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Diamagnetism, transport, magnetothermoelectric power,
and magnetothermal conductivity in electron-doped
CaMn1−xVxO3 manganites
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The effects of V doping on field-cooled magnetization MFC�T�, zero-field-cooled magnetization
MZFC�T�, resistivity �, thermoelectric power S, and thermal conductivity � in manganites
CaMn1−xVxO3 �0.02�x�0.08� have been investigated systematically. As the V doping level
exceeds 0.02, an anomalous “diamagnetism” has been observed. It is suggested that the force
generated by the orbit rotation of eg electron in Mn3+O6 octahedron makes the spin tilt, as a result,
the vector sum of individual spins may be along or opposite to the direction of the applied magnetic
field, and macroscopically, the average magnetization exhibits positive or negative values. In
addition, the transport mechanism in the high and low temperature ranges is dominated by the small
polaron conduction and the variable-range-hopping conduction, respectively, according to the fitting
analysis of the temperature dependence of Seebeck coefficient S�T� and resistivity ��T�. Both S and
� peaks appearing at low temperature is gradually suppressed by V doping. Additionally, obvious
magnetothermoelectric power and magnetothermal conductivity are observed in the temperature
region which an anomalous diamagnetism appears. The results are discussed based on spin-orbital
coupling and spin-phonon coupling induced due to V doping, respectively. Moreover, the large
thermoelectric figure of merit Z=S2 /�� for the slightly V-doped sample suggests that the V-doped
manganite may be a good candidate for thermoelectric materials. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2337557�
I. INTRODUCTION

The hole-doped �Mn3+-rich� manganites R1−xAxMnO3,
where R stands for a trivalent rare earth such as La, Pr, Nd,
etc., and A represents a divalent alkaline earth such as Ca, Sr,
Ba, etc., have received considerable attention in recent years
due to the discovery of colossal magnetoresistance �CMR�
and more generally because of the unusually strong coupling
among their charge, spin, orbit, and lattice degrees of
freedom.1 Their behavior has been interpreted based on the
double-exchange �DE� mechanism2 and the Jahn-Teller �JT�
distortion.3,4 At present, the polarons are also extensively in-
voked to explain the magnetoresistance �MR� properties of
manganites.5

In contrast to the hole-doped manganites, the electron-
doped �Mn4+-rich� manganites have also been widely studied
due to the potential applications in the field of spintronics.
In the electron-doped manganites LMnO3 �L=La, Ca, etc.�
system, one efficient way to induce CMR is the substitu-
tion of L site such as La1−x�Ce,Zr,Te�xMnO3,6

Ca1−x�Bi,Eu,Sm�xMnO3,7 etc., which has stirred up interest
due to the MR effects. The other way is doping the Mn site
with the cations having a valency larger than that of Mn4+. It
is believed that the study of the doping effects at Mn site
should provide important clues to the mechanism of CMR
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behavior because of the core role of Mn ions, which is sup-
ported by the recent research work in the doped manganites
CaMn1−xMxO3 with M =Nb, Ta, W, Mo, Re, and Ru.8

Among the investigation of all Mn-site doping, the V
doping is more interesting because of its special nature of V
ions. In V-based oxides such as LaVO3 and YVO3, which
gives rise to an anomalous “diamagnetism,”9 and V3+ ion
with a localized 3d2 configuration plays a key role in the
diamagnetism of LaVO3. As to V5+ ion, which itself with
empty 3d orbits exhibits an orbital diamagnetism. Due to the
nature of V ions, here, we report the observation of diamag-
netism in V-doped 3d3 system CaMnO3.

In this paper, we analyze the origin of diamagnetism in
detail. We have also investigated the effects of V doping at
the Mn site of CaMnO3 using thermoelectric power �TEP� S
and thermal conductivity � measurements. Unlike resistivity
�, S is a zero-current transport coefficient which can reflect
the intrinsic properties of the sample without being affected
by grain boundaries. In addition, S is very sensitive to the
band structure and carrier mobility near the Fermi level,
which can be used to clarify the electronic structure in the
different phases of CaMn1−xVxO3. In order to investigate the
transport mechanism and understand fully the origin of the
effect of V doping at Mn sites, in this paper, the effect of V
doping at Mn site on field-cooled �FC� magnetization MFC,
zero-field-cooled �ZFC� magnetization MZFC, �, S, and � of
CaMn1−xVxO3 �0.02�x�0.08� has been systematically

studied.
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II. EXPERIMENT

A series of polycrystalline samples of CaMn1−xVxO3 �x
=0.02, 0.04, 0.06, and 0.08� was prepared from CaCO3,
V2O3, and Mn metal by a citrate gel technique. Stoichio-
metric amounts of the starting materials were dissolved in
diluted nitric acid �HNO3� to which was added an excess of
citric acid and ethylene glycol to make a metal complex.
After all the reactants had completely dissolved, the solution
was mixed and heated on a hot plate resulting in the forma-
tion of a gel. The gel was dried at 250 °C, and then heated to
600 °C to decompose the nitrates and to remove the organic.
The resulting powder was pressed into pellets, each of which
was sintered at 1100 °C for 48 h with an intermediate re-
grinding again, and finally, the furnace was cooled down to
room temperature. The sample CaMnO3 was prepared by the
conventional solid state reaction method.

X-ray diffraction �XRD� patterns of all the samples were
obtained on a Philips diffractometer with Cu K� radiation at
room temperature. X-ray photoelectron spectroscopy �XPS�
measurement was performed on ESCALAB MK-II �UK�
spectrometer. The magnetic measurements were performed
on a Quantum Design superconducting quantum interference
device �SQUID� magnetic property measurement system
�MPMS� �2�T�400 K, 0�H�5 T� with ultralow field
option. The temperature dependence of ��T�, S�T�, and ��T�
was measured by a standard four-probe method in a commer-
cial Quantum Design physical property measurement system
�PPMS� �1.8�T�400 K, 0�H�9 T�, respectively. The
typical dimension of the measured sample is 8�4
�1.2 mm3.

III. RESULTS AND DISCUSSION

A. Structure of CaMn1−xVxO3

The powder x-ray diffraction of CaMn1−xVxO3 samples
�0�x�0.08� at room temperature is shown in Fig. 1. It
indicates that all samples are single phase with no detectable
secondary phases and the samples have an orthorhombic

FIG. 1. X-ray diffraction patterns of CaMn1−xVxO3 �x=0, 0.02, 0.04, 0.06,
and 0.08� samples at room temperature. The inset shows the XPS spectrum
corresponding to vanadium 2p3/2.
structure with the space group Pnma. The Mn valence ��� in
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CaMn1−2x
4+ Mnx

3+Vx
5+O3 system is calculated according to the

relation �= �4−5x� / �1−x�. The � dependence of the lattice
parameters �a ,b /�2,c� is shown in Figs. 2�a�–2�c�, respec-
tively. It is clearly shown that the perovskite cell belongs to
O type, which is a�b /�2�c, i.e., without the cooperative
JT effect due to the separate local JT distortion each other.

B. Valence of vanadium

The inset of Fig. 1 shows the XPS measurement on the
CaMn0.96V0.04O3 sample to confirm the valency of vana-
dium. The spectrum was recorded in the binding energy
range of 505–526 eV. A peak �after subtraction of an oxygen
O1s satellite peak� corresponding to vanadium 2p3/2 locates
at binding energy of 517 eV, which is in good agreement
with the result reported in V2O5, indicating that the valence
of V is +5.10

C. Magnetic property

The temperature dependence of FC and ZFC magnetiza-
tions MFC�T� �solid circles� and MZFC�T� �empty circles�
measured in an applied magnetic field of H=0.01 T for all
CaMn1−xVxO3 samples is shown in Fig. 3. The magnetic
transition temperatures Tm, defined as the temperature where
�dM /dT� is maximum, for each sample are 121, 118, 111, 99,
and 102 K, respectively. For the free sample, MZFC�T� and
MFC�T� curves disperse below Tm�121 K. The MZFC�T� and
MFC�T� curves of CaMn0.98V0.02O3 as plotted in Fig. 3�a�
exhibit small difference compared with the other samples
and show two transitions around temperatures of 54 and
118 K. The magnetic behavior between these two tempera-

FIG. 2. Mn valence dependence of the lattice parameters �a, b /�2, c�. The
solid line is only guide to the eyes.
tures can be attributed to the competition between the DE
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ferromagnetism �FM� interaction of Mn3+–O–Mn4+ and su-
perexchange antiferromagnetism �AFM� interaction of
Mn4+–O–Mn4+.

Figure 3�b� shows the MFC�T� and MZFC�T� curves of
CaMn0.96V0.04O3. With decreasing temperature below Tm,
MFC first increases, reaching a maximum at 84 K, and then
decreases continuously, crossing zero at 52 K to negative
values, which is referred to as the diamagnetism below for
convenience. MZFC�T� pattern below Tm seems to be a mirror
image of MFC�T� curve, and has nearly the same compensa-
tion point corresponding M =0 at 52 K. For the sample with
x=0.06 as shown in Fig. 3�c�, MFC�T� shows a magnetic
transition at 99 K, below which it monotonously decreases
with increasing temperature from 5 K without the appear-
ance of negative M values. In opposite to MFC�T�, MZFC�T�
below 99 K keeps negative values and its absolute value
�MZFC�T�� decreases on warming. With increasing the V5+

doping level to x=0.08, Tm increases to 102 K, and the
MFC�T� and MZFC�T� behave as those of the sample with x
=0.06. Moreover, the magnitude of the diamagnetism also
increases with increasing V concentration.

As we know, V5+ ion itself with empty 3d orbits exhibits
the orbital diamagnetism; however, it is believed to be weak
and not to be sensitive to the external magnetic field and
temperatures. The diamagnetism in samples with x=0.04,
0.06, and 0.08 varies obviously with temperature as shown in
Fig. 3, and while applying the larger fields it turns to be a
positive value, i.e., dM /dB�0, as discussed below, so it can
be suggested that the diamagnetism does not result from the
orbital diamagnetism of V5+ for which dM /dB	0 should be
satisfied, although the orbital diamagnetism of V5+ ion itself
may contribute to the negative magnetization values.

Now we take the variation of surrounding spin structures
around V5+ ion into account for understanding the diamag-
netism of the samples with x=0.04, 0.06, and 0.08. The V5+

3+ 4+

FIG. 3. The temperature dependence of field-cooled and zero-field-cooled
magnetizations MFC �solid circles� and MZFC �empty circles� measured in an
applied magnetic field of H=0.01 T for all the samples.
dopant induces Mn ion in the Mn network of CaMnO3
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leading to the formation of Mn3+–O–Mn4+ DE FM interac-
tion, setting in the Mn4+–O–Mn4+ AFM matrix. In Figs. 4�a�
and 4�b�, we illustrate the possible variation of spin configu-
rations in a condition of collinear spins before and after V5+

doping. For CaMnO3, the spins of Mn4+ ions have a G-type
AFM structure with each spin alternatively antiparallel to
that of the nearest Mn neighbors as shown in Fig. 4�a�. The
total spin can be represented by G=S1−S2+S3−S4, and its
value tends to be zero in an ideal condition. When a Mn4+

ion is replaced by a V5+ ion with s=0, a Mn3+ ion is induced
at the nearest Mn site, with its spin S5 ferromagnetically
coupled with S1. As a result, the total spin becomes G�=S1

+S5−S4, as shown in Fig. 4�b�, and the vector sum of the
other spins beyond G� is assumed to be zero based on the
character of G-type AFM structure. In fact, the ground state
of spin arrangement may be canted in a system with the
competition between AFM and FM couplings, as proposed
by de Gennes.11 Figure 4�c� presents the possible canted
spins in an uncertain distortion angles in CaMn1−xVxO3. As
is well known, the average magnetization is a result of the
vector sum of individual spins so the diamagnetism in
CaMn1−xVxO3 microscopically may be related to the magni-
tude and direction of �i=1

n Gi�, where n is the number of V5+

ions.
To observe the response of diamagnetism on the applied

magnetic field, we also measured MFC�T� �solid circles� and
MZFC�T� �empty circles�, especially for the sample with x
=0.04 which exhibits more complicated magnetic behaviors
at different applied fields. The results are shown in Fig. 5.
While H is increased to 0.05 T, MFC�T� shows diamagnetism
below 44 K. As to the MZFC�T� curve, a minimum appears at
70 K, but it is positive. For H=0.5 and 2 T, diamagnetism
has been fully destroyed.

To investigate the origin of diamagnetism in
CaMn1−xVxO3, we have measured the temperature depen-
dence of Young’s modulus 
E for all samples. Correspond-
ing to the appearance of diamagnetism, 
E exhibits an
anomalous decrease with decreasing the temperature �not
shown here�. Such a behavior may be related to the JT dis-
tortion of Mn3+O6 octahedron due to the induced Mn3+ JT

5+ 4+

FIG. 4. Schematic spin configurations. In �a�, a G-type AFM structure of
localized spins of Mn4+ ions ��� in CaMnO3 is shown. �b� shows the spin
configuration after V5+ doping. Symbol ��� denotes Mn3+ ion. �c�
shows the possible canted spin structure in CaMn1−xVxO3. The illustration
for the Mn3+O6 octahedron distortion due to �d� Jahn-Teller effect and �e�
V5+ substitution for Mn4+.
ion by V �not a JT ion� doping at Mn site. However, it is
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insufficient to explain the diamagnetism only from the view-
point of JT distortion, because for Ca1−xLaxMnO3 with x
�0.1, the concentration of Mn3+ JT ion is comparable with
that in CaMn1−xVxO3, but no diamagnetism has been ob-
served in the Ca1−xLaxMnO3 compounds.12 So the other fac-
tor has to be taken into account for understanding the dia-
magnetism.

As illustrated in Fig. 4�b�, the Mn3+ ion lies between the
Mn4+ and V5+ ions, which is different from that in the
electron-doped Ca1−xLaxMnO3 with two Mn4+ ions occupy-
ing at the two sides of Mn3+ ions. This situation would lead
to the variation of distortion in Mn3+O6 octahedron. Figure 4
gives an illustration for the Mn3+O6 octahedron distortion
due to �d� JT effect and �e� V5+ substitution for Mn4+. In the
Mn3+O6 octahedron, the solid lobe denotes the orbit of eg

electron and the arrow represents the spin orientation of
Mn3+ ion. In the electron-doped Ca1−xLaxMnO3, Mn3+O6 oc-
tahedron distorts and appears long Mn3+–O bond only due to
the JT effect. However, in the condition of V5+ substitution
for Mn4+, Mn3+O6 octahedron lies in an asymmetric environ-
ment between V5+ and Mn4+, which would lead to an addi-
tional Mn3+O6 octahedron distortion besides the distortion
from the JT effect. The variation of Mn3+O6 octahedron dis-
tortion due to V5+ substitution for Mn4+ results in the rota-
tion of the orbit. The force generated by the orbit rotation
makes the spin tilt due to the spin-orbit coupling. As a result,
the vector sum of individual spins may orient along or op-
posite to the direction of the applied magnetic field. Macro-
scopically, the average magnetization exhibits positive or
negative values.

D. Resistivity

Figure 6�a� shows ��T� of CaMn1−xVxO3 samples �0.02
�x�0.08� at 0 and 7 T in the temperature region of
5–350 K. It indicates that � of the sample increases with
increasing V-doping level and ��T� of all samples behaves as
semiconducting behavior in the whole measured temperature
range. No metal-insulator transition is observed though the
introduction of a possible DE between Mn3+ and Mn4+ due to
the V5+ doping. The increase of � is suggested to originate

FIG. 5. The temperature dependence of MFC�T� �solid circles� and MZFC�T�
�empty circles� for the sample with x=0.04 at different applied fields.
from the increased random Coulomb potential due to the V
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doping at Mn site, which gives rise to the localization of
carriers. Moreover, a large negative MR is observed in the
low temperature range below 100 K under the action of 7 T.
The MR as a function of temperature is shown in Fig. 6�b�.
Here, the MR is defined as 
� /�0= ��0−�H� /�0, where �0 is
the resistivity at zero field and �H is the resistivity at H
=7 T. The large MR at low temperatures can be related to
the grain boundary effects. Similar phenomena have been
reported in the perovskite manganite system.13

E. Thermoelectric power „TEP…

The S�T� of CaMn1−xVxO3 samples �x=0.02, 0.04, 0.06,
and 0.08� at zero field is shown in Fig. 7. For x=0.02 sample,
Fig. 7 indicates that there is a change of slope in the vicinity
of magnetic transition temperature TS

m �=118 K�. An interest-
ing phenomenon is that a very remarkable S peak appears at
TS

p �=29 K�, where the absolute value of S reaches
243 �V/K. With decreasing temperature further, the abso-
lute value of S drops rapidly below 29 K. The same trend has
been observed previously for Pr1−xSrxMnO3 �0.5�x�0.6�
�Ref. 14� and La1−xCaxMnO3 �0.1�x�0.4�.15

As discussed in Ref. 15, the S peak can arise from either
the phonon drag or inelastic scattering of electrons. If the
sample exists a large residual �, which implies the dominant
scattering rate �−1 at low temperature comes from the inelas-

−1 −1

FIG. 6. �a� The temperature dependence of resistivity ��T� and �b� MR for
CaMn1−xVxO3. Inset: the plot of ��T� curve for the x=0.02 sample. The
solid lines and the dashed lines stand for the curves at H=0 and H=7 T,
respectively.
tic scattering of electrons �i.e., � 	�el �. This makes the
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phonon drag contribution a less possibility. In this instance,
the scattering of electrons is a possible origin of the peak.
Directly speaking, the strong inelastic scattering of electrons
arises from a two level system �TLS� with energy splitting 

at low temperature. The negative peak of S at low tempera-
ture appears at TS

p=
 /4kB, where kB is Boltzmann’s constant
and 
 expresses the difference in the energies of the crystal
field split eg levels between Mn3+ and Mn4+ ions. When an
electron from Mn3+ ion converts into a neighboring Mn4+

ion, the crystal field splitting will change due to the different
Mn–O bond lengths between Mn3+–O and Mn4+–O bond
lengths. Accordingly, 
 will change as the doping content
varies leading to the shift of the peak position TS

p.15 But for
the present system, a nearly doping-independent TS

p is ob-
served and it only shows the decrease of the peak value in
the vicinity of TS

p, as shown in Fig. 7. Thus there is no
enough evidence to interpret the source of the peak by the
scattering of electrons. The effect of phonon drag should be
more reasonable to explain the origin of the peak. Since for
CaMn1−xVxO3 samples �0.02�x�0.08�, ��T� behaves as
semiconductorlike transport behavior in the whole measured
temperature range, and electron-phonon scattering at low
temperature dominates the scattering rate �−1 �i.e., �−1

	�el-ph
−1 �. Due to the electron-phonon interaction, the

phononic diffusion flow will drive the electrons to move
from hot side to cold side. It can be expected that the V
dopant will be the center of phononic scattering inside the
Mn3+O6 octahedron resulting in the decrease of the electron-
phonon scattering interaction. From Fig. 7, we can clearly
see that with increasing V doping level, the height of the
peak in the vicinity of TS

p decreases, implying that phonon-
drag effect reduces after V doping. This reduction of phonon-
drag effect results from the phononic high-frequency vibra-
tions of the V dopants, which prevents the phonon scattering
to the electrons.

In addition, with increasing V-doping level, the absolute
S�T� in the vicinity of TS

m also decreases gradually as plotted
in Fig. 7. We suggest that this can originate from the com-
bined effect due to the increased DE FM interaction between
Mn3+ and Mn4+, which leads to the reduction of the spin

FIG. 7. The temperature dependence of S�T� for CaMn1−xVxO3 with x
=0.02, 0.04, 0.06, and 0.08 at zero field.
entropy �the decrease of the absolute S�T��, and exceeds the
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increasing of an additional spin entropy because of the dia-
magnetism generating by the orbit rotation, which results in
the increase of the absolute S�T�. Namely, the value of abso-
lute S is extremely sensitive to the Mn3+ content. The Mn3+

content increases with increasing V-doping level giving rise
to smaller value of absolute S�T� in the vicinity of TS

m.
As to the steep decrease of absolute S�T� in the low

temperature region below TS
p with increasing V doping as

shown in Fig. 7, it is proposed to come from the carrier
localization effect due to the gradual suppression of carrier
hopping by V doping at low temperature. Its origin will be
further explained below.

Figure 8 shows the temperature-dependent S�T� both in
the absence �H=0 T� and presence �H=3 T� of magnetic
field for the samples with 0.02�x�0.08. It is found that
application of magnetic field induces reduction of absolute
S�T� at almost the same temperature TS

p as shown in Figs.
8�a�–8�d�. On one hand, this attributes to the fact that mag-
netic entropy may be strongly decreased only around TS

p.16

That is to say, when an external field exists, magnetic disor-
der is expected to become weaker due to the accordant spin
arrangement, so that magnetic entropy is reduced with in-
crease of magnetic field. On the other hand, the additional
spin entropy because of the diamagnetism generated by the
orbit rotation will reduce in applied fields, which is ascribed
to the weakness of spin-orbit coupling. In brief, as discussed
above in the section of magnetic property, the force gener-
ated by the orbit rotation makes the spin tilt because of the
spin-orbit coupling. However, as the external field arises, the
canted spins may orient along or opposite to the direction of
the external field. As a result, the orbital angular momentum
is suppressed in the magnetic configuration. Such a suppres-
sion implies that the spin-orbit coupling weakens with ap-
plied field.

It is worth noting that in the high temperature region of
T�TS

m for the samples with x�0.04, since the thermal dis-
order becomes too large, S becomes independent of magnetic
field as plotted in Figs. 8�b�–8�d�. In the low temperature
region of T	TS

p for the samples with x�0.04, the magnetic
entropy is already frozen by the magnetic exchange coupling
which also gives rise to a nearly field-independent S�T� as
shown in Figs. 8�a� and 8�b�. Figures 8�e�–8�h� indicate the
thermal variation of magnetothermoelectric power �MTEP�.
The MTEP is expressed as 
S /S0= �S0−SH� /S0, where S0 is
the TEP at zero field and SH is the TEP at 3 T. Especially for
the samples with x=0.06 and 0.08, MTEP increases remark-
ably and up to 60% at low temperatures, indicating the mag-
netic entropy is suppressed dramatically.

In the following, we will focus on analyzing the trans-
port mechanism of CaMn1−xVxO3 samples combined with �
and S data.

1. High temperature „T>TS
m
… transport mechanism

In the high temperature region of T�TS
m, it is found that

both S�T� and ��T� follow the adiabatic small polaron con-
duction �SPC� mechanism. In the framework of SPC model,

��T� can be described by
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� = �0T exp�E�/kBT� , �1�

where E� is the activation energy obtained according to the
fitting of the ��T� data.17

The values of activation energy E� are listed in Table I at
zero field and external magnetic field, respectively. For SPC,
S�T� should be described by the following equation:17

S�T� = kB/e�ES/kBT + �� , �2�

where kB is Boltzmann’s constant, e is the electron’s charge,
ES is the activation energy obtained according to the fitting
of the S�T� data, and � is a sample-dependent constant,
which is associated with the spin and the mixing entropy.18

The curves of S vs 1000/T for the samples are plotted in
Figs. 9�a�, 9�c�, and 9�e� for H=0 and Figs. 9�b�, 9�d�, and
9�f� for H=3 T, respectively. The scatter symbols correspond
to the experimental data and the solid lines denote the fitted
results according to Eq. �2�. The parameter �2 �reduced chi-
square value of fit� related to the quality of the fit is also
denoted in Fig. 9. The fitting values of ES are listed in Table
I, which show that ES gradually decreases and E� increases
with increasing V-doping level. Moreover, the magnitude of
ES is much smaller than that of E�, which is the character of

FIG. 8. ��a�–�d�� The temperature dependence of S�T� and ��e�–�h�� the
respectively.

TABLE I. Both E� and ES are activation energies calculated by fitting ��T�
x=0.02, 0.04, 0.06, and 0.08 in the high temperature region in the absence a
a given direction. Ep is the formation energy of the small polaron. “�” exp

Parameter
V content

E� �meV�

0 T 3 T 7 T

x=0.02 36.3±0.1 35.1±0.2 34.2±0.1 7
x=0.04 37.2±0.2 36.0±0.1 35.3±0.1 6
x=0.06 54.8±0.2 53.2±0.2 51.6±0.1 6
x=0.08 71.2±0.1 68.5±0.1 67.8±0.2 4
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SPC. In short, in the framework of the SPC model, E� is the
sum of the activation energy needed for the creation of the
carriers and activating the hopping of carriers, and ES is the
energy required to activate the hopping of carriers. Hence, ES

is much smaller than E�. In addition, based on E� and ES,
both the polaronic hopping energy WH=E�−ES and the po-
laronic formation energy Ep=2WH can be obtained as de-
noted in Table I.

Figure 10�a� shows E� and ES obtained from ��T� and
S�T� for CaMn1−xVxO3. As V doping increases, E� rises mo-
notonously at zero field while ES decreases slowly. Accord-
ingly, Ep increases with increasing V-doping level. Firstly,
the result will be attributed to the extra introduction of Mn3+

ions by V-doping level. Because the Mn3+ ion is associated
with a local JT distortion, additional Mn3+ sites due to V
substitution lead the carriers to be localized. Previously it has
been reported that the Mn3+ concentration is closely related
to Ep, which exhibits a strong increase of Ep for the lattice
polaron with increasing Mn3+ concentration.19 Secondly, the
lattice strain due to V doping can contribute to the increase
of Ep. Since the size of V ion is different from that of the Mn
ion, V doping is expected to affect the bond angles and bond

perature dependence of magnetothermoelectric power at H=0 and 3 T,

�T� curves according to SPC model for the samples with V-doping level of
resence of magnetic field. WH is the hopping energy of the small polaron in
s the error which forms by fitting ��T� and S�T� data.

Es �meV� WH /kB �K� Ep �meV�

3 T 0 T 3 T 0 T 3 T

.2 6.9±0.1 392 388 57.0 56.4

.1 5.8±0.1 424 416 61.6 60.4

.1 5.4±0.1 672 658 97.6 95.6

.1 4.1±0.1 918 887 133.4 128.8
tem
and S
nd p
resse

0 T

.8±0

.4±0

.0±0

.5±0
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lengths of the neighboring Mn3+–O–Mn4+ channels. This
local lattice strain due to the cation size difference lifts the
degeneracy of the eg states of Mn ion. Consequently, the
lower eg state serves as a trapping level,20 which favors the

FIG. 9. ��a�, �c�, and �e�� The plot of S vs 1000/T in the high temperature re
�e� and �b�, �d�, and �f� correspond to the fitting by SPC model. The param

FIG. 10. �a� Activation energies of resistivity �E�� and TEP �ES� for
CaMn1−xVxO3 �0�x�0.08� at zero field obtained from the SPC fitting in
Fig. 9. E� data of CaMn1−xRuxO3 is included for comparison, which comes
from the reported data �Ref. 21�. �b� TEP at 300 K �S300 K� of CaMn1−xVxO3

�0�x�0.08� is plotted to estimate the Mn valence. S300 K of CaMnO3

originates from the reported data �Ref. 24�. The dotted line is a guide to the

eyes.
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increase of Ep. As to the slight reduction of ES, this can be
attributed to the decreasing of the width for the polaron band
gap.

For comparison, E� of CaMn1−xRuxO3 �Ref. 21� is also
plotted in Fig. 10�a�. The magnitude of E� is close between
V5+ and Ru5+ due to the same valence. The Mn3+ ions in-
duced by these cations enhance the local JT distortion in the
sample and make the system form small polarons. The dop-
ants play the role of scattering centers inside the Mn3+O6

octahedron. Additionally, the local lattice strain for the dop-
ants is also very important as discussed above. Therefore, E�

should increase with increasing the doping level. Neverthe-
less, for Ru-doped sample, interestingly, E� decreases with
increasing Ru-doping level. It is believed that the eg

0 states of
Ru5+ can participate in the band formation by coupling with
Mn3+ �eg

1� and make the band become broader. As Ru-doping
concentration reaches a certain percentage, the effect will
become dominant, which decreases E� rather than increases
it.21

In addition, from Table I, it is clearly seen that the ap-
plied field reduces the activation energy ES and E�. This may
be due to the delocalization eg

1 electron of Mn3+ ions.22 In
other words, the carriers are polarons at zero field, but are
delocalized carriers in the external field at the same tempera-
ture, which leads to the increase of conductivity. The de-
crease of WH in the applied field implies an increase of the
polaronic radius with field,18 which is also supported from
the following relationship due to Mott and Davis:17

WH �
e2

4�0rp
, �3�

where �0 reflects the change in the Fermi energy and rp is the
polaronic radius. Evidently, the change of WH is certainly
opposite to rp with field.

Figure 10�b� indicates S value at 300 K for
CaMn1−xVxO3. It is well known that the S300 K value of the

at zero field and ��b�, �d�, and �f�� at H=3 T. The solid lines of �a�, �c�, and
2 �reduced chi-square value of fit� represents the quality of the fit.
gion
eter �
high-TC cuprates shows a systematic change related to the
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carrier density.23 Also, as discussed above, the value of
S300 K directly depends on the carrier concentration, so that
S300 K is sensitive to the Mn valence.8 Hence, S300 K can be
used as a measure of the valence of Mn ions in this system.
The absolute S300 K is the largest for CaMnO3

�350 �V/K�;24 S300 K decreases as the Mn valence de-
creases. The large negative S at room temperature makes the
free sample and slightly V-doped sample generate n-type
legs for a thermoelectric device as recently reported in
Ca1−xLaxMnO3 manganites.25

2. Low temperature „T<TS
p
… transport mechanism

In the low temperature region of T	TS
p, Mott and Davis’

three dimensional �3D� variable-range-hopping �VRH�
model matches the experimental data better for both ��T� and
S�T�. In the framework of 3D VRH model, ��T� meets the
following equation:17

��T� = �0 exp��T0/T�1/4� , �4�

where T0 is a characteristic temperature which is related to
the density of states in the vicinity of the Fermi energy,
N�EF�, and the localization length �, i.e., kBT0	21/
�kBN�EF��3�. The values of T0 are listed in Table II at zero
field and external field, respectively.

TABLE II. The fitting parameters of S�T� and ��T� c
low temperature regions in the absence and presence o
and A is a fitting parameter for S�T� in the low temp
fitting ��T� and S�T� data.

Parameter
V content

�T0�1/4 �K1/4�

0 T 3 T

x=0.02 6.94±0.02 5.12±0.01
x=0.04 11.73±0.01 8.61±0.02
x=0.06 12.64±0.01 10.27±0.01
x=0.08 13.18±0.02 12.46±0.01
Downloaded 29 Jun 2010 to 61.190.88.137. Redistribution subject to 
For 3D VRH model, S�T� in the low temperature region
�T	TS

p� meets the following relationship:26,27

�S� = A�T�1/2 + B , �5�

where A is a factor determined by N�EF� and B is a constant.
The complete derivation for these parameters of Eq. �5� can
be found in literature.28 The curves of S vs T1/2 for the
samples are plotted in Figs. 11�a� and 11�c� at H=0 T and
Figs. 11�b� and 11�d� at H=3 T, respectively. The parameter
�2 of the fitting quality is also plotted in Fig. 11. The fitting
parameter A is listed Table II.

From Table II, it is found that T0 increases and A de-
creases with increasing V-doping level, implying the
strengthened localization of the carrier if the variation of
N�EF� in the vicinity of Fermi surface is not considered. In
addition, it is found that the applied magnetic field reduces
the values of T0 and A, which is attributed to the delocaliza-
tion of the carrier caused by the applied field.

F. Thermal conductivity

The ��T� of CaMn1−xVxO3 samples �0.02�x�0.08� at
zero field is shown in Fig. 12. For the sample with x=0.02, it
seems to be consistent with the usual heat transport. How-
ever, it also behaves as an anomalous feature. Speaking di-

according to the three-dimension VRH model in the
gnetic field. T0 denotes the characteristic temperature
re region. “�” stands for the error which forms by

A ��V K−3/2�

7 T 0 T 3 T

2.79±0.02 100.6±0.2 96.2±0.1
3.15±0.01 43.4±0.1 41.9±0.2
4.23±0.01 24.3±0.1 22.6±0.1
6.87±0.02 13.5±0.1 11.8±0.1

FIG. 11. ��a� and �c�� The plot of S vs
T1/2 for CaMn1−xVxO3 �x=0.02 and
0.04� in the low temperature region at
zero field and ��b� and �d�� at H=3 T.
The solid lines are the fitting data ac-
cording to the VRH model. The pa-
rameter �2 denotes the quality of the
fit.
urves
f ma
eratu
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rectly, the ��T� decreases with increasing temperatures be-
tween the peak temperature �=95 K� and magnetic transition
temperature �Tk

m=119 K�, implying that an unusual addi-
tional scattering mechanism may be active above 95 K be-
sides the phonon-phonon Umklapp scattering. The additional
scattering is suggested to originate from the scattering of the
dynamic local Mn3+O6 JT distortion to the phonon because
of the introduction of Mn3+ JT ions due to the partial substi-
tution of V5+ �not a JT ion� for Mn4+ �not a JT ion�.29 Figure
12 shows that � decreases and the low temperature � peak is
strongly suppressed with increasing V-doping level. This
kind of variation is attributed to the enhanced scattering of
the local Mn3+O6 JT lattice distortion to the phonon due to
the introduction of more Mn3+ ions. In addition, the en-

FIG. 12. The temperature dependence of the measured total � of
CaMn1−xVxO3.
FIG. 13. ��a�, �c�, �e�, and �g�� The temperature dependence of ��T� and ��b�, �d�,
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hanced disorder induced by V doping also scatters the pho-
non, which leads to the decrease of �. Therefore, the de-
crease of � with increasing V doping is suggested to come
from the combined effect of the scattering of the Mn3+O6 JT
distortion and the disorder to the phonon.

In order to investigate the magnetothermal conductivity
of the sample, the ��T� under the action of the applied mag-
netic field is measured. The ��T� of the sample with x
=0.02, 0.04, 0.06, and 0.08 at H=3 T is shown in Figs.
13�a�, 13�c�, 13�e�, and 13�g�, respectively. For comparison,
the ��T� of all samples at H=0 T is also plotted in Figs.
13�a�, 13�c�, 13�e�, and 13�g�. Similar to MTEP, ��T� is ob-
viously suppressed only near the magnetic compensation
point in the applied field. There is no doubt that ��T� dis-
plays a clear identifying characteristic of the influence of
spins on the heat transport. It is not the self-localization na-
ture of the polarons that impedes the energy flow associated
with the charge carriers. Considering as the carrier contribu-
tion to the heat flow, which is only a very tiny fraction of the
total heat flow, so that the carrier contribution is ultimately
ignored. If the decrease of ��T� in the external field is attrib-
uted to the contribution of spin fluctuations, which is also
illogical. Since the external magnetic field tends to suppress
the spin fluctuations which can scatter the phonon.30 Conse-
quently, ��T� should rise in the applied field, which is an
inverse of the present results. Therefore, it is necessary to
search exceptive mechanism to explain the abnormal phe-
nomenon.

Here, we ascribe the decrease of ��T� under magnetic
field to the contribution from spin-phonon coupling.31 The
measurements of ��T� in a magnetic field make this point
quite clear. As we know, the magnitude of phononic vibrant
�f�, and �h�� magnetothermal conductivity at H=0 and H=3 T, respectively.
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frequency usually plays a very important role in determining
heat transport behavior. In the presence of magnetic field,
spin arrangement becomes more accordant and the intensity
of phonon scattering enhances. Namely, in the spin-order
state, the phononic vibrant frequency becomes weaker due to
the stronger spin-phonon coupling under magnetic field im-
peding the heat flow of phonons, which gives rise to the
reduction of �. Figures 13�b�, 13�d�, 13�f�, and 13�h� shows
the thermal variation of magnetothermal conductivity
�MTC�. The MTC is denoted as 
� /�0= ��0−�H� /�0, where
�0 and �H is the thermal conductivity at zero field and 3 T
magnetic field, respectively. The curves 
��T� /�0�T� clearly
reflects the intensity of spin-phonon coupling. Due to the
appearance of spin-phonon coupling, the mean free path of
the phonon �lph� can split into two parts, viz., nonmagnetic
�lnm� and magnetic �lm� parts as 1 / lph=1/ lnm+1/ lm, where
lnm expresses the mean free path determined by phonon-
phonon Umklapp scattering, etc., and lm represents that de-
termined by spin-phonon coupling. In fact, this kind of spin
correlation is also reflected by the measurement of magnetic
property. In detail, the magnitude of magnetization increases
with increasing applied field, meanwhile, diamagnetism is
destroyed when the applied magnetic field exceeds to 0.05 T,
and FM interaction enhances. Consequently, the spin corre-
lation distinctly increases under higher magnetic field.

G. Figure of merit

Based on the data of ��T�, S�T�, and ��T�, the dimen-
sionless thermoelectric figure of merit Z=S2 /�� at zero field
for all samples is calculated. The obtained result is shown in
Fig. 14. It indicates that the ZT values tend to increase with
increasing temperatures. For the sample with x=0.04, its ZT
value reaches 0.01 at room temperature, which almost ap-
proaches the ZT value �0.032� observed in NaCo2O4.32

Therefore, the slightly V-doped manganites may be good
candidates for thermoelectric materials.

In brief, from the above results, it is found that the doped
V5+ ion plays a crucial role to determine the diamagnetism,
transport, MTEP, and MTC in electron-doped CaMn1−xVxO3

manganites. The observed results are strongly related to the
5+

FIG. 14. The temperature dependence of figure of merit for CaMn1−xVxO3

at zero field.
characteristic of the V ion because the large MTEP and
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MTC only appear in the region of anomalous diamagnetism.
In the applied field, the variation of both the spin-orbit cou-
pling and the spin-phonon coupling can be found by S�T�
and ��T� measurements. Such changes also reflect the special
role of V5+ ion. At the same time, it can also help us to
improve our understanding to other complex systems.

IV. CONCLUSION

In summary, we have systematically investigated the in-
fluence of the V doping on MFC�T�, MZFC�T�, ��T�, S�T�, and
��T� of CaMn1−xVxO3 �0.02�x�0.08� samples. As x
�0.02, an anomalous diamagnetism has been observed. The
diamagnetism is also enhanced after the V5+ substitution for
Mn4+. It is suggested that the diamagnetism results from the
spin tilting generated by the orbit rotation. All samples be-
haves as SPC mechanism in the high temperature region and
VRH mechanism in the low temperature range based on the
analysis of S�T� and ��T� data. The large S peak is attributed
to the effect of phonon drag. In addition, the observed obvi-
ous MTEP and MTC in the temperature region exhibiting an
anomalous diamagnetism is suggested to originate from the
effect of the field on spin-orbital coupling and spin-phonon
coupling, respectively. Interestingly, a large ZT value for the
sample with x=0.04 at the room temperature is observed,
which may imply that the slightly V-doped manganites may
be good candidates for thermoelectric materials.
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