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The relationship between antiferromagnetic �AF� fluctuation and superconductivity was investigated in the
La1111 series, LaFeAsO1−xFx �x=0, 0.05, 0.08, 0.10, and 0.14� by examining nuclear relaxation rates �1 /T1� at
both ambient pressure and 3.0 GPa. The results show that the critical doping level at which low-frequency AF
fluctuation vanishes is around the optimally doped regime �x�0.10�. Although the AF fluctuation is enhanced
by applying pressure in the underdoped regime �0.05�x�0.10�, the increase in critical transition temperature
�Tc� is small, whereas Tc remarkably increases in the overdoped regime �x=0.14�, implying that the AF
fluctuation is less important to the high-Tc mechanism than the density of states at the electron pocket. The x
dependence of Tc at 3.0 GPa is similar to that of R1111 �R=Ce, Pr, Nd, etc.� with Tc�40 K at ambient
pressure. The relationship between Tc and the pnictogen height or lattice constant indicates that pressure
application is equivalent to full rare-earth substitution. This equivalence suggests that high Tc above 40 K is
realized when the AF fluctuation is absent.
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Although a number of iron-based high-Tc superconductors
are known, the 1111 series �RFeAsO1−xFx R=Nd, Sm, Ce,
and La, etc.� is highly important because its critical transition
temperature �Tc� is relatively high compared to the 122 and
11 series.1–7 In the 1111 series, the optimal Tc is realized
away from an antiferromagnetic �AF� phase on the T-x phase
diagram, and the superconductivity is maintained even in a
heavily doped regime. These features contrast with those of
the 122 series, in which the optimal Tc appears adjacent to
the AF phase.8–10 LaFeAsO1−xFx is the initially discovered
high-Tc pnictide and has inspired various investigations.1 In
the La1111 series, the optimal Tc of 26 K appears around
x=0.11, away from the AF phase, and the superconducting
�SC� phase survives even at x=0.20. The SC phase is sensi-
tive to pressure, as in other iron-based pnictides, and shows a
clear dome-shaped pressure dependence on the T-P phase
diagram.11,12 The highest Tc is realized by applying pressure
to optimally doped �x�0.11� or heavily doped �x�0.14�
samples: Tc values, 26 and 20 K for x=0.11 and 0.14, re-
spectively, increase to 43 K at a pressure of 4–5 GPa.11

Structurally, the highest Tc has been realized when Fe and As
ions form regular tetrahedra or the pnictogen height above
the basal plane of iron is high.13,14 Changes in these param-
eters resulting from pressure application can modify the band
structure and covalency between Fe and As ions, affecting
the electronic and/or magnetic properties. The origin of high
Tc in iron-based pnictides is unclear; spin fluctuation seems
to be an improtant factor from an analogy with high-Tc cu-
prates while an SC mechanism due to orbital fluctuation has
also been suggested.15,16 To investigate whether the super-
conductivity is of magnetic origin as it is in high-Tc cuprates,
we measured nuclear magnetic relaxation rates �1 /T1� of
75As systematically under pressure for various doping levels
�x=0, 0.05, 0.08, 0.10, and 0.14�.

Powder samples were used for the nuclear magnetic reso-

nance �NMR� measurements of 75As. Field-swept NMR
spectra for the undoped and F-doped samples were measured
at fixed frequencies of 35.1 and 45.1 MHz, respectively. The
spectra exhibit a typical powder pattern with two peaks,
which is seen under nuclear quadrupole interactions. The re-
laxation rate 1 /T1 was measured at the lower field peak by
the saturation-recovery method. The Fe-As planes contribut-
ing to this peak get aligned parallel to the applied field. Mea-
surements at a pressure of 3.0 GPa were performed using a
piston-cylinder-type pressure cell with FC-70 and 77 as a
pressure-meditation liquid.

Figures 1�a�–1�d� show 1 /T1T measured at ambient pres-
sure and 3.0 GPa for the samples doped with x=0.05, 0.08,
0.10, and 0.14, where the AF phase is absent. The data in
Figs. 1�b� and 1�d� were published in the previous work.21

Figure 2 shows 1 /T1T for undoped samples �x=0� together
with those for the other doping levels. For the x=0.14
samples, 1 /T1T measured at 3.7 GPa is also plotted. At each
doping level, qualitatively different features are revealed by
applying pressure. Below, we describe in detail what occurs
at each doping level using band calculations.17–19

�1� Lightly doped regime �x=0.05�. The T-x phase dia-
gram at ambient pressure is shown in Fig. 3�a�. Samples with
a very low doping level exhibit clear Curie-Weiss behavior,
suggesting that low-frequency AF fluctuation is predominant
at this doping level. The Curie-Weiss behavior is enhanced
and Tc increases slightly at a pressure of 3.0 GPa. The in-
crease �Tc, indicated by arrows in Fig. 1�a�, is estimated as
7–8 K. According to band calculations, the AF fluctuation
originates from the nesting between hole and electron pock-
ets, as illustrated in Fig. 1�e�.

�2� Underdoped regime �x=0.08�. For the x=0.08
samples, Curie-Weiss behavior is weaker than for
x=0.05 and appears almost independent of T at ambient
pressure. However, Curie-Weiss behavior returns when pres-
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sure is applied. The increase in Tc is almost the same as for
x=0.05. The weak Curie-Weiss behavior arises from weak
nesting originating from an imbalance between hole and
electron pockets �see Fig. 1�f��.

�3� Optimally doped regime �x=0.10�. For the optimally
doped samples �x=0.10�, the Curie-Weiss behavior com-
pletely vanishes at both ambient pressure and 3.0 GPa. A
drastic change due to pressure application is most clearly
seen at this doping level. At ambient pressure, 1 /T1T shows
a monotonous increase with increasing temperature. The be-
havior at temperatures above Tc originates not from the AF
fluctuation but from peculiarities of the band structure.19 Ac-
cording to the band calculation, � Fermi surface, a hole
pocket near the ���� ,�� point in the unfolded Brilliouin
zone, is sensitive to the doping level and vanishes around x
=0.10, as illustrated in Fig. 1�g�.14,19 Because the � surface
disappears, the AF fluctuation contributes slightly to 1 /T1T.
However, at high temperature states near the ���� ,�� point
just below the Fermi energy contribute to the density of

states D�	F�. The T-dependent D�	F� gives rise to an in-
crease in 1 /T1T, which is expressed using the Korringa rela-
tion: 1 /T1T
D�	F�2. The spin part of the Knight shift is
proportional to D�	F�. The T-dependent D�	F� has been ob-
served from measurements of the Knight shift.20 At 3.0 GPa,
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FIG. 1. �Color online� Relationship between AF fluctuation and
band structure. ��a�–�d�� Temperature dependence of 1 /T1T at vari-
ous doping levels. Arrows indicate Tc determined from changes in
1 /T1T. ��e�–�h�� Schemes of electron and hole pockets. The ��
point represents �� ,�� in the unfolded Brilliouin Zone. That point
overlaps the � point corresponding to �0, 0� in the original folded
Brilliouin Zone.
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FIG. 2. �Color online� Temperature dependence of 1 /T1T for
x=0 measured at ambient pressure and 3.0 GPa. Data shown in
Figs. 1�a�–1�d� are also shown. For the x=0.14 samples 1 /T1T mea-
sured at 3.7 GPa is also plotted.
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FIG. 3. �Color online� Phase diagram at ambient pressure and
3.0 GPa. Green area represents the region where low-frequency AF
fluctuation is present: the darkness of the color indicates the
strength of the AF fluctuation. Red closed triangles indicate Tc val-
ues determined from 1 /T1T in Figs. 1�a�–1�d� and blue open circles
indicate those determined from the resistivity �Refs. 11 and 12�. The
tetoragonal-to-orthorhobmic phase transition temperatures, Ts are
indicated by red closed circles, and the AF transition temperatures,
TN are indicated by green closed circles �Ref. 2�.
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1 /T1T increases very slightly with the increase in tempera-
ture above Tc, and it resembles the case of x=0.08 at ambient
pressure, implying that the weak T dependence at 3.0 GPa
is attributable to the AF fluctuation. Applying a 3.0 GPa
pressure changes the electronic state from a state free of AF
fluctuation to one with AF fluctuation. The optimally
doped regime �x�0.10� is located on the boundary
where the AF fluctuation vanishes.

�4� Overdoped regime �x=0.14�. In the overdoped regime,
the AF fluctuation is absent at both ambient pressure and 3.0
GPa. Instead, Korringa-type behavior, 1 /T1T=constant, is
observed just above Tc. At temperatures below Tc an upturn
in 1 /T1T is seen only in this doping regime.21 A remarkable
enhancement of Tc ��Tc=20 K� due to pressure application
is attributable to an increase in D�	F�. In the overdoped re-
gime, other hole pockets, �1 and �2 surfaces around the
��0,0� point, are also expected to become smaller than those
in the underdoped regime.22 Therefore, the remarkable Tc
enhancement is attributable to an increase in D�	F� of the
electron pocket, � surface around the M point.

A plateau in 1 /T1T just above Tc originates from the elec-
tron pocket around the M point and is clearly observed in the
overdoped regime compared to the optimally doped regime.
This can be explained as follows: the gap between the Fermi
energy and the states around the ���� ,�� point is larger for
x=0.14 than for x=0.10, as seen from Figs. 1�g� and 1�h�.
Therefore, a deviation from the plateau in 1 /T1T occurs at
much higher temperatures ��40 K� for x=0.14. Thus, the
1 /T1T components coming from T-dependent and
T-independent D�	F� have different origins. This could ex-
plain why 1 /T1T exhibits a qualitatively different pressure
response between low and high temperatures, as shown in
Fig. 1�d�: 1 /T1T at high temperature is suppressed by apply-
ing pressure, whereas the plateau in 1 /T1T is enhanced by
applying pressure.

�5� Undoped regime �x=0.0�. A spin-density-wave-type
AF phase is realized for x�0.05.2,3,23 In the undoped
samples, the structural and AF phase transitions occur at Ts
=160 K and TN=140 K, respectively, at ambient
pressure.1,2 Pressure-induced superconductivity appears
when high pressure is applied: Tc of 21 K is realized at 12
GPa.12,24 Although zero resistivity was confirmed at high
pressure, a precursor to superconductivity is seen at 2 GPa as
a remarkable decrease in resistivity.11,12 As Fig. 2 shows,
application of pressure reduces AF fluctuation remarkably
below Ts. The pressure dependence of the AF fluctuation is
completely different from that observed for x�0.05. The
difference arises from the tetragonal-to-orthorhombic phase
transition, which would worsen the nesting condition of the
two-dimensional Fermi surface. However, the situation is fa-
vorable for the appearance of superconductivity, which de-
velops when the AF fluctuation weakens. In this sense, the
pressure-induced superconductivity has the same origin as
that realized by F substitution.

The results shown in Figs. 1�a�–1�d� are summarized in
the phase diagrams in Figs. 3�a� and 3�b�. The values of Tc
determined from the onset of the resistivity and 1 /T1T �ar-
rows in Figs. 1�a�–1�d�� are plotted in Figs. 3�a� and 3�b�.
Pressure application enhances low-frequency AF fluctuation
in the underdoped or optimally doped regime. The AF fluc-

tuation accompanied by an increase in Tc has also been ob-
served in FeSe.25 However, the increase in Tc is small in the
La1111 series. As the phase diagram at 3.0 GPa shows, su-
perconductivity with Tc�40 K develops in the overdoped
regime away from the strong AF fluctuation caused by pres-
sure application. This fact calls into question the strong in-
terplay between AF fluctuation and superconductivity. Thus,
the question of whether the features observed in the over-
doped regime are common to the other 1111 series arises.

The T-x phase diagram at 3.0 GPa is reminiscent of dia-
grams of the Ce, Pr and Sm 1111 series at ambient pressure
in that Tc hardly drops to below 40 K even in the heavily
doped regime and the highest Tc is realized away from the
AF phase. Figure 4�a� shows a phase diagram normalized by
the doping levels, xAF, at which the AF phase vanishes. The
values of xAF are estimated as 0.04, 0.06, 0.075, and 0.04 for
the La, Ce, Pr, and Sm 1111 series, respectively.1–7 The phase
diagram includes some ambiguity in the determination of
xAF. However, Fig. 4�a� allows comparison of the SC phase
boundary because differences due to x-estimation methods
are excluded to some extent. As the figure shows, the x /xAF
dependence of Tc normalized by the optimal Tc is almost the
same for the 1111 series with high Tc above 40 K. Only the
La1111 series at ambient pressure deviates from the curve.

The similarity between the La1111 series at 3.0 GPa and
the other 1111 series is well understood if the pnictogen
height from the basal plane of iron determines Tc, as sug-
gested by a theoretical investigation.14 According to x-ray
diffraction measurements under pressure by Garbarino et al.,
pnictogen height increases with increasing pressure, and the
lattice constant shrinks as well.26 The same changes occur in
full rare-earth substitution: the pnictogen height increases in
the order of La, Ce, Nd, and Sm, and the lattice constants
also shrink in the same order, as shown in Fig. 4�b�.3,6,27–29

Data for the optimally doped samples are shown as functions
of Tc values in the figure. The La1111 series at 3.0 GPa
�Tc=40 K� corresponds to the Ce1111 series at ambient
pressure. The pnictogen height and lattice parameter esti-
mated from Fig. 4�b� are 0.1565 and 3.97 Å, respectively.
According to the x-ray diffraction measurements on the
La1111 series, the former and latter are estimated to be 0.158
and 3.97 Å, respectively, at 3.16 GPa.26 The agreement is
fairly good, therefore, pressure application and full rare-earth
substitution are equivalent, and the phase diagram deter-
mined under pressure is common to the 1111 series with high
Tc above 40 K.

In some respects, pressure application to the La1111 se-
ries is more useful than full rare-earth substitution because
pressure is a cleaner and more continuous parameter on the
phase diagram. It also allows investigation of the high-Tc
mechanism in the other 1111 series. When the 1111 series
with high Tc ��40 K� at ambient pressure are viewed in
terms of the present measurements under pressure, high Tc is
realized away from the AF fluctuation which should be stron-
ger than that of the La1111 series at the same doping level.
Unfortunately, this expectation is not clearly confirmed by
NMR measurements because magnetic fluctuation arising
from rare-earth ions predominates, which prevents the
extraction of AF fluctuation arising from the basal planes of
iron.
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In summary, the critical doping level of the La1111 series
is estimated as x�0.10 from 1 /T1T at ambient pressure and
3.0 GPa. The phase diagram at 3.0 GPa indicates that super-
conductivity with Tc�40 K develops in the overdoped re-
gime away from the strong AF fluctuation. Pressure applica-

tion is equivalent to full rare-earth substitution, suggesting
that high Tc above 40 K in the 1111 series originates not
from the AF fluctuation but from D�	F� at the electron
pocket around the M point.
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FIG. 4. �Color online� �a� Tc for various RFeAsO1−xFx. Tc and x are normalized by the optimal Tc and the antiferromagnetic phase
boundary xAF, respectively. Blue open circles and red closed triangles represent Tc determined from the resistivity and 1 /T1T at 3.0 GPa,
respectively �see Fig. 3�b��. �b� Pnictogen height measured from the basal plane of iron and lattice constant of the plane for the R1111 series
�R=La, Ce, Pr, Nd, and Sm�. Data for the optimally doped samples are plotted as functions of Tc values. Tc of the La1111 series at 3.0 GPa
is 40 K. The corresponding pnictogen height and lattice constant are 0.1565 and 3.97 Å, respectively, as indicated by arrows.
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