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Effects of cobalt doping and phase diagrams of LFe1−xCoxAsO (L=La and Sm)

C. Wang, Y. K. Li, Z. W. Zhu, S. Jiang, X. Lin, Y. K. Luo, S. Chi, L. J. Li, Z. Ren, M. He, H. Chen, Y. T. Wang, Q. Tao,
G. H. Cao,* and Z. A. Xu†

Department of Physics, Zhejiang University, Hangzhou 310027, People’s Republic of China
�Received 31 August 2008; published 20 February 2009�

The superconducting phase diagrams have been established by the measurements of electrical resistivity,
magnetic susceptibility, and thermopower in cobalt-doped LFeAsO �L=La and Sm� systems. It is shown that
the antiferromagnetic spin-density-wave order in the parent compounds is rapidly suppressed by Co doping,
and superconductivity emerges at x=0.025 and 0.05 in LaFe1−xCoxAsO and SmFe1−xCoxAsO, respectively. The
Tc�x� curves of both systems are domelike, with a maximum Tc of 13 K at x=0.075 in LaFe1−xCoxAsO and
17.2 K at x=0.1 in SmFe1−xCoxAsO. Thermopower measurement shows dominant electron-type transport for
the Co-doped samples, in accordance with itinerant character of Co 3d electrons. We found a close correlation
between Tc and the abnormally enhanced part of normal-state thermopower. The occurrence of superconduc-
tivity via the Fe-site doping in the iron-based oxyarsenide contrasts sharply with the destruction of supercon-
ductivity by the Cu-site �within CuO2 planes� doping in high-temperature superconducting cuprates.

DOI: 10.1103/PhysRevB.79.054521 PACS number�s�: 74.70.Dd, 74.62.Dh, 74.25.Fy, 74.25.Dw

I. INTRODUCTION

Recent discovery of superconductivity �SC� at 26 K in
LaFeAsO1−xFx �Ref. 1� has opened a new chapter in super-
conductivity research. The superconductivity was induced by
partial substitution of O2− with F− in the parent compound
LaFeAsO whose crystal structure consists of insulating
�La2O2�2+ layers and conducting �Fe2As2�2− layers.2 Follow-
ing this discovery, the superconducting transition tempera-
ture Tc over 40 K was realized in LFeAsO1−xFx �L
=lanthanides� �Refs. 3–5� and oxygen-deficient
LFeAsO1−�.

6,7 Through an alternative chemical doping of
thorium for gadolinium, Tc has achieved 56 K in
Gd0.8Th0.2FeAsO.

8 The above substitutions introduce extra
positive charges in the insulating L2O2 layers, and extra elec-
trons are produced onto the Fe2As2 layers as a result of
charge neutrality. The occurrence of superconductivity in this
sense is rather similar to cuprate superconductors in which
superconductivity appears when appropriate amounts of
charge carriers are transferred into the CuO2 planes by
chemical doping at “charge reservoir layers.”9

However, band-structure calculations and theoretical
analysis reveal itinerant character of Fe 3d electrons in the
iron-based oxyarsenides.10–12 The calculated electron density
of states �DOS� for LaMAsO �M=Mn, Fe, Co, and Ni� �Ref.
13� shows that the main feature of total DOS remains un-
changed, except that Fermi level shifts toward the top of
valence band with band filling �adding electrons� one by one
from M=Mn, Fe, Co, to Ni. According to this calculation,
substitution of cobalt for iron is expected to induce electrons
directly onto FeAs layers. On the other hand, Co-doping at
Fe site induces disorder in FeAs layers, which is not benefi-
cial to superconductivity. Therefore, it is of great interest to
explore the cobalt-doping effect in LFeAsO systems.

Sefat et al.14 first reported the synthesis and basic charac-
terization of LaFe1−xCoxAsO. They observed superconduc-
tivity with x=0.05, 0.11, and 0.15. We also independently
found that Co doping induces superconductivity in LaFeAsO
system.15 The superconducting phase diagram has been ob-

tained by using a series of high-quality samples with x=0,
0.01, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, and 0.2. Our sub-
sequent systematic work on SmFe1−xCoxAsO further con-
firms that Co doping is effective to induce superconductivity
in the iron arsenide system. The maximum Tc achieves 17.2
K at x=0.10. We found a close correlation between Tc and
the abnormally enhanced part of normal-state thermopower,
implying the importance of spin fluctuations for the super-
conducting mechanism in the oxyarsenide. It is noted15 that
superconductivity in SmFe1−xCoxAsO was also indepen-
dently reported by Qi et al.,16 who observed a relatively low
Tc
mid of 14.2 K for x=0.10.

II. EXPERIMENTAL

Polycrystalline samples of LFe1−xCoxAsO �L=La and Sm�
were synthesized by solid-state reaction in vacuum using
powders of LaAs, SmAs, La2O3, Sm2O3, FeAs, Fe2As, and
Co3O4. LaAs and SmAs were presynthesized by reacting
stoichiometric La pieces and As powders in evacuated quartz
tubes at 1173–1223 K for 24 h. FeAs and Fe2As were pre-
pared by reacting stoichiometric Fe powders and As powders
at 873 K for 10 h, respectively. Co3O4 and La2O3 were dried
by firing in air at 773 and 1173 K, respectively, for 24 h
before using. All the starting materials are with high purity
��99.9%�. The powders of these intermediate materials were
weighed according to the stoichiometric ratios of
LaFe1−xCoxAsO �x=0, 0.01, 0.025, 0.05, 0.075, 0.1, 0.125,
0.15, and 0.2� and SmFe1−xCoxAsO �x=0, 0.01, 0.025, 0.05,
0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.225, 0.25, and 0.3� and
thoroughly mixed in an agate mortar and pressed into pellets
under a pressure of 2000 kg /cm2, all operating in a glove
box filled with high-purity argon. The pellets were sealed in
evacuated quartz tubes, then heated uniformly at 1433 K for
40 h, and finally furnace cooled to room temperature.

Powder x-ray diffraction �XRD� was performed at room
temperature using a D/Max-rA diffractometer with Cu K�

radiation and a graphite monochromator. The XRD diffrac-
tometer system was calibrated using standard Si powders.
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Lattice parameters were calculated by a least-squares fit us-
ing at least 20 XRD peaks in the range of 20°�2��80°.
The errors were estimated as three times of the standard de-
viations of the fit. Crystal structure parameters were obtained
by Rietveld refinement using the step-scan XRD data with
10°�2��120° for LaFe1−xCoxAsO. The refined lattice con-
stants are essentially the same with those of least-squares fit
within the scope of estimated errors. The typical R values of
the refinements are: RF�3%, RB�4%, and Rwp�13%. The
goodness-of-fit parameter S=Rwp /Rexp�1.5, indicating good
reliability of the refinement.17 The errors of the refinement
for oxygen occupancy, taken as twice of the estimated stan-
dard deviations, are 0.03.

The electrical resistivity was measured with a standard
four-terminal method. Samples were cut into a thin bar with
typical size of 4�2�0.5 mm3. Gold wires were attached
onto the samples’ abraded surface with silver paint. The size
of the contact pads leads to total uncertainty in the absolute
values of resistivity of 10%. The electrical resistance was
measured using a steady current of 5 mA, after checking the
linear I-V characteristic. Thermopower measurements were
carried out on a Quantum Design physical property measure-
ment system �PPMS-9� by a steady-state technique with a
temperature gradient of 1–2 K/cm. Temperature dependence
of magnetization was measured on a Quantum Design mag-

netic property measurement system �MPMS-5�. For the mea-
surement of the superconducting transitions, both the zero-
field-cooling and field-cooling protocols were employed
under the magnetic field of 10 Oe.

III. RESULTS AND DISCUSSION

A. Superconductivity in LaFe1−xCoxAsO

Figure 1�a� shows the XRD patterns of the synthesized
LaFe1−xCoxAsO samples. The XRD peaks can be well in-
dexed based on a tetragonal cell of LaFeAsO,2 indicating
that the samples are almost single phase. Only trace amounts
of impurities �less than 2%, according to the relative inten-
sities of their strongest XRD reflections� of FeAs and/or
La2O3 can be identified. The good phase purity holds for all
the Co-doping levels, suggesting that Co atoms are mostly
incorporated into the lattice. An example of Rietveld refine-
ment based on ZrCuSiAs-type structure is given in Fig. 1�b�.
The calculated intensities match very well with the experi-
mental data.

Figure 2�a� plots the lattice parameters �from the Rietveld
refinements� as a function of Co content. With increasing Co
content, the a axis remains nearly unchanged while the c axis
shrinks significantly. Thus the cell volume decreases almost

(a) (b)

FIG. 1. �Color online� �a� Powder x-ray diffraction patterns of LaFe1−xCoxAsO samples. �b� An example of Rietveld refinement profile
for x=0.1.

(b)(a)

FIG. 2. �Color online� �a� Lattice parameters and �b� angles of As-Fe-As as a function of Co content in LaFe1−xCoxAsO.
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linearly, which is related to the smaller Co2+ ions �as com-
pared with Fe2+ ions�. This result is consistent with other
related reports.14 The change in lattice parameters indicates
that Co was successfully doped into the lattice, according to
Vegard’s law. The shrinkage of c axis suggests the strength-
ening of interlayer Coulomb attraction, implying the increase
in density of negative charge in FeAs layers by the Co dop-
ing.

The oxygen content in LaFe1−xCoxAsO is an important
issue in present study because oxygen deficiency itself might
induce superconductivity. By high-pressure synthesis, super-
conductivity was indeed observed in oxygen-deficient
LFeAsO1−�.

6,7 It has also been reported that superconductiv-
ity was induced by oxygen deficiency in Sr-doped LaFeAsO
via annealing in vaccum.18 We note that all the reported su-
perconductors showed a remarkable �0.3%�0.6%� decrease
in a axis owing to the oxygen deficiency. However, the
present LaFe1−xCoxAsO samples show no obvious change
��0.03%� in a axis, suggesting no significant oxygen defi-
ciency. We also refined the oxygen occupancy by the
Rietveld analysis. The result shows that the oxygen content
is 0.99�0.03, independent of Co doping. So, even if there
exists a small level of oxygen deficiency, the doping-
independent oxygen deficiency cannot account for the super-
conducting phase diagram shown below.

In the iron-based arsenides, the structural features of FeAs
layers were linked with superconductivity. It was revealed
that Tc increases with decrease in the bond angle of
As-Fe-As.19,20 The maximum Tc correspond to the regular
tetrahedron of FeAs4 with the bond angle at 109.5°. Figure
2�b� shows the As-Fe-As angle as a function of Co doping in
LaFe1−xCoxAsO. The As-Fe-As angle of the undoped
LaFeAsO is 113.5°, consistent with the previous report.20

With increasing Co content, the angle tends to increase. The
angles for the superconducting samples �see below� are about
114°, which is obviously larger than that of LaFeAsO1−�.

20

The relatively large As-Fe-As angles may account for the
relatively low Tc values in LaFe1−xCoxAsO.

Figure 3 shows the temperature dependence of electrical
resistivity �	� of LaFe1−xCoxAsO. For the parent compound,
an anomaly characterized by a drop in 	 was observed below

150 K, consistent with the previous reports.1,11 However, the
resistivity shows a more pronounced upturn at lower tem-
peratures. Neutron-diffraction study21 indicated a structural
phase transition at 155 K followed by an antiferromagnetic
�AFM� spin-density-wave �SDW� transition at 137 K in
LaFeAsO. The drop in 	 �and also magnetic susceptibility, 
,
shown in the inset of Fig. 4� happens at the structural tran-
sition temperature,22,23 which was interpreted as the result of
incipient magnetic order.24 Upon doping with Co, the
anomaly temperature Tanom was suppressed to 135 K for x
=0.01, and the anomaly became very weak �only a small
kink in 	 appeared at the Tanom�. For 0.025�x�0.125, the
resistivity anomaly disappears; instead, a resistivity mini-
mum shows up at Tmin depending on the Co-doping levels.
Superconductivity emerges at lower temperatures. The inset
of Fig. 3�a� clearly shows that the superconducting transition
temperature Tc

mid, defined as the midpoint in the resistive
transition, is from 7 to 13 K. The superconducting transition
width is only 1�2 K. The samples of x=0.15 and 0.2 show
no sign of superconducting transition above 3 K, the lowest
temperature achieved in our resistivity measurement.

(b)(a)

FIG. 3. �Color online� Temperature dependence of electrical resistivity, normalized to �a� 	300 K and to �b� 	min, of LaFe1−xCoxAsO
polycrystalline samples. The inset of panel �a� is an expanded plot, showing the superconducting transitions. The arrows in panel �b� mark
the positions of Tmin, where the resistivity exhibits a minimum, for various doping levels.

FIG. 4. �Color online� Magnetic susceptibility �
� of
LaFe1−xCoxAsO samples. Field-cooling protocols were used under
the field of 10 Oe. The inset shows the 
�T� data for the samples of
x=0 and 0.01, measured under the magnetic field of 1000 Oe. A
drop/kink in 
 can be found at 150 and 135 K for x=0 and 0.01,
respectively.
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It is noted that the normal-state resistivity exhibits an up-
turn above Tc, as can be clearly seen in Fig. 3�b�. At first
glance, Anderson localization seems to account for the resis-
tivity upturn at low temperatures. However, such a disorder
effect would lead to a pronounced resistivity upturn with
increasing Co doping, contradicting the experimental obser-
vations. Similarly, attempt to interpret the resistivity mini-
mum in terms of conventional Kondo effect is unsuccessful
either, if the doped Co is regarded as magnetic impurity.
Further study is needed to clarify this issue.

Figure 4 shows the magnetic susceptibility measurement
result. Samples with 0.025�x�0.125 show strong diamag-
netic signal. The magnetic expelling �Meissner effect� frac-
tion and magnetic shielding fraction of the sample of x
=0.075 are estimated to be 11% and 30%, respectively, con-
firming bulk superconductivity. For samples of x=0, 0.01,
and 0.15, no superconductivity transition was observed down
to 2 K. Although the susceptibility shows Curie-Weiss-type
upturn at low temperatures �see the inset of Fig. 4�, the fitted
effective moments are very small, x independent and sample
dependent. Thus the Curie-Weiss-type behavior is likely due
to an extrinsic origin �such as defects and trace impurities�.
The absence of appreciable intrinsic localized moments in
LaFe1−xCoxAsO up to x=0.2 suggests that the electrons of
the doped Co is basically itinerant because the ionic Co2+

and Co3+ would definitely have localized moments under the
tetrahedron crystal field irrespective of high-spin and low-
spin states.

The electronic phase diagram for LaFe1−xCoxAsO was
thus obtained from the above experimental data, as depicted
in Fig. 5. The phase region of the SDW �or incipient SDW�
is very narrow. Co doping by 2.5% completely destroys the
SDW order, and superconductivity emerges. In the supercon-
ducting regime with 0.025�x�0.125, one sees a domelike
Tc�x� curve. Though the normal state shows metallic conduc-
tion at high temperatures, semiconductinglike behavior is al-
ways observed above Tc. It is noted here that the borderline
between metallic and semiconductinglike regions is not well

established because polycrystalline samples were employed.
For the higher Co-doping levels of x�0.15, superconductiv-
ity no longer survives. It was reported that the sample of x
=0.15 shows superconductivity at 6.0 K.14 This discrepancy
may be due to the deviation of chemical composition when
the sample contains significant impurities. Further Co doping
is also of interest because the other end member LaCoAsO
was an itinerant ferromagnetic metal.25

The present Co-doped LaFeAsO system shows both simi-
larities and differences in comparison with the phase diagram
of F-doped LaFeAsO.1,11,26 On one hand, the SDW state in
LaFeAsO is suppressed or destroyed, and superconductivity
occurs with a domelike Tc�x� upon electron doping in both
systems. On the other hand, however, there are some differ-
ences as listed in Table I. Here we note the following points:
�1� Co doping destroys the AFM SDW order more strongly;
superconductivity appears at surprisingly small doping level.
�2� The maximum Tc is significantly lowered in Co-doped
system. �3� The optimal doping level is distinctly lower and
the superconducting region is narrower in LaFe1−xCoxAsO
system. �4� The normal state of LaFe1−xCoxAsO system
shows semiconductinglike behavior above Tc.

The first issue can be qualitatively understood in terms of
the variation in exchange interactions. According to the the-
oretical studies,27–29 the AFM order in the parent compound
originates from the competing nearest-neighbor and next-
nearest-neighbor superexchange interactions, bridged by
As 4p orbitals. Both interactions are antiferromagnetic,
which gives rise to a frustrated magnetic ground state �Fig.
6�. Upon doping Co into the Fe site, the original AFM su-
perexchange interactions may be changed into a double ex-
change between Co and Fe atoms, which obviously destroys
the stripelike AFM order. Different number of 3d electrons at
Fe2+ and Co2+ validates the double exchange in the form of
Fe2+3d�As3−4p�Co2+3d, analogous to the classic double
exchange interaction in perovskite-type manganites.30 The
appearance of superconductivity at x�0.025 suggests that
the suppression of the SDW order by the Fe-site doping
plays an important role to induce superconductivity.

The lowered Tc in LaFe1−xCoxAsO system seems to be
related to the disorder effect within �Fe/Co�As layers. Gen-
erally, impurity-induced disorder may suppress superconduc-
tivity. The insensitivity of superconductivity to a large degree
of Fe/Co disorder in FeAs layers is consistent with itinerant
character of the 3d electrons in the iron-based oxyarsenides

FIG. 5. �Color online� The electronic phase diagram of
LaFe1−xCoxAsO. Tanom denotes the resistivity anomaly temperature.
Tmin separates the metallic and semiconductinglike regions in the
normal state of the superconductors. The dashed lines are based on
the measurement limit. Note that the vertical axis is in logarithmic
scale.

TABLE I. Comparison of electronic phase diagrams in
LFeAsO1−xFx �Ref. 26� and LaFe1−xCoxAsO �present work�. Tc,max

denotes the maximum Tc at optimal doping level xopt.

System LaFeAsO1−xFx LaFe1−xCoxAsO

SDW region 0�x�0.04 0�x�0.025

SC region 0.04�x�0.2 a 0.025�x�0.125

Tc,max �K� 26 13

xopt �0.1 �0.06

	�T� above Tc at xopt metallic semiconductinglike

aThe superconducting region is limited by the solubility limit of F
doping. In fact, Tc�10 K for x=0.2.
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because the itinerant electrons may smear out the disorder
potentials to some extent. Apart from the possible disorder
effect, the lowered Tc,max may arise from a structural reason
since the related bond angle and/or bond length affect the
effective bandwidth in the present materials.19 As mentioned
above, the Co-doped system shows relatively large As-Fe-As
angle �about 114°�. The angles are obviously larger than
those of LaFeAsO1−xFx �e.g., the As-Fe-As angle is calcu-
lated to be 112.8° for x=0.14 using the structural data of Ref.
23�, which may lead to the lowered Tc,max.

B. Superconductivity in SmFe1−xCoxAsO

Figure 7�a� shows the representative XRD patterns of the
SmFe1−xCoxAsO samples. The diffraction peaks of all the
samples can be well indexed based on a tetragonal cell of
ZrCuSiAs-type structure, which indicates that the samples
are all nearly pure phase. Figure 7�b� shows the variations in
refined lattice parameters with Co content. Similar to the
case of LaFe1−xCoxAsO, Co doping causes the shrinkage of
the c axis significantly, while the a axis remains nearly un-
changed.

Figure 8 shows the temperature dependence of electrical
resistivity of SmFe1−xCoxAsO samples in the temperature
range of 3–300 K. The inset shows an enlarged plot of 	
versus T for the low temperatures. For the undoped parent
compound, a clear drop in the resistivity is observed below
about 140 K just as in the case of LaFeAsO,1 which has been
ascribed to a structural phase transition and antiferromag-
netic spin-density-wave �SDW� transition.21 This anomalous
temperature Tanom, which is defined as the peak position in
the temperature dependence of the derivative of resistivity,
decreases from 137 K for x=0 to 124 and 93 K for x=0.01
and 0.025, respectively. For x=0.05, such an anomalous
change in resistivity almost disappears, and only a tiny kink
around 45 K can be distinguished. Within the doping range
of 0.05�x�0.20, superconducting transition can be ob-
served at low temperatures. Meanwhile, the resistivity
anomaly disappears completely for x�0.05. This means that
the superconductivity occurs wherefrom the suppression of
SDW order takes place. Tc

mid reaches a maximum of 17.2 K
at the “optimally doped” level x=0.1, which is distinctly

higher than the reported value of 14.2 K.16 This maximum of
Tc
mid is larger than that of LaFe1−xCoxAsO. The volume frac-

tion of magnetic shielding is over 60% for the “optimally”
doped sample estimated according to its magnetic suscepti-
bility �not shown here�. Furthermore, the “superconducting
window” is in the doping range of 0.05�x�0.20, which is
also larger compared to the superconducting window
�0.025�x�0.125� for LaFe1−xCoxAsO system.

Similar to LaFe1−xCoxAsO, the resistivity changes from
metallic into semiconductorlike as T�Tmin in

FIG. 6. �Color online� Destruction of antiferromagnetism in Fe
planes by Co doping. Left: the nearest-neighbor �J1� and next-
nearest-neighbor �J2� superexchange interactions result in a stripe-
like AFM order in Fe planes when J2�2J1�0. Right: the adjacent
interactions between Fe and Co become ferromagnetic �J2��0� due
to a double exchange, which easily destroys the original frustrated
AFM order.

FIG. 7. �Color online� Structural characterization of
SmFe1−xCoxAsO samples. �a� Powder x-ray diffraction patterns of
representative SmFe1−xCoxAsO samples. �b� Lattice parameters as a
function of Co content.

FIG. 8. �Color online� Temperature dependence of resistivity �	�
for the SmFe1−xCoxAsO samples. Inset: the enlarged plot of 	 ver-
sus T for low temperatures, showing the superconducting
transitions.

EFFECTS OF COBALT DOPING AND PHASE DIAGRAMS… PHYSICAL REVIEW B 79, 054521 �2009�

054521-5



SmFe1−xCoxAsO; i.e., there exists a crossover from metal
into insulator as T decreases. However, such a resistivity
upturn disappears in the doping regime of 0.15�x�0.175.
We suggest that this upturn could be hidden in the strong
superconducting fluctuations as Tc

onset, the onset point in the
resistive transition, is quite high in this regime. Meanwhile
the room-temperature resistivity shows a monotonous de-
crease with increasing x. In the region of large Co-doping
level �x�0.15�, the temperature dependence of resistivity
follows a power law for temperature range T�Tmin, i.e., 	

Tn. The index n is about 1.65 for x=0.25. The system be-
comes more metallic with increasing Co content.

Based on the above resistivity data, an electronic phase
diagram for SmFe1−xCoxAsO was thus established, as shown
in Fig. 9. The phase region of the SDW state is quite narrow.
5% Co doping almost destroys the SDW order, and super-
conductivity emerges. In the range of 0.05�x�0.20, a
domelike Tc�x� curve is observed, similar to that of
LaFe1−xCoxAsO. However, the details of the domes are dif-
ferent. Not only is the value of Tc,max distinctly larger but
also the superconducting window shifts to higher doping lev-
els in SmFe1−xCoxAsO. Thus, it is difficult to make a scaling
for the Tc�x� data of the two systems. The normal state shows
metallic conduction at high temperatures, but it changes into
semiconductinglike before superconducting transition. For
the higher Co-doping levels �x�0.20�, superconductivity is
quenched though the resistivity becomes more metallic. It is
noted that complete replacement of Fe by Co is possible, but
whether SmCoAsO is an itinerant ferromagnetic metal like
LaCoAsO �Ref. 25� needs to be clarified.

C. Thermopower

Figure 10 shows the temperature dependence of ther-
mopower �S� in LaFe1−xCoxAsO. The parent compound
LaFeAsO exhibits a complex temperature dependence, con-
sistent with the previous report.22 S is negative over the en-
tire temperature range, suggesting dominant electron-type
conduction. The steep upturn just below 155 K is associated
with the structural phase transition. Upon Co doping to x

=0.05 and 0.1, the upturn of S disappears, and the room-
temperature �S� values increase from 28 to �70 �V /K.
Band calculations10 indicate multiband feature at Fermi
level, leading to the electrical transport from both electrons
and holes. Considering two bands with electron and hole
conduction, respectively, for simplification, we have

S =
�h�Sh� − �e�Se�

�h + �e
, �1�

where �h�e� and �Sh�e�� represent the contributions from holes
�electrons� to the conductivity and thermopower, respec-
tively. Therefore, the relatively small S value for the parent
compound is, to some extent, due to the compensation effect
of electron and hole conductions. With electron doping, the
hole contribution in Eq. �1� becomes even smaller, explain-
ing the increase in �S� by the Co doping. In other words, our
thermopower measurement suggests that electrons are indeed
doped via the Co/Fe substitution.

It is noted that the Co valence in the end member
LaCoAsO is 2+.2,25 Therefore, one expects that the Co va-
lence in LaFe1−xCoxAsO keeps the same value. Then, the
realization of doping electrons by Co/Fe substitution is prob-
ably due to the itinerant character of Co 3d electrons. Such
electron-doping mechanism of Co3+ for Fe2+ is unlikely. In
fact, we prepared several “LaFe1−xInxAsO” samples. The re-
sult showed that In3+ �analogous to Co3+� could not be doped
into the lattice.

Figure 11 shows the temperature dependence of normal-
state thermopower for SmFe1−xCoxAsO samples. Again, all
of the thermopowers are negative in the whole temperature
range, which means that the electronlike charge carriers
dominate. For the undoped parent compound, thermopower
starts to increase abnormally around Tanom at which the re-
sistivity starts to decrease. This is similar to cases of
LaFeAsO and TbFeAsO.31 Such a remarkable change in the
thermopower should be caused by the change in the elec-
tronic state when the system undergoes the structural phase
transition and SDW transition. This anomaly is gradually
suppressed with increasing Co doping and disappears for x
�0.05, consistent with the resistivity data. For the supercon-

FIG. 9. �Color online� The electronic phase diagram for
SmFe1−xCoxAsO. In the dashed line of Tmin, the resistivity mini-
mum was absent because of the onset of superconductivity. Note
that the vertical axis is in logarithmic scale.

FIG. 10. �Color online� Temperature dependence of ther-
mopower �S� in LaFe1−xCoxAsO. The inset of panel �a� is an ex-
panded plot, showing the superconducting transitions.
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ducting samples, the profile of S�T� curves is very similar to
that of high-Tc cuprates except that it is negative for
SmFe1−xCoxAsO system. However, in contrast to high-Tc cu-
prates where the value of normal-state thermopower de-
creases monotonously with increasing doping level,32,33 the
absolute value of thermopower, �S�, increases quickly with
Co doping, and the maximum in �S� is about 80 �V /K for
optimally doped level �x=0.1�. Such a large value of �S� is
very unusual in superconducting materials. However, the re-
markable enhancement of �S� has also been observed in
F-doped LaFeAsO1−xFx �Refs. 22, 34, and 35� and in Th
doped Tb1−xThxFeAsO.

31 A rough estimate of �S� according
to the Mott expression gives a value of less than 10 �V /K
for F-doped LaFeAsO.34 Whether the enhanced thermopower
is associated with strong electron correlation, magnetic fluc-
tuations, or specific electronic structure is an open issue.

It is well established that there is a universal doping �hole
concentration� dependence of superconducting transition
temperature, Tc, for high-Tc cuprates. Furthermore, it has
been found that there exists a close correlation between the
room-temperature thermopower, S�290 K�, and the hole
concentration, p, and thus a universal correlation between Tc
and S�290 K� is observed.32,33 In order to explore the pos-
sible relationship between thermopower and superconducting
transition temperature in this system, we also plot both
S�300 K� and Tc

mid versus the doping level �x� for
SmFe1−xCoxAsO system. It becomes obvious that S�300 K�
increases with x as Tc

mid does for x�0.1, reaches a maximum
at x=0.1, and then gradually decreases with x in the over-
doped region. For x�0.2, superconductivity disappears and
the thermopower starts to increase again. Actually it can be
seen from Fig. 12 that there seem to be two different contri-
butions to the thermopower; i.e., S�300 K�=S0�300 K�
+S��300 K�. The first term S0�300 K� is the normal contri-
bution �shown by the dashed line in the superconducting
window�, which increases gradually with increasing x. The
other term S��300 K� only appears in the superconducting
window �shown by the blue open symbols in Fig. 12�, which
shows a domelike doping dependence as Tc

mid does. We pro-
pose that there should be a close correlation between super-
conducting state and the anomalous term S��300 K�. It will
be an interesting issue whether such a correlation between Tc
and S��300 K� is a universal feature for all the iron-based
arsenide superconductors.

The anomalous contribution to the thermopower, repre-
sented by �S���300 K�, is hard to understand in the frame of
a conventional metal. We note that the thermopower of a
cobaltate NaxCoO2 is remarkably enhanced due to the elec-
tronic spin entropy.36 Thus we suggest that the anomalous
thermopower term might have a magnetic origin. Careful
studies on the dc magnetic susceptibility have found that the
normal-state magnetic susceptibility shows indeed a dome-
like doping dependence in F-doped LaFeAsO1−xFx system.

23

This susceptibility enhancement could be associated with
spin fluctuations. Therefore it was proposed that the spin
fluctuations may play an important role in the superconduct-
ing mechanism. However, the iron arsenide system has a
very different nature in the electronic state compared to the
sodium cobaltate system. In sodium cobaltate system, a
strong electron correlation picture is necessary to describe
electronic transport properties. The observation of suppres-
sion of thermopower by magnetic field suggested a large spin
entropy term in thermopower. In contrast, the parent com-
pounds
LnFeAsO in the iron arsenide system are not Mott insulators,
and band calculations10–13 and transport property measure-
ments have suggested that the 3d electrons in this system
have mainly itinerant nature. Therefore, the enhanced ther-
mopower might not originate from the spin entropy, although
we argue that it might have a magnetic origin. How the spin
fluctuations play an important role in the electronic transport
needs further studying. If both the enhanced thermopower
and the enhanced susceptibility in the superconducting win-
dow have indeed the common origin, the magnetic fluctua-
tions should also play an important role in the mechanism of
superconductivity.

IV. CONCLUDING REMARKS

In summary, our systematic investigations on the trans-
port, magnetic, and thermoelectric properties have estab-
lished the electronic phase diagrams of cobalt-doped

FIG. 11. �Color online� Temperature dependence of ther-
mopower �S� for SmFe1−xCoxAsO samples.

FIG. 12. �Color online� Doping dependence of room-
temperature thermopower, S�300�, for SmFe1−xCoxAsO samples.
The superconducting transition temperature Tc

mid is also shown for
comparison. The dashed line indicates the background term to the
thermopower. S��300 K� is the abnormally enhanced term, equal to
S�300 K� subtracting the background normal term. See text for
details.
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LFe1−xCoxAsO �L=La and Sm� systems. Thermopower mea-
surements indicate that conduction electrons are added with
the cobalt doping, suggesting the itinerant nature of Co 3d
electrons. The normal-state resistivity exhibits semiconduct-
inglike behavior, making the Co-doped superconductors dif-
ferent from the F-doped ones. Furthermore, we found an
anomalously enhanced thermopower in the superconducting
region, which may be associated with the mechanism of su-
perconductivity.

Co-doping-induced superconductivity challenges our pre-
vious understanding about the exploration of superconduc-
tivity via chemical doping. Conventionally, the dopants were
nonmagnetic because magnetic atoms generally break super-
conducting Cooper pairs.37 In addition, the doping site was
mostly out of the superconducting structural unit, avoiding
disorder effect. Representative examples include the Ba-
doped La2CuO4,

38 K-doped BaBiO3,
39 K-doped C60,

40 and
F-doped LaFeAsO.1 In the present Co-doped LnFeAsO sys-
tems, however, the magnetic element cobalt does not act as

superconducting Cooper-pair breakers. Additionally, super-
conductivity is robust in spite of significant doping �over
10 at. %� on the Fe2As2 conducting layers. These facts sup-
port the itinerant scenario of the Fe /Co 3d electrons, remi-
niscent of superconductivity on the border of itinerant-
electron ferromagnetism in UGe2.

41 For the cuprate
superconductors, in sharp contrast, substitution of Cu with its
neighbors in the Periodic Table �Ni and Zn� in CuO2 plane
severely destroys the superconductivity.42 Therefore, our re-
sult suggests essential differences between the two classes of
high-temperature superconductivity.
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