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Antiferromagnetic Spin Fluctuations above the Dome-Shaped and Full-Gap Superconducting
States of LaFeAsO,_,F, Revealed by "> As-Nuclear Quadrupole Resonance
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We report a systematic study by 7> As nuclear-quadrupole resonance in LaFeAsO,_,F,. The antiferro-
magnetic spin fluctuation found above the magnetic ordering temperature 7y = 58 K for x = 0.03
persists in the regime 0.04 = x = 0.08, where superconductivity sets in. A dome-shaped x dependence
of the superconducting transition temperature 7' is found, with the highest 7, = 27 K at x = 0.06, which
is realized under significant antiferromagnetic spin fluctuation. With increasing x further, the antiferro-
magnetic spin fluctuation decreases, and so does T.. These features resemble closely the cuprates
La,_,Sr,CuQ,. In x = 0.06, the spin-lattice relaxation rate (1/7)) below T, decreases exponentially
down to 0.137,, which unambiguously indicates that the energy gaps are fully opened. The temperature
variation of 1/T| below T, is rendered nonexponential for other x by impurity scattering.

DOI: 10.1103/PhysRevLett.108.047001

The discovery of superconductivity in LaFeAsO,_,F, at
the transition temperature 7. = 26 K [1] has gained much
attention in the condensed-matter physics community. The
electron doping (F doping) suppresses the antiferromag-
netic ordering at Ty = 140 K in LaFeAsO, and high-T,
superconductivity appears [1]. The T, significantly in-
creases up to 55 K in RFeAsO,_,F, (R: Ce, Pr, Nd, Sm)
[2,3]. To elucidate the mechanism of Cooper pairs forma-
tion in these arsenides, it is essential to know the super-
conducting gap symmetry and the normal-state properties.
Previous nuclear-magnetic resonance (NMR) and nuclear-
quadrupole resonance (NQR) measurements have found
that the superconductivity is in the spin-singlet state with
multiple gaps [4-6]. Recent systematic measurements on
Ba(Fe;_,Co,),As, [7], CaFe,As, under pressure [8],
LaNiAsO,_,F, [9], and BaFe,(As,_,P,), [10] have sug-
gested that the antiferromagnetic spin fluctuation (AFSF)
originated from their multiple electronic bands correlates
with the appearance of the pertinent superconducting prop-
erties. On the other hand, there are also reports suggesting
that AFSF is not important to realize high 7, [11].

For prototypical LaFeAsO,;_,F,, several issues remain
elusive. One is the role of AFSF. In cuprates, it has been
believed that AFSF plays a crucial role to induce high-T.
superconductivity, but the situation in LaFeAsO;_,F, is
still unclear [5,12-16]. Some previous studies by NMR
found no AFSF [12-15].

The second issue is the doping dependence of 7. It was
initially reported that 7. forms a wide plateau at 0.04 =
x = 0.12 [1], which raises a question about the effect of
doping. The third unresolved issue is the superconducting
gap symmetry. The spin-lattice relaxation rate (1/7))
decreases sharply below T, but the data were insufficient
for distinguishing between d-wave from sign-reversal

0031-9007/12/108(4)/047001(5)
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s-wave [5,12—16]. From other experimental probes, some
measurements suggested the existence of a node [17], but
the photoemission spectroscopy and the point contact
Andreev reflection measurement suggested a nodeless
gap [18,19].

Here we report results of systematic >As NQR studies
on LaFeAsO;_,F, (x = 0.03, 0.04, 0.06, 0.08, 0.10, and
0.15). An antiferromagnetic order with Ty = 58 K is
found for x = 0.03. Bulk superconductivity sets in at
T, =21 K for x =0.04, with strong AFSF. A dome-
shaped x dependence of T, is found, with the highest
T, = 27 K at x = 0.06, which is realized under significant
AFSF. With further doping, the AFSF is weakened and
disappears for x = 0.10. Concomitantly, 7. decreases.
These features resemble closely the case of cuprates
La,_,Sr,CuO, and suggests that the AFSF is important
in producing the superconductivity in LaFeAsO;_.F, as
well. The systematic observation of the AFSF in the low-
doping regime is unprecedented, and the high quality
samples enable us to reveal a dome shape of the 7. which
has a maximum at quite low x. In the superconducting
state, 1/T; for x = 0.06 decreases exponentially down to
0.13T,, which is clear and direct evidence for a fully
gapped superconducting state. The T variation of 1/T;
below 7, is rendered nonexponential for x either smaller
or larger than 0.06, showing a seemingly 7 behavior for
x = 0.10, which is accounted for by impurity scattering.

The polycrystalline samples of LaFeAsO;_.F, (x =
0.03, 0.04, 0.06, 0.08, 0.10, and 0.15) were synthesized
by the solid state reaction method [20,21]. Here, x indi-
cates the nominal composition of the starting material.
Quite often, resistivity measurements give a higher 7.
than magnetic susceptibility or NQR. We define 7. by
the latter methods. ac susceptibility measurements using

© 2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.108.047001

PRL 108, 047001 (2012)

PHYSICAL REVIEW LETTERS

week ending
27 JANUARY 2012

the in situ NQR coil indicate 7. = 21,27, 23, 18,and 12K
for x = 0.04, 0.06, 0.08, 0.10, and 0.15, respectively. The
1/T, decreases exactly below such-determined 7. The T
is determined by an excellent fit to the single exponential
curve 1 — %—((? = exp(}—?’) [21], where M, and M(t) are the
nuclear magnetization in the thermal equilibrium and at a
time ¢ after the saturating pulse, respectively.

Figure 1(a) shows the 7>As-NQR spectrum for 0.04 =
x = 0.15 measured above T.. As seen in the figure, a clear
single peak, which can be fitted by a single Lorentzian
curve, is observed for x = 0.06. The spectra do not change
below T.. However, we observed two peaks for x = 0.03
[Fig. 1(b)] and 0.04. This indicates that there are two As
sites which are in different surroundings. The NQR fre-
quency v increases with increasing x, as seen in Fig. 1(c).
Here, v probes the electric-field gradient generated by the
carrier distribution and the lattice contribution surrounding
the As nucleus. The doping evolution of v, the spectral
shapes, and the single component of 7, indicate that the
electron carriers were homogeneously doped for x = 0.06,
but phase separation occurs in x = 0.03 and 0.04. We
speculate that this may be due to the local distribution of
the F ion around the As nucleus, which is inevitable in a
quite low-doping region. Remarkably, the 7" dependences
of 1/T, measured at each peak of x = 0.03 and 0.04
indicate that each phase is homogeneous. The same behav-
ior was found in Ref. [22], where the v, is quite similar to
ours although the nominal x there is larger than ours by
~0.02 [21]. Figure 1(b) shows the T evolution of the NQR
spectra for x = 0.03. Below T = 58 K, the spectra are
broadened due to an antiferromagnetic order.

T T T T T T T T
LaFeAsO,_,F, (a) 2 | (b)
75 =
As-NQR =0.15 ! x=0.03
5
& | 1=77K
2 2
s | =7k N
< — f A
& o & P
2 o o A
E 4 6 8 10 12 14
é Frequency (MHz)
“ L (c) |
mn 1
9 |- -
1 1 1 1 8 n n n n
8 0 12 14 16 0 004 008 012 0.16

Frequency (MHz) F content x
FIG. 1 (color online). (a) Doping dependence of the 7> As-NQR
spectrum for LaFeAsO,_,F, measured above T,.. Data for x =
0.08 are from Ref. [5]. Solid curves are Lorentzian fittings which
give a FWHM of ~0.95, 1.2, 1.8, and 2.3 MHz for x = 0.06,
0.08, 0.10, and 0.15, respectively. (b) The spectra above and
below Ty = 58 K for x = 0.03. (c) The x dependence of v.

Figures 2(a) and 2(b) show the T dependence of 1/T for
all samples. For x = 0.03, 1/T, shows a small upturn right
above T and then decreases below, leaving a tiny peak at
Ty. For x = 0.04, 1/T; decreases rapidly below T, due to
the opening of the superconducting energy gaps.

Before going into the details of the superconducting
state, we first discuss the normal-state property. For this
purpose, we plot 1/T,T vs T in Fig. 3. None of the samples
shows a Korringa relation 1/T,T = const expected for a
conventional metal. Above Ty of x = 0.03, 1/T,T in-
creases with decreasing 7' due to the AFSF. Such AFSF
persists in x = 0.04, 0.06, and 0.08, where 1/T, T increases
with decreasing T down to T.. To model the 1/T,T above
Ty or T,, we employed the theory for a weakly antiferro-
magnetically correlated metal [23], 1/T,T = (1/T,T)sr +
(1/T,T)y = C/(T + 0) + (1/T,T),. Here, the first term
described the contribution from the antiferromagnetic
wave vector, and the second term is the contribution
from the density of states (DOS) at the Fermi level. For
x = 0.03, 6 is simply —Ty, where the data can be well
fitted except around Ty [24]. As seen in Fig. 3, 1/T,T for
x =0.04, 0.06, and 0.08 are well reproduced by this
model with 6 ~ 10, 25, and 39 K, respectively. The low-
frequency NQR peak for x =0.04 gives a smaller

vvvvvv

(@ T, | é’iﬁ’: (b)
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0.001 v x=0.04(L) 1/
o x=0.04 (H)
o x=0.06
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FIG. 2 (color online). The T dependences of 1/T, for x =
0.03, 0.04, and 0.06 (a) and for x = 0.08, 0.10, and 0.15 (b). Data
for x = 0.03 were collected at the high-frequency (H) NQR
peak. For x = 0.04, 1/T, was measured at both the low-
frequency (L) and the H peaks. Solid curves below T, for
x = 0.04 are the simulations based on a s* wave superconduct-
ing gap model with impurity scattering (see the text). The dashed
line indicates the relation 1/7; =« T3. The dotted and solid
arrows indicate Ty and T, respectively.
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The curves above Ty or T, are fits to the AFSF theory (see the
text). The inset is the enlarged part for 0.06 = x = 0.15.

68 ~ 5 K. The increase of # with increasing x means that
the system moves away from the magnetic instability (MI)
where § = 0 K. With further doping, for x = 0.10 and
0.15, no enhancement of 1/T,T is seen. Instead, 1/T;T
decreases with decreasing 7, which was recently explained
by the loss of the DOS due to a topological change of the
Fermi surface [9,25]. The results in previous reports of the
lack of the AFSF for x = 0.10 [12,13,15] are consistent
with our results for x = 0.10 and 0.15.

The remarkable finding is that the highest 7, = 27 K is
realized at x = 0.06, which is away from the MI. This
situation is quite similar to the cuprates La,_ Sr,CuO,
[26]. In the scenario of spin fluctuation-mediated super-
conductivity, this can be understood as follows. At high
doping levels, the decrease of T, is due to the weakening of
the AFSF. In the vicinity of the MI, on the other hand, the
too strong low-energy fluctuation acts as pair breaking
[27]. Therefore, a maximal T, is realized at some point
away from the MI with moderate AFSF.

Figure 4 shows the phase diagram for LaFeAsO,_ F,
obtained in the present study. The most important finding is
that the highest 7, is found in the low-doping regime,
which makes our 7. vs x relation look like a dome shape.
In the previous study [1,28], the failure of obtaining higher
T, in the low-doping regime is probably due to sample
inhomogeneity as evidenced by the broader (in fact,
two-peak-featured) NQR spectrum [29]. The present phase
diagram is consistent with that for Ba(Fe,_,Co,),As, [7]
but is somewhat different from that for BaFe,(As,;_,P,),
[10], whose T, shows a maximum around 6 = 0. This
slight difference may originate from the difference of the
tuning parameter for their ground states. The ground states
for both LaFeAsO,_,F, and Ba(Fe,_,Co,),As, are tuned
by electron doping. On the other hand, isovalent P doping
acts as chemical pressure on BaFe,(As,_,P,),. In any case,

0 002 004 006 0.08 0.10 0.12 0.14
F content (x)

FIG. 4 (color online). Phase diagram obtained in this study. AF
and SC denote the antiferromagnetically ordered and supercon-
ducting states, respectively. (a) x dependence of #. The dotted
line is a guide to the eyes. The shade indicates the region of
phase separation. (b) x dependence of Ty and 7. determined by
NQR measurements.

these phase diagrams support the intimate relationship
between AFSF and superconductivity in iron arsenides.
Furthermore, such a phase diagram has consistently been
found in high-T, cuprate La,_,Sr,CuQO, [26] and heavy
fermion compounds [30], indicating that the AFSF plays a
significant role to induce superconductivity in strongly
correlated electron systems in general.

Next, we turn to the superconducting state. Figure 5(a)
shows the T dependence of 1/T; for x = 0.06. Below T,
1/T, decreases steeply due to the opening of the super-
conducting gaps. The hump structure at 7 ~ 0.4T . is due to
the multiple-gap character as reported for other compounds
[4-6,8]. The T variation at low T is much stronger than T
and even stronger than 7>, as can be clearly seen in the
figure. In fact, 1/T, decreases exponentially below 0.4T..
In Fig. 5(b), we plotted 1/T, against T,./T in a semilogar-
ithmic scale. As indicated by the solid line, the 1/7; below
T ~ 0.4T, clearly follows the relation 1/T; o exp(—A,/
kgT) with Ag/kpT, = 1.8, where A, and k denote the gap
size at T = 0 and the Boltzmann constant, respectively.
This is clear and direct evidence that the superconducting
state is fully gapped in LaFeAsOq 94F o6-

The evolution of the superconducting-state properties
can be seen in Fig. 2. For x = 0.06-0.10, 1/T; shows a
marked hump structure around 7" ~ 0.47, and is followed
by a still sharper decrease below. However, the low-T
behavior of 1/T, changes gradually, as to decrease less
and less steeply as x increases. Eventually, for x = 0.15,
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FIG. 5 (color online). (a) The T dependence of 1/T; for
x = 0.06. (b) Semilogarithmic plot of 1/T, vs T./T. The solid
line represents the relation 1/7 o exp(— % .

the hump structure disappears completely. Instead, a sim-
ple T dependence emerges which is close to 73. Such 73
behavior has been reported previously [12—-14] and was
taken as evidence for line nodes. Below, we show thatitis a
consequence of impurity scattering. Namely, the 7> is an
accidental one rather than an intrinsic one. In fact, in
Ba,_,K, Fe,As,, the low-T behavior of 1/T also changes
when the sample purity differs [6,31].

Assuming sign reversing s-wave symmetry [32,33] with
impurity scattering, one can reproduce the evolution of the
1/T, below T.. By introducing the impurity scattering
parameter 77 in the energy spectrum in the form of
E = w +in, the 1/T, in the superconducting state is

given by W Le— L fo —do_ (Wi + W) [34], where
Wo = [(Re{(w + in)/V(w + in)* + |Akg)|*}), > and

T,(T) T 4T
Wi = [(Re{l/V(0 + in)> + |A(kp)[P}A(kp)), P. Here
the A is the gap parameter, and (...) is the average over
the entire Fermi surface and runs over three bands consist-
ing of two hole pockets at the I" point and an electron
pocket at the M point, respectively [35]. Namely, for
a quantity F, (F[A(kp)Dx, =[N F(AT) + NoF(A;)+
N3F(A7)]/(N, + N, + N3)), where N, is the DOS coming
from band i (i = 1, 2, 3). Here, it is tempting to assign
bands 1, 2, and 3 to the v, B, and @ bands found in
angle-resolved photoemission spectroscopy measurement
[36]. It is noted that the weaker T dependence in the
x = 0.15 sample can be understood as due to the impurity
scattering that brings about a finite DOS. For x = 0.04,
where two As sites were found, 1/7 for each site can also
be fitted by the same model, with an additional feature that
a large 7 is needed to explain the low-7 behavior. This can
be understood if the two phases coexist in the nanoscale

TABLE I.  The fitting parameters A} (= A7), A5, 7 in the unit
of kzT., and N|:N,:Nj;.

x T, (K) AF A; 7 N,:N»:N3
0.04(L) 21 450 093 039  0.335:0.330:0.335
0.04(H) 21 458 163 027 0.38:0.24:0.38
0.06 27 562 1.1 0006  0.30:0.40:0.30
0.08 23 337 092 003  0.303:0.394:0.303
0.10 18 300 083 0035 0.305:0.39:0.305
0.15 12 262 079 015 0.31:0.38:0.31

[22], where one phase acts as an impurity scatterer for the
other. The obtained fitting parameters are summarized in
Table 1. Finally, we note that an s™" wave [37] seems
difficult to explain the lack of the coherence peak just
below T, and the x evolution of low-T behavior of 1/T.

In conclusion, we have presented the results of system-
atic NQR measurements on high quality samples of
LaFeAsO;_,F, (x=0.03, 0.04, 0.06, 0.08, 0.10, and
0.15). The AFSF seen above T) = 58 K of x = 0.03
persists in the 0.04 = x = 0.08 regime. The highest T, =
27 K is realized for x = 0.06, which is away from the
magnetic instability but with significant AFSF. The phase
diagram closely resembles those of the cuprates
La,_ Sr,CuO, and other iron arsenides, which suggests
that the AFSF is also important to produce the supercon-
ductivity in LaFeAsO;_,F,. In x = 0.06, 1/T, below T,
decreases exponentially down to 0.137,, which unambig-
uously indicates that the superconducting gaps are fully
opened. The T variation of 1/T; below T, is rendered
nonexponential for x either smaller or larger than 0.06,
which is accounted for by impurity scattering.
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ARTICLE INFO ABSTRACT

Available online 16 October 2010 We report ">As nuclear quadrupole resonance (NQR) studies on oxypnictide superconductors LaFeA-
5O _xFx (x=0.08, 0.15) and LaNiAsO, _,F, (x=0, 0.06, 0.10, 0.12). In LaFeAsOg 92F¢.0s (Tc=23 K), nuclear
spin-lattice relaxation rate 1/T; shows no coherence peak just below T, and decreases with decreasing
temperature accompanied by a hump structure at T ~ 0.4T,, which is a characteristic of the multigap
superconductivity. In the normal state, the quantity 1/T;T increases with decreasing temperature to T,
indicating that the existence of antiferromagnetic correlation originating from its multiple electronic
band structure. On the other hand, LaNiAsO; _F, shows a clear Hebel-Slichter (coherence) peak just
below T, evidencing that the LaNiAsO, _4Fy is a BCS superconductor. In the normal state, 1/T; T is constant
in the temperature range 4 <T < 10K for all LaNiAsO; _,F,, which indicates electron correlations are
weak. We suggest that the contrasting behavior of both superconductivity and electron correlations in
LaFeAsQg 9,Fo.0s and LaNiAsO, _,F, between them relate to the difference of electronic band structure
configuration. We also provide a possible interpretation for the pseudogap-like behavior in the normal

Keywords:
D. Nuclear quadrupole resonance
D. Superconductivity

state observed in both compounds.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, superconductivity in LaFeAsO; _,Fy at T.=26 K was
discovered [1]. And soon after the superconducting transition
temperature (T;) becomes as high as 55K [2,3] to replace La
with other rare-earth elements. LaFeAsO has a ZrCuSiAs-type
structure (P4/nmm) in which FeAs forms a two-dimensional
network similar to the CuO, plane in the case of cuprate high-T,.
superconductors. LaFeAsO shows a structural phase transition from
tetragonal to orthorhombic structure at T ~ 170 K accompanied by
a striped antiferromagnetic order. It has been suggested that the
origin of these phase transitions is the nesting between the
different Fermi surfaces, which consists of two hole pockets
centered at (0, 0) (I" point) of the unfolded Brillouin zone, and
two electron pockets around (7, 0) (M point). When F is doped at O
site as electron doping to LaFeAsO, these phase transitions are
suppressed and high T, superconductivity emerges at the border of
these phases.

Although many experiments have tried so far, the supercon-
ducting gap symmetry and the mechanism of the superconductiv-
ity are still unclear. In previous nuclear magnetic resonance (NMR)
measurements for PrFeAsOF and LaFeAsOF, the spin-lattice relaxa-
tion rate 1/T; shows neither a coherence peak just below T, nor an
exponential decay at low temperature [4-6]. These features show

* Corresponding author.
E-mail address: gsc421115@s.okayama-u.ac.jp (T. Oka).

0022-3697/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jpcs.2010.10.022

that this system is unconventional superconductor. In addition,
NMR measurement in PrFeAsOgggFg 11 suggests that two gap
superconductivity [4]. NMR and nuclear quadrupole resonance
(NQR) measurements on Bag 7Kg 28Fe>As; and LiyFeAs also found
multiple gap superconductivity [7,8]. Superconducting gap
symmetry of this system is experimentally still controversial.

In this paper, we report nuclear quadrupole resonance (NQR)
studies on LaFeAsO _4F, (x=0.08,0.15) and LaNiAsO; _xFy (x=0.0-
0.12). Both compounds have the same crystal structures, but the T,
of LaNiAsO; _4Fy (TM%* ~ 4 K) is one order of magnitude lower than
LaFeAsOq _xFy (T{"* ~27 K). And LaFeAsO,;_xF, have multiple
Fermi surfaces along I'-M direction, so it has been expected
that several nesting vectors are possible to emerge in LaFeAsO _4Fy
[9]. On the other hand, from band structure calculation, it is
suggested that the configuration of Fermi surface for
LaNiAsO, _Fy is different from LaFeAsO, _F,, namely, the energy
band at I" point is below the Fermi energy, so it has no nesting
between I'—M direction. Notably, the non-doped LaNiAsO has no
structural and antiferromagnetic phase transitions and it becomes
superconductor without doping. Thus, LaNiAsO, _,Fy is suitable to
study the mechanism of superconductivity in LaFeAsO;_.F, to
compare the electronic band structure configuration in both
compounds.

NQR has some advantages over NMR. NQR is performed at zero
magnetic field, so superconductivity is not affected by magnetic
field. And As nucleus has a nucleus spin I=3/2, so the recovery
curve of the nuclear magnetization is determined by a single
exponential function; (1—M(t))/Mgo=exp(—3t/T;), where My and
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M(t) are the nuclear magnetization in the thermal equilibrium and
at atime t after the saturation pulse, respectively. Therefore we can
evaluate T, definitely.

2. Experimental procedure

The polycrystalline samples of LaFeAsO; _,F, and LaNiAsO; _4F,
were synthesized by the solid-state reaction method [10,11]. For
LaFeAsO; _4Fy (LaNiAsO; _4Fy), LaAs, Fe, Fe,03, LaF; (LaAs, NiO, Ni
and LaFs) were used as starting materials. They were mixed and
pressed into small pellets. These pellets were sintered at
temperature of 1150 for 50 h. For NOR measurements, the pellets
were crushed into coarse powder. T, for each sample was
determined by ac-susceptibility measurement using the in situ
NQR coil. NQR measurements were carried out by using a phase-
coherent spectrometer. T; was measured by using a single saturation
pulse. T; below 1 K is measured using >He/*He dilution refrigerator.

3. As-NQR study of superconductivity and electron
correlations in LaFeAsQg 9,F¢ o3

Fig. 1 shows the temperature dependence of ’>(1/T;) for
LaFeAsOg g2Fo0s [12]. The onset of superconducting transition is
clearly observed in temperature dependence of 1/T; below
T.=23 K. 1/T, decreases with no coherence peak just below T,
which is in contrast with conventional BCS superconductor.
Furthermore, the temperature dependence below T. is not a
simple power law (1/T; T3 or T°) as seen in heavy fermion
compounds [13-15] or high-T,. cuprates [16], nor exponential as
seen in conventional BCS superconductors [17].

The most peculiar feature is that 1/T; shows a step-wise decrease
below T.. Namely, the steep drop of 1/T; just below T, is gradually
replaced by a slower change below T ~ 10 K, then followed by a still
steeper drop below. Such unusual decreases of 1/T; leaves a broad
hump-like feature around 8 K. This behavior is clearly different from
the case of usual superconductors that have a single superconduct-
ing gap. These two-steps feature in the T-dependence of 1/T;
appears to be universal in PrFeAsOggoFo11 [4], Baj_xKiFeAss
[18], and CaFe,As, [19]. And this may be originated from their
multiple electronic band structure. Fig. 2 shows the temperature
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Fig. 1. The temperature dependence of the spin-lattice relaxation rate 1/T;, at zero
field for LaFeAsOg g2Fo.0s (Tc=23 K).
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Fig. 2. The temperature dependence of 1/T;T for LaFeAsOg o,F¢ os. The dotted curve
indicates relation, 1/T;T=0.03+1.8/(T+39) in the unit of s~ ' K~ ! (see text).

dependence of 1/T;T for LaFeAsO;_xFy. The temperature
dependence of 1/T;T above T, in LaFeAsOgg,Fo 05 is well fitted by
the relation for a weakly antiferromagnetically correlated metal,
1/T1T=C/(T+0)+const [20]. Here, the first term described the
contribution from the antiferromagnetic wave vector Q, and the
second term describes the contribution from the density of states at
the Fermi level. As shown by the dotted curve in Fig. 2, the
temperature dependence of 7>(1/T;T) for LaFeAsOqg:Foos is well
represented by this model with 6~ 39 K. Qualitatively similar
behavior was also seen in underdoped high-T. cuprates [21] or
cobaltate superconductors [22], but 1/T;T increases much more
steeply there with smaller 6. The result indicates that the spin
correlations are much weaker in the present case.

4. As-NQR study of superconductivity in LaNiAsO, _F,

In addition, we have studied LaNiAsO; _F, [23]. Fig. 3 shows the
temperature dependence of the spin-lattice relaxation rate, 1/T;, at
zero magnetic field, for LaNiAsO; _xF, (x=0.10,0.12). As seen in the
figure, 1/T; shows a well-defined coherence (Hebel-Slichter) peak
just below T, which is a characteristic of superconductors with an
isotropic gaps. This is in sharp contrast to various Fe pnictides
reported so far. At low temperature, 1/T; decreases as an
exponential function of temperature. The dotted and solid curves
below T, in Fig. 3 are calculations using the BCS model. The 1/Tsin
the superconducting state is expressed as Tin/Tis=2/kgT
J(1 (A2 JEE)NS(ENS(ENf(E)[1—f(EN]S(E—E)dEdE', where 1/Tiy
is the relaxation rate in the normal state, NJ(E) is the
superconducting density of states (DOS), f(E) is the Fermi
distribution function, and C=1+(4%/EE’) is the “coherence
factor”. Following Hebel, we convolute Ny(E) with a broadening
function B(E) which is approximated with a rectangular function
centered at E with a height of 1/24. The dotted and solid curves
below T, for the two samples shown in Fig. 3 are calculations with
20(0)=3.2kgT, and r=0(0)/0=5 for LaNiAsOgooFo10 and
20(0) = 3.1kgT, and r=1.5 for LaNiAsOg ggFo.12. Such temperature
dependence of 1/T; in the superconducting state is in striking
contrast to that for Fe pnictides, where no coherence peak was
observed and the temperature dependence at low temperature
does not show an exponential behavior. The distinctive difference
may be ascribed to the different topology of the Fermi surfaces. For
Fe pnictides, it has been proposed that d-wave [24,25] or sign
reversal s-wave gap [26,9] can be stabilized due to nesting by the
connecting wave vector Q = (7,0). In LaNiAsO, _F,, however, there
is no such Fermi-surface nesting [27], and thus the mechanism for
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Fig. 3. The temperature dependences of the spin-lattice relaxation rate 1/T;
obtained through As-NQR for LaNiAsO;_,Fy (x=0.10, 0.12). Arrows indicate T..
The solid and dotted curves below T, are the fitting curves assuming the BCS model
with the parameters as indicated in the figure. The dashed curves above T, indicate
the relation of 1/T;T=constant.
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Fig. 4. The T dependence of 1/T;T for LaNiAsO, _F, above T.. 1/T; T is constant for all
samples below T=10 K. The curves for x=0.10 and 0.12 are fits to 1/T;T=(1/T;T)o+b
exp( — 2E,/ksT) with (1/TyT)o=0.41 s "' K=, b=0.61 s~ K=, and Eg/ks=22.5 K for
x=0.10 and (1/T;T)p=0.46 s~ ' K~ ', b=0.67 s~ ' K~ !, and Eg/kz=22 K for x=0.12.

the proposed gap symmetry does not exist. Our result therefore
highlights the important role of the Fermi-surface topology in the
superconductivity of Fe pnictides.

5. “Pseudogap”-like behavior in LaFeAsO, _,F, and
LaNiAsO; ,F,

Fig. 4 shows the quantity 1/TT as a function of temperature for
LaNiAsO; _xFyx. For x=0 and 0.06, 1/T;T is a constant, which
indicates that the electron correlations are weak as in
conventional metals. This feature is also in striking contrast to
the Fe analog. As discussed in former section, in LaFeAsO; _,Fy, a
magnetically ordered state is realized below Ty=140K for x=0
[28]. Forx=0.08, 1/T; T increases with decreasing temperature [12],
indicating electron correlations as seen in high-T, cuprates. The
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Fig. 5. The T dependence of 1/T;T for LaFeAsO; _Fy above T..

explanation based on Fermi-surface nesting is a promising scenario
to account for the magnetic order [26,29]. Fermi-surface nesting is
also proposed to be responsible for the spin fluctuations with
Q =(m,0) [26,9]. In LaNiAsO;_F,, however, such Fermi-surface
nesting does not exist, therefore the spin fluctuations are not
expected. Thus, the striking difference in the normal state between
LaNiAsO; _xFy and LaFeAsO;_,Fy can also be understood by the
different topology of the Fermi surfaces. On the other hand, for
LaNiAsOgooFo.10 and LaNiAsOggsFo12, 1/TiT increases with
increasing temperature. A similar feature was also seen in highly
doped LaFeAsO, _,F, with x=0.15 as seen in Fig. 5 (and [5,30]) and
BaFeg 9Cog 12As,. Clearly, such behavior cannot be ascribed to
electron correlations which are believed to be responsible for a
similar phenomenon in high-T, cuprates called pseudogap [31]. It
was proposed that such pseudogap behavior in LaFeAsO, _,Fyis due
to the band structure [32]. In LaFeAsO, _,F, with larger electron
doping of x > 0.1, the large DOS due to the hole pocket around the I’
point, namely (7, 1), sinks to below the Fermi level [32,33]. At low
temperature, this part of DOS does not contribute to 1/T;. Upon
increasing temperature, however, the thermal activation
associated with such DOS will contribute to 1/T;, giving rise to
the pseudogap behavior. At present, the origin for the pseudogap
behavior in LaNiAsO; _4Fy is unclear. But there is a good possibility
that the same mechanism [32] also applies. Upon doping, the bands
around X and R points in LaNiAsO, _Fx [27] could sink to below the
Fermi level, resulting in a pseudogap behavior similar to
LaFeAsO, _,F, (x> 0.1). The '*°La Knight shift (K) shown in Fig. 6
supports such speculation since the spin part of K is proportional
to the DOS at the Fermi level N(Ef) while 1/T;T o (N(Er)?). The
curves for x=0.10 and 0.12 in Fig. 4 are fits to 1/T,T=(1/
T T)o+b exp( — 2Eg/kgT). The first term is proportional to N(Eg)? at
low temperature and the second term comes from the thermal
activation effect of the DOS beneath the Fermi level. The obtained
E,lkpis22.5and 22 Kforx=0.10and 0.12, respectively. The curve in
Fig. 5 is a fit to K=Ko+K; exp( — Eg/kgT) with resulting Eg/kg=23 K,
in good agreement with the 1/T;T result. To conclude, the
pseudogap-like behavior commonly seen in nickel and iron
pnictides, in spite of strikingly different T, suggests that this
feature is unrelated to the mechanism of the superconductivity.

6. Conclusion

In summary, we have presented the NQR result on low-T, nickel
pnictides LaNiAsO; _Fx (x=0, 0.06, 0.10 and 0.12) and high-T. iron
pnictide superconductors LaFeAsO; _,F, (x=0.08, 0.15). From the
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Fig. 6. The '*°La Knight shift in the ab plane of LaNiAsO; _Fy (x=0, 0.10) above T..
The curve for x=0.10 is a fit to K=Ko+K;exp( — Eg/ksT) with Ko=0.07%, K; =0.025%,
and Eg/kg=23 K. The straight line for x=0 is a guide to the eyes.

1/T; measurements, we find that LaNiAsO,_,F, are BCS-super-
conductors, LaFeAsO;_,F; are unconventional superconductors.
And in normal state, we observed the antiferromagnetic spin
fluctuations in LaFeAsOggFg0s. However, LaNiAsO;_xF; has
weak electron correlations. Therefore we suggest that electron
correlations play an important role for copper pair formation and
its high T. in iron pnictide superconductors. T, is smaller by nearly
an order of magnitude compared to LaFeAsO; _,F,. If the super-
conductivity in LaFeAsO; _,Fy is promoted by the spin fluctuations
with Q =(I1,0) as proposed [9,26], then the much lower T, in
LaNiAsO; _xFx can be naturally understood such spin fluctuation is
not expected due to the different Fermi surface topology and
indeed is not observed experimentally. And we find pseudogap-like

behavior in both LaNiAsO; _,Fx and LaFeAsO _,Fx. Because it is a
common characteristic of them, pseudogap-like behavior does not
relate to superconductivity. We think the increase of 1/T;T with
increasing T is contribution from another band which sinks to
below the Fermi level at low temperature.
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