties, firstly
the spin state transition of Co3+ ions is observed in all samples, and the transition temperature shifts
up to higher temperature with Te doping, which is ascribed to the smaller ionic radius and the strong
acidity of Te. Secondly, it is interesting that there exists paramagnetic to ferromagnetic phase
transition in the Te-doped samples. It is suggested that such a phase transition results from the
introduction of Co2+ ions and the appearance of double exchange interaction between Co2+ and Co3+

due to Te doping. Moreover, Curie temperature TC increases with the increase of the Te doping level
x �for x�0.10�, and then decreases with the further increase of x. About the transport properties, the
temperature dependence of the resistivity � shows that all samples display semiconducting behavior
in the whole measured temperature region. And it can be seen that the resistivity first decreases with
increasing Te doping level from x=0 to 0.10, then increases as x�0.15. Such variations of TC and
� with x are suggested to be related to the structure transition. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2827494�

INTRODUCTION

Cobalt oxides with perovskite structure have been exten-
sively studied during the second half of the 20th century as a
rich family of compounds.1–4 In these materials, since the
Hund’s coupling constant JH and the crystal-field splitting
energy 10Dq of Co3+ ions are comparable with each other,
various spin states such as low-spin �LS� state �t2g

6 eg
0, S=0�,

intermediate-spin �IS� state �t2g
5 eg

1, S=1�, and high-spin �HS�
state �t2g

4 eg
2, S=2� are all possible depending on the subtle

balance between material parameters JH and 10Dq as well as
the crystal structure and temperature. One representative ex-
ample is the compound LaCoO3, which exhibits two spin
state transitions as the temperature increases. The first tran-
sition is from low temperature LS to IS state near 100 K
characterized by a steep jump of magnetization at the
transition,5–9 and the second one is from IS to HS state lead-
ing to an insulator-metal �I-M� transition around 500 K.5,10

The hole-doped cobalt oxides, that divalent ion such as
Sr is doped in parent compound LaCoO3, have been studied
extensively.11–13 These obtained results indicate that an I-M
transition, accompanied by a change in magnetic properties,
occurs for a certain doping concentration. It is usually be-
lieved that replacing La3+ by Sr2+ formally creates Co4+ ions
and that the double exchange �DE� between Co4+ and the
remaining Co3+ leads to a ferromagnetic �FM� coupling.
Yamaguchi et al. claimed that Sr doping stabilizes the IS
state, resulting in a rapid fade out of the magnetization jump

around 100 K.5 As we know, depending on the type of dop-
ing, cobalt ions take three different valence states Co2+,
Co3+, and Co4+. In a divalent ion-doped cobalt system, the
cobalt ions exist in trivalent and tetravalent states. However,
if trivalent rare-earth ions are partially replaced by some tet-
ravalent ions such as tellurium �Te�, the corresponding
amount of Co3+ ions will be converted into Co2+ ones and
formed electron-doped cobalt oxides. Thereby, one question
arises whether there exists DE FM interaction between Co3+

and Co2+ ions during the substitution of tetravalent ions for
trivalent rare-earth ions.

Therefore, we investigate the structural, magnetic, and
transport properties of the electron-doped cobalt oxides
La1−xTexCoO3 in which the trivalent ions La are replaced by
the tetravalent ions Te in this paper. A structural transition

from rhombohedral �R3̄C� to orthorhombic �Pbnm� symme-
try with Te doping level x�0.10 is found from the x-ray
diffraction �XRD� data. The paramagnetic �PM�-FM transi-
tion resulting from DE interaction between Co2+–O–Co3+

and the spin state transition of Co3+ ions are both observed.
In addition, the difference between the hole-doped and
electron-doped cobaltites is also discussed.

EXPERIMENT

A series of ceramic samples of La1−xTexCoO3 �0�x
�0.25� were synthesized by a conventional solid-state reac-
tion method in air. The powders mixed in stoichiometric
compositions of high-purity La2O3, TeO2, and Co2O3 were
ground and fired in air at 700 °C for 24 h. The obtaineda�Electronic mail: ghzheng@issp.ac.cn.
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powders were ground, pelletized, and sintered at 1050 °C for
24 h with three intermediate grindings, and finally, the fur-
nace was cooled down to the room temperature. The struc-
ture and lattice constant were determined by powder XRD
using Cu K� radiation at the room temperature. The resis-
tance using the standard four-probe method was measured in
a commercial physical property measurement system
�PPMS, 1.9 K�T�400 K, 0 T�H�9 T� from 100 to
390 K. The magnetic measurements were carried out with a
Quantum Design superconducting quantum interference de-
vice �SQUID� MPMS system �1.9 K�T�400 K, 0 T�H
�5 T�.

RESULTS AND DISCUSSION

The XRD spectrum at the room temperature shows that
all samples are single phase with no detectable secondary
phases. XRD patterns of these samples with x=0, 0.05, and
0.10 can be indexed by a rhombohedral lattice with the space

group R3̄C; however, XRD patterns of these samples with
x=0.15, 0.20, and 0.25 can be indexed by an orthorhombic
lattice with the space group Pbnm. The structural parameters
are refined by the standard Rietveld technique13 and the fit-
ting between the experimental spectra and the calculated val-
ues is every well based on the consideration of low Rp val-
ues, as shown in Table I. In Figs. 1�a� and 1�b�, the
experimental and calculated XRD patterns for these samples
with x=0.10 and 0.15 are presented, respectively. The fitted
structural parameters are listed in Table I. As we can see, for
these samples, La1−xTexCoO3 �0�x�0.25�, the crystal
structure at the room temperature changes from a rhombohe-

dral phase �R3̄C, Z=2, x�0.10� to an orthorhombic phase
�Pbnm, Z=4, x�0.10�.

As we know, Te ion �r=0.97 Å� has smaller ionic radius
compared with La ion �r=1.126 Å�. Te doping at La site
imposes chemical pressure on the Co ions located at the oc-
tahedral center of CoO6, then makes the bend of the Co–
O–Co bond increase, and eventually distorts the crystal
structure of the compound. Therefore, it is believed that the
crystal structure transition is attributed to the smaller ion Te.

Such a crystal symmetry transition from rhomboheral to
orthorhombic has also been observed in perovskite cobalt
oxides LaCoO3, in which La site is partly substituted by
divalent or trivalent ions such as La1−xCaxCoO3,14

La1−xSmxCoO3,15 and La1−xEuxCoO3.16 It is also in accor-
dance with the viewpoint that the orthorhombic structure
with Pbnm symmetry is more stable for ACoO3 with a small
ionic radius A.14–16

Figures 2�a� and 2�b� show the temperature dependence
of magnetization M�T� of La1−xTexCoO3 �0�x�0.25� at
H=0.05 T under zero field cooling �ZFC�. For x=0 sample,

TABLE I. Room temperature structural parameters and the fitting parameters for La1−xTexCoO3 �0�x�0.25� samples.

Parameter x=0 x=0.05 x=0.10 x=0.15 x=0.20 x=0.25

a �Å� 5.5123�1� 5.5030�3� 5.4757�4� 5.3114�5� 5.4219�7� 5.4516�3�
b �Å� 5.5123�1� 5.5030�3� 5.4757�4� 5.3401�1� 5.3389�4� 5.3189�7�
c �Å� 13.2279�2� 13.2450�4� 13.2546�2� 7.5327�7� 7.5448�1� 7.5498�6�
V �Å�3 348.09�2� 347.36�3� 344.17�2� 213.65�2� 218.40�3� 218.92�6�
Co–O1 �Å� ¯ ¯ ¯ 1.935�2� 1.940�2� 1.942�3�
Co–O2 �Å� ¯ ¯ ¯ 2.036�3� 2.061�2� 2.064�2�
Co–O2 �Å� ¯ ¯ ¯ 1.773�1� 1.788�3� 1.788�4�
�Co–O� �Å� 1.969�1� 1.967�2� 1.961�4� 1.914�7� 1.929�7� 1.931�3�
Co–O1–Co �°� ¯ ¯ ¯ 153.37�2� 152.89�2� 152.76�2�
Co–O2–Co �°� ¯ ¯ ¯ 162.60�4� 162.68�4� 162.68�3�
�Co–O–Co� �°� 159.03�2� 159.05�2� 159.17�6� 158.52�3� 158.41�7� 158.37�6�
Z 2 2 2 4 4 4
System Rhombohera

�R3̄C�
Rhombohera

�R3̄C�
Rhombohera

�R3̄C�
Orthorhombic

�Pbnm�
Orthorhombic

�Pbnm�
Orthorhombic

�Pbnm�
RP �%� 8.23 6.21 7.23 5.56 6.65 8.65

FIG. 1. XRD patterns of La1−xTexCoO3 compounds: �a� x=0.10 and �b� x
=0.15. Crosses indicate the experimental data and the calculated data is the
continuous line overlapping them. The lowest curve shows the difference
between experimental and calculated patterns. The vertical bars indicate the
expected reflection positions.
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the M�T� curve exhibits a peak at T=78 K in the low tem-
perature region, which corresponds to the spin state transi-
tion of Co3+ ion from LS to IS.17 Such a peak can be seen
more clearly from the magnified M�T� curve in a small tem-
perature region, as shown in the inset of Fig. 2�a�. With Te
doping, besides the peak in the low temperature region, M is
also observed to increase with the decrease of temperature in
the high temperature region, as shown in the M-T curves of
Figs. 2�a� and 2�b�. The increase of M is related to the
PM-FM transition at Curie temperature TC resulting from
Co2+–O–Co3+ DE interaction. The PM-FM transition as
well as spin state transition will be discussed below in detail.

At first, from M�T� curves for all samples shown in Fig.
2, it can be observed that M increases very rapidly as the
temperature decreases in the region below TST. For Te-free
sample LaCoO3, Senarís-Rodríguez et al. suggested that the
existence of impurity phase Co3O4, which contains HS Co2+

in tetrahedral sites, leads to the increment of the M in the low
temperature region.10 Corrsepondingly, for the present
probed Te-containing compounds, we elucidate that the in-
crease of M with decreasing temperature in the region below
TST is ascribed to the existence of HS Co2+ ions due to Te
doping.

It is generally believed that Co2+ ion always lies in HS
state and that such a state does not vary with the doping
element, doping level, and temperature as discussed about
these compounds, GdBaCo2O5 and Ca3Co4O9.18–20 More-
over, the peak of the M�T� curve of cobaltites in the range of
25–120 K is always believed to originate from LS to IS
transition of Co3+ ions. As discussed above, Co2+ ions are
introduced by Te doping in the La1−xTexCoO3 system. That is
to say, there exist Co2+ and Co3+ ions in La1−xTexCoO3

samples. Therefore, we conclude that, for these probed
samples, the peak in the M�T� curves in the low temperature
region is ascribed to the spin state transition of Co3+ ions. As
mentioned above, a few percentage of Sr doping in LaCoO3

significantly stabilize the HS state of Co3+, resulting in a
rapid disappearance of magnetization peak at �110 K.5 In
other words, a doped hole causes locally the low-to-high-
spin state transition of Co ions, which is interpreted that hole
doping in the low-spin ground state of LaCoO3 leads to the
formation of localized polarons with unusually high-spin
number.5 Therefore, it is reasonable to deduce that a doped
electron is made against the formation of such localized po-
larons with unusually high-spin number, and that it eventu-
ally stabilizes the LS state of Co3+ ions in the electron-doped
samples. This is why we observe the spin state transition in
the electron-doped cobaltites La1−xTexCoO3. the correspond-
ing transition temperature is defined as TST. With increasing
x, TST gradually increases from 78 K for x=0 to 84 K for
x=0.25, as presented in Table II. Obviously, the presence of
Te4+ ions shifts TST up to higher temperature. There exist
two possible ingredients related to the increase of TST.
Firstly, the partial substitution of La3+ by the smaller ionic
radius Te4+ systematically increases the chemical pressure,
which enhances the crystal-field splitting and eventually sta-
bilizes the LS state of Co3+ ions. Therefore, the higher ther-
mal activation energy is needed to overcome the larger en-
ergy gap of spin state transition. As a result, TST moves up to
higher temperature with increasing Te doping level. It is also
evidenced that the spin state transition in RCoO3 systems
with small radius ions such as Lu3+ occurs at higher tempera-
ture above 500 K.21 Secondly, Te atom has strong acidity.
The strong acidity makes Te atom compete strongly with
cobalt to bond with the oxygen atoms. Such a competition

FIG. 2. ��a� and �b�� The temperature dependence of magnetization for
La1−xTexCoO3 �0�x�0.25� measured at H=0.05 T under zero field cool-
ing. The inset of �a� shows M vs T for x=0 in the temperature region from
5 to 120 K. The inset of �b� shows ln M vs T for x=0.10 in the temperature
region from 200 to 360 K.

TABLE II. Magnetic and transport parameters of La1−xTexCoO3 �0�x�0.25� samples.

Parameter x=0 x=0.05 x=0.10 x=0.15 x=0.20 x=0.25

TST �K� 78 80 81 82 83 84
TC �K� ¯ 275 285 250 233 230
�T0�1 9.67�107 2.07�108 1.28�108 5.63�108 1.88�109

¯

�T0�2 4.34�108
¯ ¯ ¯ ¯ ¯
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results in a progressive stabilization of the �* �Co–O� levels
and a large splitting between t2g and eg levels, and thus Co
ions are in LS states.10

For the PM-FM transition observed in the Te-containing
samples, we speculate above that it may result from the
Co2+–O–Co3+ DE interaction. For the sake of clarity, we
plot the temperature T dependence of M in logarithmic scale
for the x=0.10 sample in the temperature region from
200 to 360 K, as shown in the inset of Fig. 2�b�. The Curie
temperatures TC are 275, 285, 250, 233, and 230 K for x
=0.05, 0.10, 0.15, 0.20, and 0.25, respectively, which are
listed in Table II. TC firstly increases with increasing Te dop-
ing level for x�0.10 and decreases with increasing Te dop-
ing level further. Then there exists a TC maximum at x
=0.10, correspondingly. The increase of TC and the strength-
ening of the FM interactions can be analyzed from the Ri-
etveld refinement results. From Table I, we can clearly find
that the Co–O–Co angle is about 159.05° and 159.17°, and
that the Co–O bond lengths are 1.967 and 1.961 Å for x
=0.05 and 0.10 samples, respectively. These structural pa-
rameters suggest that the Co–O bond length decreases and
that the Co–O–Co bond angle increases slightly with increas-
ing Te doping level as x�0.10. With increasing x further
from 0.15 to 0.25, the A-site average ionic radius �rA� de-
creases. In such a doping range, the Co–O–Co bond angle
derivates significantly from 180°, yielding a reduced effec-
tive d-d electron transfer via the O2p states, and thus result-
ing in the reduction of TC. At x=0.10, corresponding to the
appearance of maximum TC, there also occurs a structural
transition, as discussed above. Therefore, it is reasonable to
deduce that the variation of TC with x is related to the struc-
tural transition. Compared with the previously reported hole-
doped cobaltites, the PM-FM transition and the FM interac-
tion are weak in the current electron-doped samples. The
largest difference between the two kinds of doped systems is
the combination of valence of Co ions, i.e., Co3+ /Co4+ for
hole-doped one and Co2+ /Co3+ for electron-doped one.
Yamaguchi et al. claimed that the FM-metallic state in the
hole-doped cobaltites is composed by mobile high-spin
polarons.5 As presented above, Te doping stabilizes the LS
state of Co3+ ions in the electron-doped samples. Therefore,
there are a few mobile high-spin polarons to compose FM
state, as a result, weak FM interaction and PM-FM transition
are observed in the current La1−xTexCoO3 samples.

Although Co2+ ion is always believed to be in HS state,
Co3+ ion has three different spin states and the spin state
configuration changes with temperature, doping element, and
concentration as reported in R0.67Sr0.33CoO3.22 Therefore, it
is necessary to determine the variation of Co3+ ion spin state
with doping level and temperature. As well known, for a
ferromagnet in the PM region, the relation between �m and
the temperature T should follow the Curie-Weiss law, i.e.,
�m=C / �T−	�, where �m is the magnetic susceptibility, C is
the Curie constant, and 	 is the Curie-Weiss temperature.
For all Te-containing samples, the experimental data in PM
region can be fitted well according to the Curie-Weiss law.
Taking the sample with x=0.20 as an example, 1 /�m vs T is
presented in the inset of Fig. 3. Based on the slope value of

the fitting curve 1 /�m vs T, the average Co spin value Savg is
obtained. The Savg as a function of Te doping level x is plot-
ted in Fig. 3.

If the spins of Co2+ and Co3+ ion are denoted as S2+ and
S3+, respectively. For La1−xTexCoO3, Savg can be described as
Savg= �1−x�S3++xS2+=S3++x�S2+−S3+�. Considering that
Co2+ ion is always believed to lie in the HS state and that
Co3+ ion has three different spin states, we plot Savg values
corresponding to three different spin state configurations of
Co3+ in Fig. 3. From this figure, one can find that Savg values
corresponding to the assumption that HSCo2+ / ISCo3+

matches the experimental data well. Moreover, we observe
that Savg values change slightly with x, and that there is al-
most no variation in the spin state within the doping range of
0.05�x�0.25. Therefore, it is reasonable to conclude that
Co2+ is in the HS state and Co3+ is in the IS state in the PM
region for all Te-containing samples, which is consistent with
the electron-doped cobaltites La1−xCexCoO3.27

To gain more insight into the magnetic behavior, we
measured the field H dependence of M at 5 K from
0 to 4.5 T for all samples. The results are shown in Figure 4.
For all samples, M increases drastically below 1 T but does
not reach saturation up to 4.5 T, possibly indicating the ex-
istence of the antiferromagnetic �AFM� component. From
Figure 4, one finds that M�H� dependence deviates linear
behavior for all these samples, which implies there exists a
weak FM interaction in samples. Previous reports show that
there are AFM exchange interactions between the Co ions
with the same valence, and that FM exchange interactions
between the Co ions with different valences.23,24 In the cur-
rent samples, there exist HS Co2+ and LS Co3+ ions below
TST�T=5 K
TST�. Therefore, AFM interaction is possibly
introduced between Co3+ and Co3+, and Co2+ and Co2+, and
the weak FM comes from the DE interaction between
Co2+–O–Co3+. However, there are many other reasons, such
as itinerant ferromagnetism and grain boundaries, resulting
in reduced magnetization, and the proper determination of
the magnetic properties of the materials should be performed
by neutron diffraction experiment in the further investiga-
tions. From Fig. 4, it is also seen that the magnitude of mag-

FIG. 3. x dependence of the average Co spin value �Savg� extracted from the
Curie-Weiss behavior in the PM region. The inset shows �−1 vs T�T�TC�
for x=0.20. Solid line is the fitting result according to Curie-Weiss law.
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netization M at any field at 5 K exhibits the same variation
tendency with the deviation of the slop M�H�. And the de-
viation of the slop increases firstly with increasing Te doping
level, reaches a maximum value at x=0.10, then decreases
with the further increase of doping level.

As we all know, in cobalt oxides, the comparable JH and
10Dq lead to the coexistence of HS, IS, and LS states of Co
ions and the transition between these spin states. And this
kind of spin state transition has a complex influence on the
properties of the cobalt oxides. Based on the M�T� and M�H�
curves, shown in Figs. 2 and 4, we have suggested that the
FM ordering is of short range in cobalt oxides, which implies
the weak FM interaction between Co ions. Such a conclusion
can also be evidenced from the resistivity discussed below.

To investigate the effect of Te doping on the transport
properties of LaCoO3 compounds, the temperature depen-
dence of resistivity � is measured for the samples with x=0,
0.05, 0.10, 0.15, and 0.20 at zero field in the temperature
range of 100–350 K. The result is shown in Fig. 5. In con-
trast to the I-M transition accompanied with the PM-FM
phase transition observed in the hole-doped cobaltites,11–13

from this figure it can be seen that ��T� curves of all mea-
sured samples display semiconducting behaviors. It is in ac-
cordance with the above discussion that both PM-FM transi-
tion and FM interaction in the electron-doped cobaltites are
weaker than those in the hole-doped ones. The weak FM
interaction is not in favor of the mobility of eg electrons, and,
hence, the resistivity follows semiconducting behaviors in

both FM and PM phases in La1−xTexCoO3 samples. It is also
seen that the resistivity decreases with x, reaches a minimum
at x=0.10, then increases with increasing Te doping level
further. The resistivity becomes too high below 100 K to be
measured by PPMS. For the sample with x=0.25, it cannot
be measured at any temperature because of its too high re-
sistance value. The decrease of resistivity with increasing x
for x�0.10 is ascribed to the introduction of DE interaction,
which is in favor of the mobility of eg electrons. As Te dop-
ing level increases from 0.15 to 0.25, the resistivity in-
creases. This can be discussed as follows. Firstly, with in-
creasing Te doping level further, the deviation of Co–O–Co
bond angle from 180° increases, and FM DE interaction
weakens, then the hopping probability of charge carriers de-
creases, and eventually the resistivity increases corrspond-
ingly. Secondly, it has been mentioned25,26 that the IS state of
Co3+ can be stabilized by the hybridization between the Co
3d and the O 2p states. Te doping stabilizes the LS state of
Co3+ relative to the IS state; as a result, the decrease of Co3d
and O2p hybridization with increasing Te doping level is
also reflected by the increase of resistivity. In order to test
whether the La1−xTexCoO3 samples have magnetoresistance
�MR�, the resistivity is also measured at an applied field of
5 T for the samples with x=0, 0.05, 0.10, 0.15, and 0.20 in
the temperature range of 100–350 K �not shown here�. The
obtained results indicate that no MR is observed in these
samples. No anomalous signatures corresponding to TST and
TC in ��T� curves are observed for all samples. Generally,
FM and metallic conduction must coexist within the frame-
work of the DE model. However, as mentioned above, the

FIG. 4. Field dependence of the magnetization M�H� for the compound
La1−xTexCoO3 �0�x�0.25� at 5 K.

FIG. 5. The temperature dependence of the resistivity ��T� of La1−xTexCoO3

�0�x�0.25� samples at zero field.
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FM ordering is characterized as short range in these
La1−xTexCoO3 samples. FM metal phases are disconnected
because of the existence of insulating phases among them,
which results in no I-M transition in ��T� curves observed
for all measured samples.

In order to understand better the electronic transport
mechanism for all measured samples, the resistivity data in
the whole measured temperature region are fitted by �i� the
thermally activated �TA� law ���exp�E0 /kBT��, �ii� the
adiabatic small polaron hopping �SPH� model ��
�T exp�EP /kBT��, and �iii� the variable range hopping
�VRH� model ���exp�T0 /T�1/4�.27 The fitting results show
that ��T� curves of the samples with x�0.05 can be well
described by VRH model, as presented in Fig. 6. However,
for Te-free sample, it is well fitted by two different fitting
parameters of �T0�1 and �T0�2 in the different temperature
ranges. In Table II, we show the fitting parameter T0, which
is a characteristic temperature related to the localization
length � and the density of the states N�EF� in the vicinity of
the Fermi energy level, i.e., kBT0�21 / ��3N�EF��. From this
table, it is found that T0 decreases initially with increasing Te
doping content from 0.05 to 0.10 and then increases for x
�0.15, and that there exists a minimum value at 0.10. The
decrease of T0 with increasing Te doping level from 0.05 to
0.10 implies the increase of the localization length, which
results in the decrease of the resistivity. With increasing the
doping level further, the T0 value increases obviously, imply-

ing the decrease of the localization length and the reduction
of the carrier mobility, and it is intimately related to the
increase of resistivity as x�0.15, which is in accordance
with the magnetic and electronic transport properties for the
study samples.

CONCLUSION

In summary, we have investigated the effect of Te dop-
ing at La site on structural, magnetic, and transport proper-
ties of perovskite cobalt oxides La1−xTexCoO3 �0�x
�0.25� by measuring XRD patterns, magnetization, and re-
sistance. The room temperature structural transition from

rhombohedra �R3̄C� to orthorhombic �Pbnm� symmetry is
found in the samples with x�0.15 by the Rietveld refine-
ment of XRD patterns. The Co3+ ion spin state transition
from LS to IS is observed for all samples and the transition
shifts to higher temperatures with Te doping. The PM to FM
transition is observed for Te-containing samples, and TC in-
creases firstly with increasing Te doping level for x�0.10
and then decreases. The measured magnetization values for
these Te-containing samples suggest Co2+ ion lies in HS state
and Co3+ ion lies in IS state in the PM state. The resistivity
��T� for all samples displays semiconducting behaviors in
the whole measured temperature range. Moreover, Te doping
makes the resisitvity decrease as x�0.10, which originates
from the Co2+–O–Co3+ DE interaction due to Te doping.
With increasing Te doping level further, the resisitvity in-
creases which is explained as the combined effects of the
deviation of Co–O–Co bond and the decrease of Co3d and
O2p hybridization.
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