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Systematic studies of resistivity, thermoelectric power, and thermal conductivity have been performed on
polycrystalline bilayered manganites LaSr2Mn2−xCoxO7 �0�x�0.2�. As x�0.04, it is found that the tempera-
ture dependence of both Seebeck coefficient S�T� and resistivity ��T� in the high-temperature region follows
the small polaron transport mechanism. However, in the low-temperature region, variable-range-hopping
model matches the experimental data better. As x�0.08, the very large magnitude of Seebeck coefficient with
over 100 �V/K at low temperatures is observed, which is suggested to originate from the spin state transition
of Co3+ ions from the intermediate-spin �IS� state or high-spin �HS� state to low-spin �LS� state and the
unbalance of the spin and orbital degrees of freedom between Co3+ and Co4+ sites. In addition, the variable
sign in the S�T� data is observed at low temperatures for the samples with Co-doping level �x�0.04�, which
is suggested to be related to the narrowing of accompanying band. As to thermal conduction k�T�, the low-
temperature peak is suppressed due to Co doping. The variation of thermal conduction is analyzed based on the
combined effect due to the suppression of local Mn3+O6 Jahn-Teller �JT� lattice distortion because of the
substitution of non-JT Co3+ ions with LS and HS states for JT Mn3+ ions, which results in the increase of
thermal conduction, and the introduction of the disorder due to Co doping, which contributes to the decrease
of thermal conduction.
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I. INTRODUCTION

The doped manganites Ln1−xAxMnO3 �Ln=La, Pr, Nd,
etc., and A=Ca, Sr, Ba, Pb, etc.� with perovskite structure
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.1–3 In this system, the mixed valence Mn3+/Mn4+ is
very important for understanding the CMR effect. In the par-
ticular context of the manganites the mixed valency leads to
strong ferromagnetic �FM� interactions arising from the
Mn3+-O-Mn4+ bonds due to double-exchange �DE�
mechanism.4 In addition to DE interactions the lattice distor-
tion is also believed to play an important role through strong
electron-phonon coupling which arises from the Jahn-Teller
�JT� distortion5,6 around the Mn3+ ions. Furthermore, Dag-
otto et al. proposed a phase separation model where the FM
metallic �FMM� and antiferromagnetic insulating �AFI� clus-
ters coexist and their model strongly supports recent experi-
mental studies on the physical properties of manganites.7

In bilayer manganites La2−2xSr1+2xMn2O7, in which a
MnO2 bilayer is alternatively stacked with a �La,Sr�2O2

blocking layer along the c axis, the physical properties
strongly depend on the hole doping level.8 In particular, neu-
tron diffraction study has revealed the coexistence of a ma-
jority phase of the A-type AFM phase and a minority phase
of CE-type AFM charge-ordered–orbital-ordered �CO-OO�
phase on half doped LaSr2Mn2O7 �x=0.5� which is of a
Sr3Ti2O7-type tetragonal cell with space group of I4 /mmm.9

Single crystals of bilayered manganites La2−2xSr1+2xMn2O7
with x=0.3 and 0.4 was found to exhibit an anisotropic mag-

netoresistance �MR� effect.10 The anisotropy is closely asso-
ciated with its layered structure having nonmagnetic insulat-
ing �La,Sr�O layers separating FMM MnO2 bilayers. The
transport properties within ab plane of a single crystal of
La1.2Sr1.8Mn2O7 are found to resemble those of pseudocubic
CMR manganites, and are interpreted using the model of
two-manganese Zener polarons.11 Moritomo et al.12 have re-
ported that the layered compound La1.2Sr1.8Mn2O7 is a FMM
below TC�120 K and a paramagnetic insulator �PMI� above
this temperature. They attribute the coupled electronic and
magnetic transitions at TC to the DE coupling in Mn-O-Mn
linkages.

The study of the effects of Mn site doping with other
elements is expected to provide important clues to the
mechanism of CMR behavior because of the core role of Mn
ions in CMR materials. As is well known, Co ions in perov-
skite cobaltites can exist in three kinds of spin states, i.e.,
low spin �LS�, intermediate spin �IS�, and high spin �HS�,
due to the fact that the crystal field splitting �10 Dq� of the
Co d states �ECF� and Hund’s rule coupling energy �Eex� are
comparable for the cobaltites. The fact that ECF and Eex are
comparable implies that the thermal energy �kBT�10 meV�
can induce the spin-state transition of Co ions by thermal
excitation of the t2g electrons into eg states.13 Therefore, Co
doping at Mn sites in manganites has attracted one’s atten-
tion because of three kinds of spin states of Co ions and the
spin-state transition.14,15 However, very few reports have ap-
peared on the effect of Co doping at Mn sites for bilayered
perovskite manganites. Very recently, the effect of Co doping
on CO state of the bilayered manganite LaSr2Mn2O7 is in-
vestigated through the measurement of electrical and mag-
netic transport properties.16 However, during the process of
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analyzing the transport mechanism by fitting the experimen-
tal data of resistivity � in the high-temperature region, we
find that the temperature dependence of the resistivity ��T�
can be almost well fitted according to Mott’s variable range
hopping �VRH� model and adiabatic small polaronic model.
That is to say, it is difficult to determine the real transport
mechanism of the carriers only based on the resistivity mea-
surement although we attributed the transport mechanism in
the high temperature region to VRH transport in Ref. 16.

As we know, among various aspects of transport studies
in transitional metal oxides �TMO�, both thermoelectric
power �TEP� S and thermal conductivity k measurements
have been being important tools to investigate the transport
properties of TMO as they are sensitive to the magnetic and
electrical nature of charge carriers and they can present some
information which can not be supplied by magnetization and
resistivity measurements. In addition, S measurement is less
affected by the presence of grain boundaries, which often
complicates the resistivity measurement for polycrystalline
samples. At the same time, S is very sensitive to the type of
the charge carriers. Therefore, S and k measurement are con-
sidered to be a complementary tool to the resistivity mea-
surement for transport property studies. Furthermore, by
measuring S and k of the material, the thermoelectric figure
of merit of the material can be obtained by the formula:
ZT=S2T /�k, where k is the thermal conductivity, � is the
resistivity, S is Seebeck coefficient, and T is the absolute
temperature.

In order to ravel the transport mechanism and understand
fully the origin of the effect of Co doping at Mn sites in

bilayered manganites, in this paper, the effect of Co doping
at Mn site on �, S, and k of LaSr2Mn2−xCoxO7 �0�x�0.2�
has been systematically studied.

II. EXPERIMENTAL

A series of bulk samples of LaSr2Mn2−xCoxO7 �x=0, 0.02,
0.04, 0.08, 0.1, 0.2� were synthesized by a conventional
solid-state reaction method in air. Details of the sample
preparation and their characterization by x-ray diffraction,
magnetization measurements have been reported in Ref. 16.

The resistivity as a function of temperature was measured
by a standard four-probe method from 20 to 300 K at zero
field. The temperature dependence of S and k were measured
by the standard four-probe method from 5 to 350 K at zero
field in a commercial Quantum Design Physical Property
Measurement System �PPMS� �1.8 K�T�400 K,0�H
�9T�. The typical dimension of the measured sample is
4�2.5�1.2 mm3.

III. RESULTS AND DISCUSSION

A. Resistivity and TEP

The temperature dependence of resistivity ��T� and See-
beck coefficient S�T� of LaSr2Mn2−xCoxO7 samples �0�x
�0.2� at zero field is shown in Figs. 1 and 2�a� and Figs. 1
and 2�b�, respectively. For x=0 sample, inset of Fig. 1�a�
shows that ��T� curve begins to rise steeply at CO state
temperature T �

CO�=204 K� �defined from the minimum of
�d� /dT��T curve�. The appearance of thermal hysteresis of

FIG. 1. �a� The temperature dependence of resistivity ��T� and
�b� the temperature dependence of Seebeck coefficient S�T� for
LaSr2Mn2−xCoxO7 with x=0, 0.02, and 0.04. Inset: the magnifica-
tion plot of ��T� curve for the x=0 sample.

FIG. 2. �a� The temperature dependence of ��T� and �b� the
temperature dependence of S�T� for LaSr2Mn2−xCoxO7 with x
=0.08, 0.1, and 0.2 Inset: ��T� curves in logarithm coordinates.
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��T� curve in the vicinity of T �
CO also verifies the occurrence

of CO state at T �
CO. With decreasing temperatures further,

��T� curve has a peak at T�=151 K, implying there occurs a
metal to insulator transition �MIT�. The effect of Co doping
on the resistivity of the sample has been described in detail
in Ref. 16. In brief, Co doping makes both T �

CO and T�

decrease and � increase, which is listed in Table I. As
x�0.08, MIT disappears and ��T� behaves as semiconduc-
torlike transport behavior in the whole measured temperature
range.

As to S�T�, for Co-free sample, Fig. 1�b� shows that ab-
solute S�T� curve begins to decrease steeply in the vicinity of
CO state temperature T S

CO�=217 K� �defined from the mini-
mum of �dS /dT��T curve�. With increasing Co-doping
level, T S

CO shifts to low temperatures and absolute S�T� in
the vicinity of T S

CO slightly increases, which is suggested to
be related to the destruction of A-type AFM order of
LaSr2Mn2O7 due to Co doping because S�T� includes spin
entropy carried by charge carriers based on the viewpoint of
thermodynamics. This kind of destruction of A-type AFM
order is also verified by the decrease of Néel temperature
TN.16 In other words, the Co doping destroys partially the
ordering arrangement of Mn3+ and Mn4+ leading to the
gradual enhancement of spin entropy near the temperature
T S

CO. The more disordering arrangement between Mn3+ and
Mn4+ ions because of Co doping gives rise to the decrease of
T S

CO. For a nearly doping-independent S�T� in the low-
temperature region below T� as shown in Fig. 1�b�, it is
suggested to originate from the carrier localization effect due
to the suppression of carrier hopping between MnO2 single
layers because an orbital fluctuation of dx2−y2 is gradually
suppressed at low temperatures and the motion of carriers are
confined within respective MnO2 single layer.17

In addition, for x=0.04 sample, Fig. 1�b� exhibits that S
has a sign change and becomes positive as T *�10 K. With
increasing Co-doping level further, the temperature T * at
which S occurs a sign change increases as shown in Fig. 3.
For the sample with x=0.08, 0.1, 0.2, T * is 35, 90, 100 K,
respectively, implying that the temperature range corre-
sponding to S�0 becomes broader with increasing Co-
doping level. The variable sign in the S(T) data indicates the
coexistence of two different type of carriers. As discussed in
Ref. 18, a negative S at higher temperature is attributed to the

electrons which are excited from the valence band �VB� into
the conduction band �CB�. Because of the higher mobility of
electrons within the CB, S is negative. Nevertheless, at lower
temperature, the electrons in the VB band are excited into the
impurity band which generates holelike carriers, which is
suggested to be responsible for a positive S. It should be
expected that the negative electronlike contribution to S
should become smaller when the effective band gap becomes
larger. The increase of T * with increasing Co-doping level is
suggested to arise from the gradual increase of the effective
band gap due to the narrowing of the concomitant ��eg

↑

−2p� bandwidth, where � reflects the hybridization between
Mn spin-up eg

↑ and O 2p orbitals.18

An interesting phenomenon is that the magnitude of S
rises rapidly below T *. The values of S=125 �V/K at 5 K
and S=287 �V/K at 28 K for x=0.08 and 0.1 are obtained,
respectively. In fact, due to the limit of measuring range, S
value only can be measured at T�28 K and T�76 K for the
samples with x=0.1 and 0.2. That is to say, for samples with
high Co-doping level, S value at low temperatures should be
expected to be much larger. On one hand, it is related to the
spin state transition of Co3+ ion from IS �HS� state to LS
state. That is to say, the remarkable enhancement of positive
S may be due to the higher Seebeck coefficient of LS
Co3+�t2g

6 eg
0 : s=0� than that of Mn3+�t2g

3 eg
1 : s=2� because Co

ions lies in low spin state at low temperatures. The LS state
of Co3+ ion is stable which is also confirmed by the appear-
ance of the double peaks in the magnetization
measurements.16 On the other hand, the appearance of the
large S is suggested to be related to the degeneracies in Co3+

and Co4+ sites and the ratio between them as in the recent
theoretical calculation for the cobaltites NaCo2O4 with lay-
ered structure.19 Directly speaking, the ground state of Co3+

�nonmagnetic� ion is considered to lie in the LS state with
S=0 and Co4+ �magnetic ion� sites may be in the HS and LS
states for present studied system. The numbers of configura-
tions �denoting the degeneracy� in Co3+ and Co4+ sites are
determined by the crystal-field splitting energy ECF, the
Hund’s rule coupling energy Eex, and the thermal energy kBT.
Generally speaking, if one does not consider crystal field,
both Co3+ and Co4+ ions are in the HS states due to the large

TABLE I. Parameters of the studied samples in this work. x
stands for the Co-doping level. T S

CO is the CO state temperature
defined from S�T� curves. TN denotes the AFM transition tempera-
ture derived from the magnetization. T �

CO is the CO state tempera-
ture defined from ��T� curves. TS and T� express the peak tempera-
ture for S�T� and ��T� curves, respectively.

Temperature �K� x=0 x=0.02 x=0.04

T S
CO 217 204 182

TN 227 207 197

T �
CO 204 176 134

TS 160 146 125

T� 151 97

FIG. 3. The temperature T * of S�0 as a function of Co-doping
level for x=0.04, 0.08, 0.1, 0.2. The solid line is guide to the eyes.
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coupling energy Eex (kBT	Eex ,ECF	Eex) with S=2 and S
=5/2, respectively. However, with taking into account the
octahedral crystal field, the energies of LS and IS states re-
duce relative to that of HS state. As ECF reaches a special
value, the LS state of Co3+ site becomes stable, and the HS
and LS states of Co4+ are close in energy (kBT	ECF,Eex).
Consequently, the number of configuration in Co3+ site is
much smaller than that of Co4+ site, which results in a large
S value. In addition, for samples with high Co-doping level
of x�0.08, a nearly doping-independent and temperature-
independent S�T� in the high-temperature region is also ob-
served as shown in Fig. 2�b�. In the following, we will focus
on analyzing the transport mechanism of LaSr2Mn2−xCoxO7
samples combined with � and S data.

1. High-temperature „T�T�… transport mechanism for Co-free
and lightly Co-doped samples LaSr2Mn2−xCoxO7 (x

=0,0 .02, and 0.04)

In the high-temperature region of T�T�, resistivity ��T�
data at zero field are fitted by thermally activated conduction

�TAC� law ��T�=�0 exp�E0 /kBT�, the adiabatic small po-
laronic conduction �SPC� �=�0T exp�E� /kBT�, and the two-
dimensional Mott’s VRH model ��T�=�0 exp��T0 /T�1/3�,
with T0�21/ �kBN�EF�
3�, where 
 is the localization length,
N�EF� is the density of localized states at the Fermi energy,
and E0 and E� is the activation energy.20 It is found that both
SPC model and VRH model match the resistivity data well in
the high temperature region �T�T��. For the sample with
x=0, 0.02, and 0.04, the plot of ln�� /T� vs 1000/T and the
plot of ln ��T� against T−1/3 are shown in Figs. 4�a�–4�c� and
Figs. 4�d�–4�f�, respectively. To provide a clearer distinction
between SPC model and VRH model, we have plotted the
data in a smaller range. The scatter symbols correspond to
the experimental data and the solid lines denote the fitted
results according to SPC model �Figs. 4�a�–4�c�� and Mott’s
VRH model �Figs. 4�d�–4�f��, respectively. The values of
activation energy E� and characteristic temperature T0�

H �de-
noting the values of T0 in the high-temperature region ob-
tained by fitting ��T� data� are listed in Tables II and III,
respectively. In addition, the parameter �2 �reduced chi-
square value of fit� related to the quality of the fit is alsoTABLE II. Both E� and ES are activation energies calculated by

fitting ��T� and S�T� curves according to SPC model for the sample
with Co-doping level of x=0, 0.02, and 0.04 in the high-
temperature region. WH is the hopping energy of the small polaron
in a given direction. Ep is the formation energy of the small polaron.
The � is a fitting parameter. “±” stands for the error which forms by
fitting ��T� and S�T� data.

Parameter x=0 x=0.02 x=0.04

E� �meV� 125.93±0.69 131.96±0.86 139.73±0.78

ES �meV� 5.65±0.02 5.39±0.02 4.68±0.03

WH /kB �K� 1395 1467 1566

Ep �meV� 240.56 253.14 270.10

� −0.582±0.002 −0.577±0.002 −0.573±0.001

TABLE III. The fitting parameters of S�T� and ��T� curves ac-
cording to the two-dimension VRH model �see text� in the high-
and low-temperature regions. T 0S

H and T 0�
H stand for the character-

istic temperature in the high-temperature region for S�T� and ��T�,
respectively. A is a fitting parameter for S�T� in the low-temperature
region. T 0�

L denotes the characteristic temperature in the low region
for ��T�. “±” expresses the error which produces by fitting ��T� and
S�T� data.

Co content �T 0S
H �1/3 �T 0�

H �1/3 A ��V K−3/2� �T 0�
L �1/3

x=0 540.17±0.37 96.80±0.03 4.89±0.02 1.58±0.01

x=0.02 536.78±0.54 96.95±0.11 5.04±0.04 2.25±0.01

x=0.04 504.48±0.46 97.38±0.08 6.11±0.07 3.62±0.01

FIG. 4. �a�–�c� the plot of
ln�� /T� vs 1000/T for
LaSr2Mn2−xCoxO7 �x=0, 0.02,
and 0.04� in the high-temperature
region and �d�–�f� the plot of ln �
against T −1/3 in the high-
temperature region. The solid
lines of �a�–�c� and �d�–�f� corre-
spond to the fitting by SPC model
and Mott’s VRH model, respec-
tively. The parameter �2 �reduced
chi-square value of fit� represents
the quality of the fit.
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shown in Fig. 4. Unfortunately, only based on the fitting
results of ��T� data, it is difficult to determine the real trans-
port mechanism of the carriers because of the nearly same
fitting temperature region and the close quality of the fit for
SPC and VRH models. Hence, it is necessary to perform the
fitting of S�T�.

As is well known, if the polaronic conduction dominates
the carrier transport, S�T� should be described by the follow-
ing equation:20

S�T� = kB/e�ES/kBT + �� , �1�

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.21

In addition, ��1 suggests the conduction is the small po-
laron hopping and ��2 represents the existence of a large
polaron.22 For SPC, another character is ES	E� , E� is a fit-
ted activated energy according to SPC formula based on ��T�
curves.

Comparatively, if Mott’s VRH dominates the carrier
transport, S�T� in the high-temperature region �T�T��
should meet following relationship:23

S�T�  �T0S

T
�1/3

�2�

where T0S is the characteristic temperature similar to the tem-
perature T0 of the VRH formula of ��T� mentioned above.

In order to test above two models, the curves of S vs
1000/T and S against T−1/3 for the samples x=0, 0.02, and
0.04 are plotted in Figs. 5�a�–5�f�, respectively. The scatter
symbols correspond to the experimental data and the solid
lines denote the fitted results according to Eq. �1� �Figs.
5�a�–5�c�� and Eq. �2� �Figs. 5�d�–5�f��, respectively. The

fitting parameters values of ES, �, and T0S
H �denoting the val-

ues of T0S in the high-temperature region obtained by fitting
S�T� data� are listed in Tables II and III, respectively. To
distinguish SPC model from VRH model well, the parameter
�2 of the fitting quality is indicated in Fig. 5. First, the fitting
result of ��1 implies that SPC dominates the transport of
the carriers for low Co-doping level of x�0.04 in the high-
temperature region of T�T�.22 Secondly, based on Fig. 5, it
exhibits that the fitting temperature range of Eq. �1� as shown
in Figs. 5�a�–5�c� is more wider ��20 K� than that of Eq. �2�
as shown in Figs. 5�d�–5�f�. Thirdly, the value of �2 in the
SPC model is nearly one order of magnitude smaller than
that in the VRH model, implying that the accuracy of the fit
for SPC model is better than that for VRH model. Accord-
ingly, the SPC model is really superior to VRH model in
describing the transport of the carriers in the high-
temperature region of T�T� from the viewpoint of the fitting
results of S data. In addition, from Table II, it is clearly seen
that ES gradually decreases and E� increases with increasing
Co-doping level. Moreover, the magnitude of ES is much
smaller than that of E�, which is the character of SPC men-
tioned above. In brief, 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�. Additionally, based on E�

and ES, both the polaronic hopping energy WH=E�−ES and
the polaronic formation energy Ep=2WH can be obtained as
denoted in Table II. As to the variation of ES and E� with the
Co-doping level, they can be attributed to the decreasing of
the width for the polaron band gap and to the increasing of
the localization of the carriers, respectively.24

In a word, based on the fitting temperature range and
fitting parameters of S�T� described above, the conclusion

FIG. 5. �a�–�c� The plot of S vs
1000/T for LaSr2Mn2−xCoxO7 �x
=0, 0.02, and 0.04� in the high-
temperature region and �d�–�f�:
the plot of S vs T−1/3 in the high-
temperature region. The solid
lines of �a�–�c� and �d�–�f� corre-
spond to the fitting by SPC model
and VRH model, respectively. The
parameter �2 denotes the quality
of the fit.
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that the transport mechanism is mainly dominated by SPC in
the high-temperature region of T�T� for the sample with
low Co-doping level of x�0.04 can be drawn. Additionally,
in the bilayered manganites, the character of the small po-
laron is also reflected in the fact that the magnitudes of both
TN and TS are larger than that of T� as shown in Table I.25

2. Low-temperature „T�T�… transport mechanism for
LaSr2Mn2−xCoxO7 (x=0,0.02, and 0.04)

In order to analyze the transport mechanism of the
samples with Co-doping level of x�0.04 in the low-
temperature region of T�T�, both � and S data are fitted
according to SPC model described above �not shown here�
and VRH model. The curves of ln ��T� against T −1/3 and S
vs T1/2 for the samples x=0, 0.02, and 0.04 are plotted in
Figs. 6�a�–6�c� and Figs. 6�d�–6�f�, respectively, indicating

that � data can be described by the two dimensional Mott’s
VRH formula mentioned above and S data meets the follow-
ing relationship:26,27

	S	 = A�T�1/2 + B �3�

with A= �kB /3e��2T0
1/2�d ln N��� /d���=0, where � is a factor

which determines the thickness of the energy layer within
which the states are effective in conduction, N��� is density
of state �DOS�, � is the energy measured from the Fermi
level, and B is a constant which is the intrasite correlation
contribution. The in-depth derivation for these parameters of
Eq. �3� can be found in the literature.28 The fitting parameters
T 0�

L �denoting the values of T0 in the low-temperature region
obtained by fitting ��T� data� and A are listed Table III. The
parameter �2 of the fitting quality is also plotted in Fig. 6.
The Table III shows that T0�

L enhances with increasing Co-
doping level, implying the localization of the carrier in-
creases with increasing Co-doping level if the variation of
N��� in the vicinity of Fermi surface is not considered. In
addition, the fact that A changes little with increasing Co-
doping level is suggested to originate from the carrier local-
ization effect as discussed above. Therefore, the transport
mechanism in the low temperature region �T�T�� for the
samples of x=0, 0.02, and 0.04 can be suggested to originate
from VRH of the carriers.

3. Transport mechanism for heavily Co-doped samples
LaSr2Mn2−xCoxO7 (x=0.08,0.1, and 0.2)

For the samples of x�0.08, it is found that neither SPC
model nor VRH model matches the S data in the high- and
low-temperature regions. However, Mott’s VRH model
matches � data well in high- and low-temperature region as
described in Ref. 16. Especially for x=0.2 sample, the � data

FIG. 6. �a�–�c� The plot of
ln � against T −1/3 for
LaSr2Mn2−xCoxO7 �x=0, 0.02,
and 0.04� in the low-temperature
region and �d�–�f� the plot of S vs
T1/2 in the low-temperature re-
gion. The solid lines are the fitting
data according to the VRH model.
The parameter �2 stands for the
quality of the fit.

FIG. 7. The temperature dependence of the measured total k of
LaSr2Mn2−xCoxO7 �x=0, 0.02, 0.04, 0.08, 0.1, 0.2�.
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can be fitted within whole measured temperature region, im-
plying the localization of the carriers enhances dramatically.
We know that the remarkable localization of charge carriers
for the samples with heavy Co-doping level gives rise to a
nearly invariable spin entropy, which results in a nearly
doping-independent and temperature-independent S�T� in the
high-temperature region.

As to the large positive S value for the samples with high
Co-doping level, we consider that it may be related to the
spin state transition of Co3+ ions from IS �HS� state to LS
state and the unbalance of the spin and orbital degrees of
freedom between Co3+ and Co4+ sites as mentioned above.

In short, VRH may dominate the transport of the carriers
in the high- and low-temperature region for the sample with
high Co-doping level of x�0.08 although S data cannot be
fitted according to VRH model.

B. Thermal conductivity

The temperature dependence of thermal conductivity k�T�
of LaSr2Mn2−xCoxO7 samples �0�x�0.2� at zero field is
shown in Fig. 7. Usually, the k can be expressed by the sum
of phononic component �kph� and mobile charge carriers
component �kch� as k=kph+kch. The kch value can be esti-
mated from Wiedemann-Franz �WF� law, which relates kch to
� according to kch=L0T /�, where L0=2.44�10−8 V2/K2 de-
notes the Lorenz number. Consequently, kph can be obtained
by subtracting kch from k. The values of k and kch calculated
according to WF law at 100 K are listed in Table IV, indi-
cating that the kch value is much lower than that the k value.
So the measured k is suggested to come from the contribu-
tion of the kph due to the negligible contribution of the kch.

For Co-free sample, k�T� seems to be consistent with
usual phononic heat transport. However, a closer observation
of the k�T� reveals an anomalous feature. The k decreases
with increasing temperatures in 86 K�T�122 K, implying
that an unusual additional scattering mechanism may be ac-
tive above 86 K. For Co-doping samples with x=0.02 and
0.04, the k�T� behavior is similar to that of Co-free sample.
However, the low-temperature k peak is strongly suppressed
with increasing Co-doping level. Interestingly, the k in-
creases with increasing Co-doping level in the high-
temperature region of T�180 K for x=0.02, 0.04, which is
different from the k behavior in the low-temperature region
of T�180 K.

As we know, for Co-free sample, the local Mn3+O6 Jahn-
Teller �JT� lattice distortion due to Mn3+ JT ions can scatter
the phonon, which gives rise to the decrease of k. As Mn3+

ions are partially substituted by non-JT Co3+ ions with LS
and HS states, the local Mn3+O6 JT lattice distortion is sup-

pressed, which results in the increase of k.29 Although the
disorder introduced due to Co doping scatters the phonon,
which contributes the reduction of k, it is suggested that the
former k contribution dominates in the high-temperature re-
gion of T�180 K for low Co-doping samples of x=0.02 and
0.04. As to the drastic suppression of k at low temperatures
for low Co-doping samples, it is suggested to arise from the
disorder due to the Co doping, which hinders a strong in-
crease of the mean free path of the phonon for T→0 K.

For the sample with high Co-doping level of x�0.08, Fig.
7 shows that the k is reduced over a whole range of tempera-
ture. The decrease of the k is suggested to originate from the
combined effect due to the introduction of the disorder be-
cause of Co doping, which results in the decrease of thermal
conduction, exceeds the effect of the suppression of local
Mn3+O6 JT lattice distortion due to the substitution of non-JT
Co3+ ions with LS and HS states for JT Mn3+ ions, which
leads to the increase of thermal conduction.

IV. CONCLUSION

In summary, the effects of Co-doping on �, S, and k in
bilayered manganite LaSr2Mn2−xCoxO7 �0�x�0.2� have
been investigated systematically. For low Co-doping samples
of x�0.04, the SPC mechanism is verified by fitting S�T�
and ��T� curves in the high-temperature region. However, in
the low-temperature region, VRH mechanism dominates the
transport of the sample. As x�0.08, the very large magni-
tude of S with over 100 �V/K at low temperatures is ob-
served, which is suggested to originate from the spin state
transition of Co3+ ions from IS �HS� state to LS state, the
degeneracies and the ratio between Co3+ and Co4+ sites. Ad-
ditionally, the mechanism of variable sign in the S�T� data is
also analyzed according to two-band model. As to the k, the
low-temperature k peak is suppressed due to Co doping. The
effect of the Co doping on the k is discussed in terms of the
combined effect due to the suppression of local Mn3+O6 JT
lattice distortion because of the substitution of non-JT Co3+

ions with LS and HS states for JT Mn3+ ions, which results
in the increase of thermal conduction, and the introduction of
the disorder due to Co doping, which contributes to the de-
crease of thermal conduction.
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TABLE IV. The values of the measured total k and kch calculated from WF law for the sample
LaSr2Mn2−xCoxO7 �0�x�0.2� at 100 K.

Co content x=0 x=0.02 x=0.04 x=0.08 x=0.1 x=0.2

k �W K−1 m−1� 1.82 1.69 1.49 1.21 1.07 0.86

kch �W K−1 m−1� 7.6�10−6 4.2�10−6 2.9�10−6 1.6�10−7 1.2�10−7 7.2�10−9
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