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We have prepared the superconducting system LaFe1-yCoyAsO1-xFx (x=0.11) and carried out measurements of their 
electrical resistivities ρ and superconducting diamagnetisms. 75As- and 135La-NMR studies have also been carried out. 
The Knight shift observed for 75As has been found to be suppressed by the superconductivity, while for 135La, the shift 
is almost insensitive to the superconductivity. This result presents rather strong experimental evidence for the singlet 
pairing. The Co-doping effect on the superconducting transition temperature Tc is not so significant as expected for 
superconductors with nodes, suggesting that the potential scattering does not seem to primarily suppress the 
superconductivity. Even for superconductors without nodes, it may not be so trivial to expect this small effect, if there 
are two different (disconnected) Fermi surfaces whose order parameters have opposite signs. As a possible explanation 
of the observed Tc suppression, which is found to be small, seems to be related with the loss of the itinerant nature of 
the electrons.. 
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The discovery of the Fe pnictite superconductor 

LaFeAsO1-xFx with the transition temperature Tc ~ 26 K1) 
has presented a remarkable example of 3d electron 
superconductors, which follows Cu oxides2) and 
Na0.3CoO2⋅1.3H2O.3) The system attracts much attention 
because it has strongly correlated electrons and also 
because many related systems can be derived by the 
substitution of the constituent elements. Actually, by the 
total substitution of La atoms with various other 
lanthanide elements Ln, the superconductivity with Tc 
higher than 50 K has been reported.4) The 
superconducting transition with Tc ~ 38 K has also been 
reported for Ba1-xKxFe2As2.5) 

These systems commonly have FeAs layers formed of 
edge-sharing FeAs4 tetrahedra,1) and the 
superconductivity is considered to primarily take place in 
these FeAs layers,6, 7) that is, the 3d-electrons usually 
expected to be strongly correlated, exhibit the high Tc 
values. The spin-density-wave (SDW)-like transition 
observed for the mother system LaFeAsO8) suggests that 
the magnetic interaction cannot be ignored in the study 
of this superconductivity. 

 We have synthesized LaFe1-yCoyAsO1-xFx (x=0.11) 
and used for measurements of electrical resistivities ρ 
and magnetizations Ms due to the superconducting 
diamagnetism, where Co-doping effects on the 
superconductivity of this new system has mainly 
investigated, expecting that results of the studies can 
present us wealthy information on various properties of 
the system, such as the electronic state and origin of the 
superconductivity. We have also carried out 75As- and 
135La-NMR measurements to study the microscopic 
nature of the systems. On the basis of these 
measurements, we show that the superconducting pairs 
are in the singlet state. We also show that the  

Tc-suppression by doped Co-impurities is rather weak as 
compared with that observed for Cu oxides,9) and argue 
what the results imply on the superconducting state. 

Polycrystalline samples of LaFe1-yCoyAsO1-xFx 
(x=0.11) were prepared from initial mixtures of La, 
La2O3, LaF3 and FeAs with the nominal molar ratios. 
They are ground in a glove box filled with Ar gas and 
pelletized. Then, the pellets were sealed in an evacuated 
quartz tube and slowly heated up. Finally they were 
heated at 1150°C for ~38 h, slowly cooled to 700°C and 
then, furnace-cooled. 

By X-ray measurements with CuKα radiation, we have 
often observed LaOF as an impurity phase, whose 
typical molar concentration ~0.03. For some samples, 
there has been found a small amount of the 
ferromagnetic Fe phase, whose molar fraction is 
estimated to be less than 2.5×10-3. We can safely say that 
the Co doping is really achieved here, because we have 
observed the change of the lattice parameter c consistent 
with the linear dependence on y studied in the wide 
region 0≤ y ≤1,9, 10) though we could not find a 
meaningful change of the lattice constant with y in the 
region y≤ 0.03 due to the smallness of their expected 
fractional change (≤0.001).  

The superconducting diamagnetism was measured 
by a Quantum Design SQUID magnetometer with the 
magnetic field of 10 G under both the zero-field-cooling 
(ZFC) and field-cooling (FC) conditions. The electrical 
resistivity ρ was measured by the four-terminal method 
with increasing T. The Tc values are defined as the 
crossing temperatures of the linear extrapolation of the 
Ms-T curve from the T region below Tc with the normal 
state magnetization extrapolated from the region above 
Tc. These Tc values are in good agreement with those 
estimated by the extrapolation of the ρ-T curve to ρ = 0. 
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The 75As- and 135La-NMR measurements were carried 
out by the standard coherent pulse method. The 75As- 
and 135La-NMR spectra were measured by recording the 
nuclear spin-echo intensity I with the NMR frequency or 
applied magnetic field being changed stepwise.  

Figure 1 shows the electrical resistivities against T 
for the samples with various nominal y values. Typical 
data of Ms are shown in the inset, where the volume 
fraction is estimated to be ~80% for the ZFC condition. 
The Tc values estimated from resistivity curves do not 
seem to have meaningful correlation with x. Instead, a 
tendency exists that the higher Tc values are found for 
the samples with the smaller resistivity below 150 K. To 
show this correlation between Tc and ρ more directly, we 
plot the Tc values estimated from the Ms data against ρ at 
30 K, ρ(30 K), in Fig. 2, where the 100y values are 
attached to the corresponding points. We stress again that 
we can hardly find meaningful correlation between Tc 
and y, which imply that, at least, the carrier scattering by 
Co impurities is not playing a primary role in the Tc 
suppression. If the observed suppression were mainly 
due to the potential scattering of the carrier electrons by 
Co impurities, Tc had to have a clear correlation with y. 
Therefore, we think that the suppression of Tc due to the 
carrier scattering by Co impurities is so small that the 
complete suppression is not achieved by the Co doping 
of several percents. This result is rather important, 
because for superconductors with node(s) of the order 
parameter, Tc is rapidly suppressed by the potential 
scattering of the carrier electrons. Even for 
superconductors without nodes, the observed small 
suppression rate of Tc may not be easily expected, if 
there are two different (disconnected) Fermi surfaces 

whose order parameters have opposite signs. This 
adds further information to the nodeless nature12-15) of 
the superconductivity of the present system. The small 
suppression rate of Tc by the impurity scattering seems 
to be consistent with the reported appearance of the 
superconducting transitions in LaFe1-yCoyAsO and 
AFe2-yCoyAs2 (A=Ba, Sr) with y much larger than 
those of the present samples.10, 11, 16, 17)  

The relatively rapid drop of Tc is found in Fig. 2 in the 
ρ(30 K) region between 2-3 mΩ⋅cm. Although the 
intrinsic ρ cannot be precisely estimated for the 
polycrystalline samples because of the possible 
grain-boundary scattering, we speculate that the loss of 
the itinerant nature of the electrons is a possible origin of 
the Tc decrease. For this kind of two-dimensional 
conductors, the sheet resistance R  of 6.45 kΩ is a 
metal-insulator phase boundary,9) which corresponds to a 
much smaller value (~ 0.45 mΩ⋅cm ) of the 
grain-boundary-free ρ of the system. The speculation is 
supported by the logT dependence of the resistivity 
observed by Riggs et al. for SmFeAsO1-xFx under the 
field above the critical field Hc2.18)  

Experimental data, which suggest that the Tc decrease 
is induced by the increase of ρ, can be found in the 
present NMR results, too. In Fig. 3, we plot the 
logarithm of the integrated spin-echo intensities I of 
139La against 2τ, τ being the time between the first and 
second pulses. They were obtained at the fixed field H ~ 
7.4 T. (In the figure, we use [I(2τ)/I(2τ=20µs)]) instead 
of I(2τ).) While the curves are linear for all samples at 
high temperatures (top panel), they become nonlinear 
with decreasing T. This deviation from the linear line is 
more significant for the samples with smaller Tc values, 
indicating that the magnetic fluctuation effect on the 
nuclear spin-spin relaxation is larger in the samples with 
lower Tc or larger ρ (bottom panel of Fig. 3).  

As can be expected from the results shown in Fig. 3, 
we have observed the so-called wipeout, which is 
well-known as a phenomenon that the NMR intensity 
decreases or vanishes for certain reasons: For example, 
in the top panel of Fig. 4, we plot the 139La-NMR 
intensities multiplied by T, (I×T), for the sample with 
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Fig. 2 Tc values determined from the T dependence of Ms are 
shown against the ρ values at 30 K. The values of 100y are 
attached to the corresponding data. 

Fig. 1 Temperature dependence of the electrical resistivities of 
polycrystalline samples of LaFe1-yCoyAsO1-xFx (x=0.11) 
The values of 100y are attached to the corresponding 
curves. The inset shows a typical example of the 
superconducting diamagnetism observed with the FC and 
ZFC conditions. 
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y=0.0 (Tc~ 12 K) at two temperatures against H. They 
were measured with 2τ~60 µs at the fixed frequency f = 
44.6 MHz. (I×T) clearly decreases with decreasing T. (In 
this case, its origin is the rapid decay of the signal with 
2τ shown in Fig. 3.)  

The data in Figs. 2-4 indicate that as the system 
approaches the metal-insulator boundary, or as the loss 
of the itinerant nature of the electrons becomes 
significant, the magnetic fluctuation becomes stronger 
and Tc decreases. For the sample with Tc <5 K and y= 
0.02, whose ρ-T curve can be found in Fig. 2, we have 
observed the large broadening of the 139La-NMR spectra 
at 5 K (bottom panel of Fig. 4), indicating that the 
magnetically ordered phase appears near the 
superconducting phase. From the detailed T dependence 
of its log[I(2τ)/I(2τ=20µs)]-2τ curve, we have found that 
the antiferromagnetic (or SDW) ordering takes place at ~ 
60 K. We have not observed significant anomaly in the T 
dependences of ρ and the magnetic susceptibility. 

 In the left column of Fig. 5, the 139La- and 75As 
-NMR spectra measured at H= 6.05 T for a sample with 
y=0 and Tc≅ 28 K in zero field, are shown against the 
NMR frequency f, where the main panels show the data 
around the positions indicated by the arrows in the insets. 
It can be clearly found that with decreasing T, the peak 
positions of 139La and 75As begin to exhibit significant 
shifts toward the opposite sides at Tc, and the shift 
magnitude is much larger for 75As than that for 139La. 
The deviations ∆f of the peak positions from those at 40 

K are shown against T in the upper right panel of Fig 5, 
and they are re-plotted in the lower right panel, in the 
form of the deviations of Knight shift, ∆K. It is quite 
apparent that only for 75As, ∆f is significant, indicating 
that it does not originate from the superconducting 
diamagnetism (If the diamagnetic field were important, 
the shifts of 139La and 75As would have a same sign.). 
The slight T dependence above Tc can be understood as 
the pseudogap-like behavior reported in ref. 19.  

These results indicate that the Cooper pairs are in the 
singlet state. The T dependence of ∆K can roughly be 
explained by the Yosida function (broken lines) for the 
s-symmetry order parameter,20) although it may not be 
precise enough to restrict that the order parameter obeys 
the simple s-wave form. However, it does not exhibit the 
unusual behavior reported by Matano et al.,21) which 
suggests the existence of two gaps.  

We have shown the electrical resistivity ρ and 
superconducting diamagnetism Ms of LaFe1-yCoyAsO1-xFx 
(x=0.11). The results of 75As- and 135La-NMR studies 
have also been shown. The suppression of K presents a 
strong experimental evidence for the singlet pairing. The 
potential scattering by doped impurities does not seem to 
suppress the superconductivity so significantly as 
compared with those of high Tc Cu oxides.9) This small 
effect on Tc cannot usually be expected for the 
superconductors with nodes. It may not be so trivial to 
expect this small effect even for superconductors without 
nodes, if there are two different (disconnected) Fermi 
surfaces whose order parameters have opposite signs. 
This result presents a new important information on the 
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Fig. 3 Integrated NMR intensities I divided by I(2τ= 20 µs) are 

shown against 2τ. They were obtained at the fixed field H ~ 
7.4 T. At high temperatures, all the data show the 
Gaussian-like 2τ dependence (top). At low temperatures, the 
curves except the one obtained for the sample with the 
highest Tc deviate from the Gaussian-like 2τ dependence, 
indicating that the spin-spin relaxation due to the strong 
magnetic fluctuation becomes significant (bottom). Note that 
the deviation is larger for samples with lower Tc. 
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Fig. 4 Spin-echo intensities of 139La multiplied by T are shown 
against the magnetic field H (f = 44.6 MHz). For the 
sample with Tc~ 12 K, the wipeout effect can be observed 
(top). For the sample which does not exhibit 
superconductivity down to 5 K, the significant broadening 
of the spectra can be seen at 5 K, indicating the static 
antiferromagnetic ordering exists. 
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issue whether nodes of the gap parameter exists, because 
many conflicting data have been reported by measuring 
NMR longitudinal relaxation rate 1/T1,

19, 21) magnetic 
field penetration depth,12, 13) and photoemission 
spectroscopy.14, 15)  

A possibility has been pointed out that the Tc 
suppression, which is found to be rather small, seems to 
be related with the loss of the itinerant nature of the 
electrons. 
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Fig. 5 The left column shows the 139La and 75As NMR intensities against the NMR frequency f. They were obtained for a sample with y=0 
and Tc≅ 28 K at H= 0: The main panels show the data around the positions indicated by the arrows in the insets. The deviations ∆f 
of the peak positions from those at 40 K are shown against T in the upper right panel of Fig 5, and they are re-plotted in the lower 
right panel in the form of the ∆K –T curves. 
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