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The newly discovered iron-based superconductors have triggered renewed enormous research interest in the
condensed matter physics community. Nuclear magnetic resonance (NMR) is a low-energy local probe for study-

ing strongly correlated electrons, and particularly important for high-7¢ superconductors.

In this paper, we review

NMR studies on the structural transition, antiferromagnetic order, spin fluctuations, and superconducting properties
of several iron-based high-T¢ superconductors, including LaFeAsO;_,F,, LaFeAsO;_,, BaFe;As,, Ba;_ K Fe,As,,
Cap23Nag g7FeyAsy, BaFey(Asy_Py)>, Ba(Fej_,Ruy)rAsy, Ba(Fe;_,Coy)2Asy, Lijy FeAs, LiFe;_,Co,As, NaFeAs,

NaFe;_,Co,As, KyFe;_,Se», and (TL,Rb),Fe,_,Se;.

Keywords: iron-based superconductors, nuclear magnetic resonance (NMR), spin fluctuation, superconduc-

tivity
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1. Introduction

The discovery of high-7¢ superconductivity (SC) in iron
pnictide materials!"~* stimulates large research enthusiasm on
unconventional superconductors. Up to now, several families
of iron-based superconductors sharing a similar phase diagram
have been found.!!”~7! The parent compounds are metallic
antiferromagnets. Via carrier doping or under pressure, the
antiferromagnetism (AFM) was gradually suppressed and SC
was developed. With time going by, it has been found that
the correlation effect among the lattice structure, magnetism,
spin fluctuations, and superconductivity are important for un-
derstanding the properties and the paring mechanism of the
superconductivity.

Nuclear magnetic resonance (NMR) detects the on-
site hyperfine field originating from the electronic bath.
Therefore, it is very sensitive to static electronic spin sus-
ceptibility, magnetic order, and low-energy magnetic ex-
citations. In this paper, we review NMR studies on sev-
eral iron-based superconductors.
ciples of NMR in Section 2.
on NMR studies of the paring symmetry of several com-
pounds, including LaFeAsO;_,F,, LaFeAsOq7, KFe,As,,
BaFes(Asg 67P0.33)2, and K,Fe;_,Se;. In Section 4, we re-

We first introduce prin-
In Section 3, we focus

view the NMR study of the structural transition in BaFe;As,
and NaFeAs. In Section 5, we concentrate on the NMR stud-
ies on the long-range ordered AFM (LROAFM) in BaFe,As,
and NaFeAs. The competition between SC and LROAFM
as well as their coexistence in several underdoped sam-
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ples, including BaFes(As)75Po.25)2, Ba(Fep.77Rug.23)2A82,
and Bag77K(.23FesAs,, are reviewed in Section 6. In Sec-
tion 7, we review the studies of the spin fluctuations in
the normal states of LaFeAsO;_.F,, Ba(Fe;_,Coy)yAs,
BaFes(As1—«Pyx)2, Bai K Fe;Asy,  Cag33Nagg7FerAsy,
Lij,FeAs, LiFe;_,Co,As, NaFe;_,CosAs, K,Fe;_,Se,
(TLRb),Fe,_,Se;, and BaFe;As,, where two types of spin
fluctuations, one from Fermi surface nesting and one from
local spins, are suggested.

2. Principles of NMRI[8-10]
2.1. NMR Hamiltonians

The nuclear spin system in condensed matter can be con-
sidered to exist in the thermal bath of the electron system via
hyperfine coupling. The typical energy scale of nuclear spins
is about three orders smaller than that of electron system. As
a result, nuclear magnetic resonance is very suitable for the
study of static magnetism and low-energy spin fluctuations in
condensed matter. The interactions between electrons and nu-
clei can be described with the Hamiltonian, given by

H = Hzeeman +He—n +Hep +Hdip- D

The first term on the right-hand side describes the Zeeman
splitting between the degenerate nuclear energy levels when an
external field Hy, is applied. The detailed Hamiltonian form
can be written as

Hzeeman = YhHext : I> (2)

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11074304 and 11222433) and the National Basic Research Program of

China (Grant Nos. 2010CB923004 and 2011CBA00112).
TCorresponding author. E-mail: wqyu_phy @ruc.edu.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

087414-1


http://dx.doi.org/10.1088/1674-1056/22/8/087414
mailto:wqyu_phy@ruc.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 8 (2013) 087414

where ¥ and I are the nuclear gyromagnetic ratio and spin,
respectively. In the common NMR experiments, this Zeeman
splitting energy is the largest among the four terms for the nu-
clear system, and the other three terms of the Hamiltonian can
be treated as perturbations.

The second term on the right-hand side of Eq. (1) is given
by

l,’ S,‘ i S,'-'I”‘,'
He—n = thZ(zuB)(ﬂ_’-%+3( r5 )

+§7t5i5(ri)>. (3)

The term H._, is the detailed form for the hyperfine interac-
tion between the nuclear system and the electric bath. The first
term in Eq. (3) represents the interactions between the nuclei
and orbital motion of electrons, which contributes to a chem-
ical shift in the spectral frequency. The second and third term
describe the dipolar interactions between nuclei and electrons.
The last term describes onsite Fermi contact interaction due
to the overlapped wave functions of nuclei and electrons. The
hyperfine interaction is the main channel for the spin-lattice
relaxation process on the time scale 77, which gives the infor-
mation about the low-energy excitations in the electron sys-
tem, which is important for the study of condensed matter.

The third term on the right-hand side of Eq. (1) is written
as

eQVz,

_ Ve ?) 2 72
0 = 41(21_1)[(31z ) +n(l* - L%)). 4)

The term H,g is the nuclear quadrupole interactions with the
crystalline electronic field gradient (EFG) as shown in Eq. (3),
where Q is the nuclear quadrupole moment, Vg is the com-
ponent of the EFG tensor, and 7 is the asymmetry parameter
defined as ) =| Vi =V, | /V.;. The quadrupolar interaction
is non-zero only for the nuclei with I > 1/2, which gives the
important information about the lattice structure reflected by
EFG. In fact, this interaction also breaks the degeneracy of the
nuclear energy levels, and the nuclear quadrupole resonance
(NQR) technique can be performed under zero field.

The last term on the right-hand side of Eq. (1) is written

as
1S e 307 i) (e mjic)
Hdip = E Z ( r3 - }"S . (5)
=t k

This term is the dipolar interaction between each nuclei with
moments p and a distance of 7 j;, which describes the energy
transfer within the nuclear system. Usually, the dipolar inter-
action contributes to the nuclear diffusing mechanism with the
typical time scale 7> known as the spin—spin relaxation time
and a static broadening of the spectra for type-II supercon-
ductors. The spin—spin relaxation rate 1/7, gives the detailed
information about the vortex dynamics.

2.2. NMR spectra

The NMR spectrum is mainly determined by the first two
parts of the Hamiltonian given by Eq. (1) with an effective
magnetic field composed of the applied and internal hyper-
fine field. Here we treat nuclei with = 3/2 under crystalline
EFG without in-plane asymmetry. Under a high magnetic field
limit, the nuclear quadrupole interactions with crystalline EFG
shown by Eq. (4) can be treated with the perturbation theory.
Various energy levels are written as

En=E\ +Ey) +EY, ©)

where the energy level without perturbation E,(no), the first-
order and second-order perturbations to the Zeeman levels
E,(,l] ) and E,(,,z) are given by

Ey) = —yiHegm = —hvym, 7
EY = %th(suz— 1)(m2—%a)7 8)
EY = —h(‘/é>m[3u2(1—u2)(8m2—4a+1)
2w )" 2
+Z(1u2)2(2m2+2a1)}, )

where a = I(I+1), vg = 3¢*qQ/[2hI(2] — 1)], = cos 6, and
v, = YH/2x.

Based on these calculations, 7> As resonance peaks in iron
pnictides are shown schematically in Fig. 1. With the nuclear
quadrupole interaction with crystalline EFG present in the iron
pnictide, the first-order correction results in 7> As spectra with
a single central line (vp) and two satellites (v; and v,). The
angular dependences of the satellite frequencies are given by
Vi=vL+ vilf 2 and v, = v + v3% where v, v(J]) /2 and v3(})2
are given by

B0 B
VL = A = YH.fr, (10)
(1 (1)
E —E 2
ay  FapEoap o 3ut—1
Vip= 7 Voo (1)
(1) (1)
m_ Eip—Ep 3ur—1 i
T e (12)

The second-order correction causes a spectral shift of the cen-
(

tral line, v3 = v, + VI%, whose angular dependence is given
by

W
o _Eip=Fp -3

Vip = h T6vL

(1—p*) (> —1). (13)

For the nuclei with /=3/2, the second-order correction will not
shift the satellites accidentally.

087414-2



Chin. Phys. B Vol. 22, No. 8 (2013) 087414

1=3/2 m P
-3/2 Ty
-/'.
I 2 vy M1
/
_/'. ﬁ_ - e —
Her=0 /v —y
£ 20
N U v
PN 0 ’
"\_ \\\\\ Y D
‘__\ 120} vy ‘ vy
~ 312 e e
Zeeman 1% order 2" order

Fig. 1. Schematic diagram of the nuclear energy levels under the mag-
netic field and crystalline EFG.

2.3. NMR Knight shift and the spin-lattice relaxation rate

In a simple metal, the dominant interaction between nu-
clear spin and quasiparticle spin is the onsite Fermi contact
hyperfine interaction, namely,

1
Hy=AI-S = ALS + S A(L.S_ +1.5.). (14)

The first diagonal term contributes to a spectral shift from
the resonance frequency of isolated nuclear spins, known as
Knight shift in the form of

K= ; 5)

where v and v denote the observed resonance frequency and
Lamor frequency of isolated nuclear spins under the magnetic
field, respectively. The spin part of the Knight shift follows
Ks = A(Sz)/(hahHext) = Axs/(YahpsNA) = AneXs/(HBNa),
which is proportional to the time average of quasiparticle spin
polarization (S;) due to the applied magnetic field. In addition,
Xs» U, and Ny, respectively, denote the quasiparicle spin sus-
ceptibility, Bohr magneton, and Avogadro’s number. As NMR
is a local probe, the Knight shift measures the intrinsic spin
susceptibility of the electronic system.

In a simple metal, this susceptibility is related to the den-
sity of state near Fermi surface N(Er), and xs = U3 N(Eg)Na.
As aresult, Knight shift in a simple metal can be expressed as

Ks(T) ZAthBN(EF). (16)

The second off-diagonal term in Eq. (14) describes the
spin transfer between the nucleus and quasiparticle system,
which gives detailed information about spin dynamics of elec-
tronic system. As the gap between nuclear Zeeman levels is
about three orders of magnitude smaller than the energy scale
of quasiparticle excitations in condensed matter, the spin-
lattice relaxation rate, 1 /77, is written as

1 oo .
= [ 08 ope e, an)

based on the perturbation theory. It measures a summarization
of low-energy elementary excitations at different ¢ modes.

However, these low-energy excitations are of great importance
for determining the property of condensed matter. By employ-
ing the fluctuation—dissipation theorem, equation (17) can be
generally expressed as a summarization of the dynamical sus-

ceptibility x(q, @),
[ VﬁkBT ZA(q)ZM

n B “]% q oL

) (18)

which is very useful for the analysis of the magnetic correla-
tions in the electronic system.

In a simple metal without electronic correlations,
electron—hole pair excitation is the main contribution to the
spin-lattice relaxation rate. Thus, we have

T1 2 Jo

where E; and E; are energies of the initial and final state, re-

I ToAnt mN(Ei)N(Ef)f(Ei)(l — f(Er))dE;, (19)

spectively. As the energy gap between E; and E¢ is the Zeeman
splitting energy, which is very small compared with the energy
scale of electronic system, N(E;) and N(Ef) can be written as
density of states near Fermi surface, N(Eg). As a result,
———— = nhYRAfN (Ep) kg T. 20
Tl(T) YI% hf ( F) B ( )
As the temperature-independent Knight shift K is proportional
to N(Er), we can essentially obtain a constant 7{TK> for
each nucleus without influence of the quasiparticle excitation,
which is known as the Korringa relation given by

T\TK? = M5 = 1)
Tkphy?

From Eq. (20), the Korringa constant Sy is defined, which is
a measure for the electronic correlations in condensed matter
physics. However, for a system with electronic correlation,
the Korringa relation is not usually followed, as will be shown
later.

3. NMR study on the paring symmetry of iron-
based superconductors

The Knight shift and spin-lattice relaxation rate give im-
portant information about the Cooper-pair spin state and super-
conducting gap symmetry. For the spin part, the Knight shift
determines singlet (S = 0) or triplet (S = 1) paring, depending
on whether Ks(7') drops below T¢ with the field applied in all
directions.

In this section, we give a review on the NMR study on the
paring symmetries of iron-based superconductors. The singlet
paring is always indicated by the sharp drop of Knight shift
below 7¢ in all directions. However, unconventional paring
symmetry for the orbital part is also suggested in iron-based
superconductors, owing to the absence of the coherence peak
and the low power law of the spin-lattice relaxation rate as
shown below.
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The temperature dependences of the Knight shift in
LaFeASOo_ggFo_l 1
Kawabata et al.!'!l and Terasakier al.!'*! are shown in Fig. 2.

and LaFeAsOp; samples reported by

In Fig. 2, the temperature-independent orbital contribution has
been eliminated. Above T¢, the Knight shift shows weak tem-
perature dependence. With temperature decreasing below 7c,
the sharp drop of the Knight shift to zero is observed, indicat-
ing the spin susceptibility decreasing in the superconducting
state. This drop provides strong evidence for the spin singlet
paring state.

dependence of 1/7; is close to T3, instead of the emergence
of the hump structure. Oka ez al.['3! proposed that the marked
hump structure is consistent with the double superconducting
gap opened on the different Fermi surface due to the sign re-
versing s-wave (s*) gap symmetry from interband transitions
of electron and hole pocket. The 1/7; data can be reproduced
with s gap symmetry with impurity scattering, namely,

Ty (Tc TC

T(T) T

WaG -+ Wer),
Tar / w cosh® a)/2T)( oG + Wer)

where

Wae = [(Re{(0+ in)/\/(w +in)2+ |A(ke) 2},

Wer = [<Re{1/\/(w+ in)? + |A(ke) 2} A(ke)) ).

The parameter 17 measures the strength of impurity scattering.
When the doping level is increased to x = 0.15, the tempera-
ture dependence is very close to 73, which is consistent with
st gap symmetry with strong impurity scattering.
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Fig. 2. (a) 7>As Knight shift in LaFeAsOqgoFy 11 as a function of

temperature, normalized by its value at T = 40 K.[''l (b) The tem-
perature dependence of the spin part of >’Fe Knight shift |>’K;"| in
LaFeAsQq .12

For fully gapped SC, 1/(T;T) usually has a coherence
peak. Particularly for s-wave paring, 1/(71T) shows a thermal
activation behavior (1/(TiT) ~ exp(—A /kgTc)) at very low
temperatures. For superconductors with line node, 1/(T1T)
T3, far below Tc.
The spin-lattice relaxation rate measures the effective low-

follows a power-law behavior, 1/(T1T) ~

energy elementary excitations, and thus is a good probe for
the paring symmetry of the orbital part.

Oka et al.!'3] reported on their NQR results of the super-
conducting LaFeAsO_,F, materials. With the NQR experi-
ment, they eliminated the vortex core contributions to the spin-
lattice relaxation rates. Figure 3 shows doping evolutions of
the temperature dependence of 1/7;. Hamp structures in 1/T;
At
lower temperatures, 1/7] decreases sharper. However, 1/7) in

are observed for x = 0.06-0.1 samples with 7" ~ 0.47¢.

the low temperature region decreases less steeply with the in-
crease in doping level. In the x = 0.15 sample, the temperature

a T iz,
(a) < é;’is-"‘
10F o 1
100} a ;
7107 3
(%) / .
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‘r—
& 10-2 j LaFeAsO,_F,
; TSAs-NQR
L A x=003 J
10-3F | v x=004@) ff
}n o x=004(H) I
" e x=0.06
10*4-1."'
io 100
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Fig. 3. 73 As spin-lattice relaxation rate 1/T; in LaFeAsO;_,F, with (a)
x=0.03, 0.04, and 0.06, (b) x = 0.08, 0.10, and 0.15. The solid lines
show the fittings to the s* superconducting gap model with impurity
scattering. The power law behavior, 1/Tj o T3, is shown by the dashed
line.!3]

However, nodal excitations have also been proposed in
heavily overdoped KFe,As,. Fukazawa et al.!'*! reported on
their measurements of 1/7; in KFeyAs; sample using NQR
technique as shown in Fig. 4. Below Tc = 3.5 K, no co-
herence peak is seen, suggesting the unconventional SC in
KFe,As,. Between T = 3.5 K and 0.6 K, 1/7; follows T'#
dependence, indicating strong low-energy quasi-particle exci-
tations in the superconducting state. This low power-law be-
havior can be explained with multiple gaps with line node,
which is also proved by heat capacity and heat transport

measurements. [!415]
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Fig. 4. The temperature dependence of 1/7; in the heavily hole-doped
KFe,As, is shown on the logarithmic axes to compare with the power
law behavior.14!
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Fig. 5. 3'P magnetization recovery curves in BaFe;(Asg 67Po.33)2 un-
der a field of 4.12 T at (a) T = 175 K and (b) 1.5 K. (c) Plots of 3!P
1/T; versus temperature under different field intensities. The field de-
pendence of 1/7; at T =2 K is shown in the inset of panel (c). With
the dashed line, 1/7; at H = 0 is extrapolated.'®!

Strong nodal excitations are also proposed in
the phosphorus-doped BaFe;(As;_,Py)>. As
Fig. 5, Nakai et all'9! reported on their 1/7; data of
BaFe;(Aso.67P0.33)2 polycrystalline samples. Below Tg, 1/T;

shown in

of 3P drops abruptly and no evidence for coherence peak
is observed. Between 4 K and 100 mK, 1/7; shows lin-
ear temperature dependence, indicating strong low-energy
quasi-particle excitations in the superconducting state. For
T < 10 K, 1/T show clear field dependence (see the in-
set in Fig. 5(c)). By extrapolating 1/7; to zero field, the
Ti T=constant behavior is also observed below 4 K. As a re-
sult, the existence of strong excitations in the superconducting

state at H — 0 indicates the existence of gap nodes of the su-
perconducting state instead of the vortex contributions, which
is consistent with the thermal-conductivity results.['”] The
later ARPES study reveals a circular line node on the largest
hole Fermi surface around the Z point at the Brillouin zone
boundary under the s* paring symmetry. 8]

The newly discovered ternary iron selenide AyFe;_,Se;
(A = K, Rb, Cs, ...)[2% does not have the hole pocket as
reported by ARPES.?!! This raises a question of whether
K,Fe;_,Se; has a similar paring symmetry to iron pnictides.
Figure 6 displays the Knight shift data of the newly discovered
K,Fe;_,Se; reported by Yu et al."% Above Tc ~ 30 K, the
Knight shift K increases with temperature in the manner of
7K = a+ bT?, which indicates strong local spin fluctuations
and will be discussed later. In the case of temperatures below
Tc, 7K drops sharply with field along both ab and ¢ directions,
providing direct evidence for spin singlet SC in KyFe;_,Se;.
The superconducting diamagnetic contribution to Kg below T¢

is ruled out in a later report about (T1,Rb),Fe;_,Se>. (22]
T2/10* K2
4 1
SMMSNNSMSSN 2 A8 25 80
| o S1: H||lc || (b)
08 o S1: Hljap 1t 1°6
¢ S2 L ]
04 g
1 {02 ~
é 1_'_'_'_'_'_I0
X ]
10.2 e
p ~
I
0 1 1 1 r} 2 L '0.1
0 100 200 300 0 20 40 60
T/K T/K

Fig. 6. (a) 7’Se Knight shift in K,Fe,_,Se,. Solid line: the quadratic
temperature dependence of 77K. (b) 77K versus T2. Solid line: the
perfect fitting to the function K(T) = a4 bT?. (c) The temperature de-
pendence of 7’K in the low-temperature region. The orbital contribution
to the Knight shift K, is denoted by the dotted horizontal line. ')

The spin-lattice relaxation rate of ’’Se is shown in Fig. 7
to further study the orbital symmetry.!'”! Above T, 1/7T
increases with increasing temperature due to the existence of
strong local spin fluctuations. When temperature decreases
below T¢, 1/77T; drops sharply and shows 7' temperature de-
pendence without any evidence for coherence peak. Below
Tc/2, 1/77Ty shows T? temperature dependence, which may
be caused by the contribution from the localized quasi-particle
excitations from vortex cores due to strong NMR field. The
thermal activation function, 1/7} ~ exp(—A/kgT), with A
determined to be 10.3 meV from ARPES measurements, 21!
works well for the 1/77T; data in the temperature region of
Tc > T > Tc /2, and therefore supports a fully gapped super-
conductor.
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Fig. 7. Plots of 7’Se spin-lattice relaxation rate versus tempera-

ture in KyFey_Sey. Inset (a) shows the temperature dependence of
1/(""TyT) and inset (b) displays 1/77T; in the low-temperature re-
gion to analyze the orbital symmetry of the superconductivity. The
power law (1/T; ~ T") and thermal activation temperature dependence
(1/7'T; = Aexp(—A/kpT)) are shown, respectively, by the solid and
dotted lines.[ 1]

The absence of coherence peak in iron pnictides is always
attributed to the s paring symmetry on the separate Fermi
surface.[>3-2] However, this interpretation is not applicable to
K, Fe>_,Se; system, owing to the absence of hole pocket at the
center of the Brillouin zone from ARPES investigations. >l
The possibility that the coherence peak may be suppressed by
the strong applied field is ruled out by the low field NMR study
on the counterpart Tly47Rbg 34Fe; g35€;. (221 The reason for
the absence of the coherence peak still needs further studies,
which may shed new light on the paring properties of electrons

in iron-based superconductors.

4. Structural transition in iron pnictides

In the parent compounds of iron pnictides, the tetragonal
to orthorhombic phase transitions are always observed prior to
or during the antiferromagnetic transition. In this section, we
review the NMR results on the correlations between structural
transition and the LROAFM in BaFe,As; and NaFeAs. The
structural transitions in iron pnictides are strongly coupled to
the magnetic correlations.

Figure 8 displays the temperature dependence of the
quadrupole resonance frequency Vg4 in BaFejAs,, reported
by Kitagawa et al.”?’! As mentioned in Section 2, Vg di-
rectly measures the quadrupole interaction between the nu-
clear quadrupole moment and crystalline EFG, which is de-
termined by the lattice structure. With temperature decreas-
ing, the vy gradually decreases and shows a sudden jump at
Ts ~ 135 K, indicating the structural transition. Correspond-
ingly, the asymmetry parameter increases abruptly from zero
in the tetragonal phase to a finite value below the transition
temperature, consistent with the tetragonal-to-orthorhombic
transition.

The temperature dependence of the asymmetry parameter

3 paLy T T T T 12
o A —=> v,
28 + 1
A 7N
e 408 T
o= 26 _ o é
Py =~
NN h )
2 . 06 %
24} S
y 404 =
2.2 [FOKK 135K 4 o
2 1 1 L 1 L 0
0 50 100 150 200 250 300
T/K

Fig. 8. Temperature dependence of the quadrupole splitting frequency
with the field applied along the crystalline ¢ axis, and the in-plane EFG
asymmetry parameter in BaFe;As,.[?7]

and vy have important implications for the structural transi-

tion. The relation, |v§ — v}l’ |/|vg| >1, indicates that the princi-

pal axis of EFG has been rotated by 90° across the transition.
Compared with the little difference between a and b axis, a
large anisotropy of the band structure or the Fe—As bonds is
suggested in the ab plane.

In order to study the driving force for the structural tran-
sition, Ma et al.?®! reported on their NMR results of NaFeAs
single crystals, where the structural transition separates from
antiferromagnetic transition. The structural transition is mon-
itored by line splitting of the ”>As NMR satellite spectrum
shown in Fig. 9(b). The lattice twinning is observed due to
the in-plane anisotropy of 7 Vg, with field along the a or b axis
of the orthorhombic phase, as shown below 55 K in the inset of
Fig. 9(b). The antiferromagnetic transition is also confirmed
from the line splitting of 7> As central peak below 40.5 K with
an in-plane magnetic field, as shown in Fig. 9(a), which will
be discussed later.

(a) noH =10 T||e 5
"As mN 4re
45K 3t
=
= 2f
10 KJL JL <
" . " : ok ‘ Y
68 = 76 8 0 20 40 60 80
f/MHz T/K
(b) poH =10 THab 49.0 —_ ’
60K N 488
45K _F Rad = 486 & oo o
AW, =]
AT, s
10K
280 484 88 402 1% 20 20 60
f/MHz T/K

Fig. 9. (a) The line splitting of the > As center transition in NaFeAs due
to the internal field along the ¢ axis emerged in the AFM state. The in-
set shows line shift as the order parameter versus temperature. (b) The
line splitting of the 7> As satellite illustrating the structural transition.
The inset shows the 7> As satellite frequencies at different temperatures.
The second splitting with decreasing temperature is due to the slight
misalignment of the field to the crystalline ab plane. 8]

The temperature dependences of 1/(”T1T) in NaFeAs
single crystal are shown in Fig. 10(a) to study the nature of
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the structural transition. From 300 K to 100 K, 1/(73TyT)
decreases with increasing temperature, which will be dis-
cussed later. Below 100 K, the 1/(”>T;T) shows a mild up-
turn behavior. Besides, 1/(7>T1T) is anisotropic with different
field orientations. Both the behaviors indicate the develop-
ment of strong low-energy spin fluctuations. The spin-lattice
relaxation rates can be fitted by the Curie-Weiss behavior
1/(T'T) =A/(T + 0). With the field used in the crystalline
ab plane, the values of fitting parameter ® are determined to
be 8 ~ —10+5 K (above Ts) and 6 ~ —40+1 K (below Tg),
indicating that the spin fluctuations are strongly enhanced in
the orthorhombic phase. This suggests that the structural tran-
sition and the magnetism are strongly coupled. However, as
shown in Fig. 10(b), just below Ts, we do not see significant
change of 1/T; with the field rotating in the ab plane.

3t (@) |

8T NaFeO,QQCOO.MAS T

0 1 n 1 n 1 1 L .
160 200

0 40 80 120
0

Fig. 10. (a) Plots of 1/(7T1T) versus temperature in NaFeAs single
crystals with a field of 10 T. The inset shows 737 T versus temperature.
The solid lines are fittings to Ty T ~ (T + 0).[%! (b) The angular de-
pendence of 1/T; below the structural transition in NaFeg g9Cog .01 As
single crystal.

5. NMR study of LROAFM in iron-based mate-
rials

As a local probe, NMR is very useful to identify the
LROAFM in iron pnictides. Kitagawa et al.!*’! pointed out
the configuration for the hyperfine coupling between > As nu-
cleus and Fe moments in the stripe AFM order, as shown in
Fig. 11. The internal hyperfine field is written as

4
Hip =Y Aim,, (22)
i=1

where A; and m; denote the coupling tensor and magnetic
moment of the i-th Fe, respectively. For the first Fe site Fel,

the hyperfine coupling tensor can be written as

Aaa Aab Aac
Apa App Ape
Acu Acb Acc

A= (23)

Then, based on the mirror symmetry consideration, the hyper-
fine coupling tensor of other Fe sites can be obtained as

Aaa _Aab _Aac
—Apa App Ape
7Aca Acb Acc
Aaa _Aab Aac
—Apa App —Apc
Aca 7Acb Acc
Aaa Aab _Aac
Apa  App —Apc
_Acu _Acb Acc

Ay = ; (24)

Az = ; (25)

Ay = (26)

For the stripe antiferromagnetic order,

m)p = —"1M2 =M3 = —Ny =M.

27)
As a result, the internal hyperfine field is

Hy, = (A —Ay+ A3 - Ay)m
0 04A. my
0 0 O my

4A., 0 O me

me

=44, |1 O

my

(28)

Based on these calculations, the stripe AFM in iron pnicitides
will result in an internal hyperfine field along the crystalline ¢
axis.

(a) (b)

m

‘Z
As FC: 12

Fe2 Fel

a 4 |
c

b(a)
L(m 5
O stripe AFM
Fed Fe3 (1,0, 1) or (1, 0, 0)

Fig. 11. Schematic configuration for the Fe—As tetrahedron in the or-
thorhombic unite cell as seen against the ¢ axis. (b) The stripe pattern
LROAFM on Fe sites and the resultant internal hyperfine field on As
sites.[?7]

Figure 12 shows > As NMR spectra across the antiferro-
magnetic transition in undoped BaFe;As,.[?” In the paramag-
netic state, the spectrum is composed of a sharp central line
and two satellites, as a result of the first-order quadrupole cor-
rection. Below the Neel temperature, the c-axis internal field
splits the spectrum into peaks with H||c and shifts them toward
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lower field with H||ab. From the analysis above, the field gap
between the splitting central lines is proportional to Fe mag-
netic moment, which is determined to be 0.87 up in BaFe,;As;
from neutron scattering measurements.>°! As a result, the off-
diagonal hyperfine coupling constant A, is determined to be
0.43 T/ ug.

75K;0

141 K

2

Hlc
A H||c

H|aorb

Angle from a, b/(°)|
=] g
t'\'H i
L
|
r

Intensity

I RRRPTOrA T T ALV meadin Y Sy =+ e |\

4.5 5 85 6 6.5 7 5 8 8.5
poH/T

|

Fig. 12. A field-swept 73 As spectra (a single transition and two satel-
lites) at 48.41 MHz for various temperatures in BaFe,As, with differ-
ent field orientations. The in-plane angular dependence of the spectra at
T=20 K is shown in the inset.[?”!

NaFeAs with the 111 structure has a separate structure
and magnetic transition. The >Na NMR spectra are reported
by Ma et al.®®! to reveal the LROAFM, as shown in Fig. 13.
The spectrum consists of a single central line and two satel-
lites above Ty, and then each splits into two peaks below
Tn ~ 40.5 K with H||c due to the internal field along the crys-
talline ¢ axis. However, the line width and the magnetic mo-
ments show an unconventional behavior. First, the spectrum
splitting Af of 2>Na increases in two steps. The Af increases
quickly below Ty, then increases slowly below 35 K and is
saturated at T = 10 K. Second, the >*Na spectrum is clearly
broadened between 40 K and 30 K. With the temperature de-
creasing, the spectrum narrows again. For 7> As, no signal is
observed between 40 K and 30 K, which indicates significant
magnetic broadening of the spectrum. These behaviors are
suggested to be induced by thermally activated domain walls,
such as antiphase type or/and misaligned a/b axis domains.
At low temperatures, these domain walls are frozen. Another
possible explanation is that the fluctuating features are caused
by an incommensurate modulation on the AFM, which be-
comes commensurate again at low temperatures. (301 However,
the 2*Na spectrum between 40 K and 30 K cannot be fitted by
a conventional incommensurate magnetic order.

High-pressure NMR study of the antiferromagnetic order
in NaFeAs is shown in Fig. 14. Determined by the paramag-
netic spectral weight loss, the magnetic transtion temperature
Ty is raised by 18% at 2.56 GPa. The antiferromagnetic or-
dering moment is also raised by 30% at 2.56 GPa, which is
observed from the line splitting of the 2*Na NMR spectrum.

Suppose that the lattice structure along the c axis is more com-
pressible than along a or b axis, the interlayer coupling J. may
be very important for determining the antiferromagnetic tran-
sition and ordered moment based on the local moment picture.

300

N
o
o

Af/MHz
o
o

0
0 20 40 60
T/K
uwoH =16 T||c
23Na

Fig. 13. The 2>Na NMR spectra of NaFeAs single crystals at various
temperatures with the field applied along the crystalline ¢ axis to show
the antiferromagnetic transition. The inset shows the line shift of 2>Na
center transition as a function of temperature. (3]
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Fig. 14. (a) Plots of normalized 7> As paramagnetic spectral weight ver-
sus temperature at various pressures of NaFeAs. The inset shows anti-
ferromagnetic transition temperatures for different pressures. (b) 2Na
spectra at 7 = 2 K, with the field applied along the ¢ axis at different
pressures. The inset shows the pressure dependence of the antiferro-
magnetic moment. (c) The temperature dependences of 1/(7>T{T) at
various pressures. (>8]

6. Coexistence and between

LROAFM and SC

As a local probe, NMR is very useful to determine

competition

whether antiferromagnetic order microscopically coexists
with SC in iron pnicitides, which is important for the un-
derstanding of high-7¢ superconductivity in iron pnictides.
The microscopic coexistence has been recently studied by
NMR in underdoped BaFe;(As;_,Py)>, Ba(Fe;_ Ru,),As,,
and Ba; _,K,Fe,>As,, which are reviewed below.

As shown in Fig. 15, Iye et al. 3! reported on their NMR
evidence for the microscopic coexistence of LROAFM and
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SC in power of underdoped BaFe,(As;_,P,)>. In Fig. 15(a),
we show the temperature dependence of >'P-NMR spectrum.
Above Ty, a single sharp spectrum is observed in the powdered
sample without quadrupole broadening for 3'P nuclei (/=1/2).
Below Ty, a broad NMR spectrum with gaussian shape grad-
ually develops and coexists with a sharp peak. The broad-
ened spectrum indicates the magnetic broadening in the un-
derdoped sample, whose magnetic moments are summarized
in Fig. 15(b). The magnetic moment and the internal hyperfine
field on 3!P sites increase steeply below Ty, and are strongly
suppressed below T¢:. As shown in Fig. 15(c), (T1T) ! mea-
sured at the magnetic broad spectrum decreases at 77, indicat-

of the sample. The suppressed moment in the magnetic re-
gion below the superconducting transition is a direct evidence
for the competition between these two orders. As shown in
Figs. 15(d) and 15(e), the values of (7;7)~! are measured at
different frequencies across the broad spectrum at 7=5 and
20 K, showing that the values of (7;7)~! in all regions of the
spectrum at 5 K are smaller than at 20 K, which confirms the
SC in the entire region of the sample. Measurements by lye et
al. indicate the microscopic coexistence of and strong compe-
tition between SC and AFM in underdoped BaFe,(As;—_,Py)2,

suggesting that these two orders originate from the same Fermi

ing the opening of superconducting gap in the magnetic region  surface.
T T T T T T 012 T 0.4
;=tl).327ss7w @] e, 1 *=025 020} (@) sans  T=20K
=137 Z B e
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e ] z
> . 55K =
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Fig. 15. (a) 31p NMR spectra at various temperatures in BaFe,(Asg 75Pp.25)2 obtained by sweeping the magnetic field at the fixed
frequency. (b) Plots of averaged hyperfine field on 3'P sites (Hiy) versus temperature, as obtained by the second moment of the
spectrum. (c) Plots of (7;7)~' measured at different positions of the spectra (solid squares are for the paramagnetic phase and the

solid triangles and circles are for the antiferromagnetic phase) versus temperaure. Plots of (717)

(e) below the T¢ in the magnetically ordered phase. 3]

Broad doping range of coexistence between AFM and
SC in the phase diagram is also suggested from the bulk
measurements in the underdoped Ba(Fe;_,Ru,);Asy, which
is an ideal system for characterizing whether the coexis-
tence is microscopic or not.*?l' As shown in Fig. 16, Ma et
al.®3 reported on the >As NMR spectra in the underdoped
Above
Tn ~ 60 K, a single sharp central peak is observed. When

Ba(Fep.77Rug 23)2Asy high-quality single crystals.

temperature is lower than 7y, the spectrum begins to broaden
and split into two peaks with equal frequency gap with H||c,
and shifts to a higher frequency with H||ab, indicating a com-
mensurate antiferromagnetic order. No evidence for residual
paramagnetic phase is seen below 7n. However, full demag-
netization is shown from the dc susceptibility measurements
just below Tc ~ 15 K.

The spin dynamics shown by 1/(”T;T) in Fig. 17 also
confirms this coexistence. As shown in Fig. 17(a), from 300 K
to Tx, 1/(”>TiT) is dominated by a Curie-Weiss upturn, indi-
cating strong low-energy spin fluctuations. The antiferromag-

—1 across the spectra (d) above and

netic transition is shown by the suppressed spin fluctuations
below Ty . Compared with the parent compound, 1/(73T;T)
in Ba(Fe;_,Ruy)2As; below Ty tends to level off to a con-
stant of one order higher before SC sets in, suggesting higher
electron density of states on the Fermi surface by Ru dopants.
On further cooling below 12 K, 1/(7>T;T) drops abruptly, in-
dicating the opening of superconducting gap in the antiferro-
magnetic region of the sample. Figure 17(b) shows the fre-
quency dependences of 1/(>TyT) at T = 20 and 2 K. The
reduced uniform value of 1/(7>7;T) at 2 K supports the open-
ing of a uniform superconducting gap below T¢. As shown in
Fig. 17(c), the nuclear-spin relaxation curve shows clear sin-
gle T component behavior, indicative of the absence of phase
separation. In Fig. 17(d), the values of 1/(7;T)s measured at
different frequencies all drop obviously, indicating that the ho-
mogeneous superconducting gap is opened in the magnetically
ordered region and leaves a rather large 1/(TiT) at T =2 K
even when the high field is considered.
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Hllc
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Fig. 16. > As NMR spectra in Ba(Feg 77Rug 23)2As; single crystals at
various temperatures with a 10-T field applied (a) along the ¢ axis and
(b) in the ab plane. The inset of panel (a) shows the temperature depen-
dence of internal hyperfine field on 7> As sites. The inset of panel (b)
shows a schematic configuration of the Fe—As tetrahedron with one Ru
substitution and the resultant hyperfine field on 73 As sites.3%)
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Fig. 17. (a) Temperature dependence of 1/(737,T) in Ba(Fe|_,Ru,),As;
(x=0, 0.23) with H||ab. (b) The 1/(">T;T) at T= 20 and 2 K across the
spectra, shown with the spectra obtained at T = 80 K and 2 K. (c) "> As
nuclear-spin relaxation curves for 20 K and 2 K, showing clear single
T; component behavior. (d) Plots of 1/(7>TyT) versus T in the low-
temperature region for different frequencies. (3!

These observations confirm the Ru dopants induced su-
perconducting itinerate electrons, the microscopic coexistence
of AFM and a high density of low energy excitation below
Tc in underdoped Ba(Fe;_ Ru,),As,. Different from what
happens in BaFe;(As;_,Py),, no evidence for the suppressed
magnetic moment below 7Tt is observed in Ba(Fe_,Ru,),As;.
This is probably because the magnetic moment is large in our
case.

The microscopic coexistence is also observed in under-
doped Ba;_,K,Fe,As; single crystals, reported by Li et al. 3]
As shown in Fig. 18, the AFM is monitored by the line split-

ting with H||c and line shifting to a higher frequency with
H||a below Ty ~ 46 K. No evidence for residual paramagnetic
phase is seen below Ty. Figure 19 displays the temperature de-
pendence of spin-lattice relaxation rate measured at the central
peak with H||a. Above Ty, the 1/T; shows an upturn behavior
with temperature decreasing due to strong spin fluctuations in
a system near the magnetic instability. Below Tx, 1/7; begins
to drop for the gradually suppressed spin fluctuations in an
ordered state. When the SC sets in below T¢, 1/7; shows an-
other sharp drop and follows a T power law behavior, which
is clear evidence for the microscopic coexistence of AFM and
SC.

(a)
Hlje Ba, K, Fe As,
poH =11.9977 T

T=100 K

NMR intensity

1 60 8.4 8I6 8l8 9I0 9.2
#/MHz

7.5 '8.0 .8I5 l9.0 9.5
#/MHz

Fig. 18. 7> As NMR spectra with the field applied (a) along the ¢ axis
and (b) in the ab plane of Bag 77K 23FesAs, single crystals above and
below Ty.4
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Fig. 19. 73 As spin-lattice relaxation rate with H||a on the logarithmic
axes in Bag 77K 23FesAsy. The solid line shows the power law behav-
ior, 1/Tj o< 73.134

7. Normal state spin fluctuations

NMR, as a low energy probe, is very sensitive to low
energy excitations in solids, which is of great importance
for condensed matter physics. In iron pnictides, it is still
controversial whether the magnetic order originates from an
itinerate or a local picture. In this section, we will re-
view the NMR study of the spin fluctuation properties in
iron pnictides. Evidence for two types of spin fluctuations

is found by NMR. We first review the formulation of the
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1/(TiT) in pnictides, and then review the studies on electron-
doped LaFeAsO;_,F,, Ba(Fe;_,Co,);As,, LiFe;_,Co,As,
and NaFe;_,Co,As, the isoelectron-doped BaFe,(As;_,P,)s,
the hole-doped Ba;_ K, Fe,Asy, Liji,FeAs, K,Fe;_,Se,
(TLRb),Fe;_,Se;, and BaFe;As;.

7.1. Low-energy spin fluctuation and the quantum critical-
ity
Kitagawa et al.'®>! proposed that the anisotropic 1/(7;T)
gives the information about the momentum dependence of
spin fluctuations. The spin-lattice relaxation rate 1/7) is an-
alyzed as the contribution from the hyperfine field fluctuations
perpendicular to the applied field, and it is given by

2 ©° .
<7{1> - % /_m dtelwt(<th,x(t),th.,x(0)>

+ (Hnt,y (1), Hnt,y(0)))
= (W)’ (|Hnex (@) + [Hhey(@)?).  (29)

Based on the hyperfine coupling tensor shown in Sec-
tion 5, the fluctuating hyperfine field Hy(®) is obtained with
Fe spin fluctuations S(®) as shown below, for uncorrelated
spin fluctuations,

(1/T1)H\|a |AbbSb(a))|2+|AccSc(w)|2
(I/TI )HHb o< |AccSc(w) |2 + |AauSa(w) |2 , (30)
(L/T1)myje |AdaSa(@)[* + A4Sy (@)

for stripe (7, 0) correlations,
(1/T1 )HHa |AacSa(w)|2
(T | = | [AacSa(@)* +]AacSc(@)* |, 3B1)
(I/TI)HHc |AacSC(w)|2

for checkerboard (7, ) correlations,
(1/T1)h)ja |AapSa(®@)[?
(L/T)gyp | o< |AaSy(0)]* - (32
(I/Tl)HHc |AabSu(w)|2+|AabSb(w)|2

Suppose that the Fe spin fluctuation is isotropic, the
anisotropy of 1/T defined as R = (1/T1)pjjap/(1/T1)p|c 18
obtained, where the uncorrelated fluctuation gives

(Alzab +Agc +A%c +A3a)/2

R =

Atzm +Aib
A2+ A2 A\
= 2 =< =05+05 33
242, + Aw )’ (33)
stripe-pattern correlation gives
A2 +242)/2
R: ( a(,+2 a(,)/ :15’ (34)
AllL‘
and checkerboard correlation gives
A2, +A2))2
R— M =0.5. (35)
2A%,

7.1.1. Electron-doped pnictides

In Fig. 20, Kitagawa et al.'>3 shows their NMR results
about the 1 /7 anisotropy R of LaFeAsO;_,F, (x=0.07,0.11,
and 0.14). For the samples with x = 0.07 and 0.11, R is around
1.5 in the normal state and decreases below 7™, indicating the
existence of strong stripe correlation in the normal state. How-
ever, in the x = 0.14 sample, R is about 1.2 at T = 225 K and
decreases to 1 at 7c, indicating an uncorrelated spin fluctua-
tions in the overdoped samples. This evolution is reasonable
since the stripe-like magnetic instability weakens with fluorine

doping.
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Fig. 20. (a) Plots of 7As 1/(TiT) versus temperature for H||ab and
H||c in LaFeAsO;_,F, with various values of x. (b) The temperature
dependences of the anisotropy of 1/T} (R= (1/T1)g|jas/ (1/ T ) ar)je)- >

As shown in Fig. 21, Oka et al.l'* reported on the
1/(T1T) versus T in the electron-doped LaFeAsO;_,F, with
1111 structure to investigate the normal state spin fluctua-
tion property. In the x = 0.03 sample, 1/(71T) shows strong
upturn behavior with decreasing temperature and diverges at
TN, indicating the happening of antiferromagnetic transition.
With the increase in doping level, the low-temperature up-
turn behavior is gradually suppressed until it totally vanishes
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Fig. 21. Plots of 1/(T1T) in LaFeAsO;_,F, versus temperature. The

solid lines represent the fittings to the theory for weakly antiferromag-
netically correlated quasi-2D metal.[!3]
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at x = 0.1. The low-temperature upturn is not a Fermi lig-
uid behavior, where constant 1/(71T) is expected. Accord-
ing to the theory for a weakly antiferromagnetically correlated
quasi-2D metal, the upturn behavior can be reproduced by
1/(hT)=C/(T+6)+(1/TiT)o. The first term on the right-
hand side demonstrates the contributions to 1/(7;T) from an-
tiferromagnetic spin fluctuations and the second term shows
the contributions to 1/(71T) from the Fermi surface, which is
independent of temperature. The 6 value essentially measures
the spin fluctuation strength in the electronic system, which is
also plotted in Fig. 22.
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Fig. 22. (a) Doping dependence of the Weiss temperature 6. (b) The
phase diagram determined from this study.!3]

As illustrated above, the fitting parameter 8 is plotted as
a function of doping level in Fig. 22. With the doping level
increasing, the low-energy spin fluctuations are gradually sup-
pressed, as evidenced by increasing 6 value. The existence of
moderate spin fluctuation in the superconducting sample sup-
ports that spin fluctuation is a candidate pairing mechanism of
superconductivity.

Ning et al.®® reported on their NMR study on
the evolutions of the spin fluctuations on electron-doped
Ba(Fe;_,Co,)>As, single crystals for various values of x, as
shown in Fig. 23. The 1/(7;T) data show an upturn character-
istic upon cooling in samples with x <0.12, indicative of the
development of low-energy spin fluctuations. The decrease of
the spin fluctuation strength is indicated from the suppressed
low-temperature upturn behavior when the doping level in-
creases from O to 0.12. Actually, the 1/(7;T) data can be fit-
ted by 1/(IN'T)=C/(T +6)+a+ Bexp(—A/(ksT)), where
the first term on the right-hand side refers to the low-energy
spin fluctuations from interband scattering based on Moriya’s
theory for weakly antiferromagnetic itinerate system, and the
second and third terms represent the phenomenologocal acti-
vation forms with unclear origin. The low-energy spin fluctu-

ation strength can be quantitatively analyzed by the 6 value or
the value of 1/(T1T) at T =25 K.
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Fig. 23. (a) Plots of TAs 1 /T T in Ba(Fe;_,Coy)As; versus temperature
with an in-plane magnetic field, where Tc and Ty are denoted by the solid
and dashed arrows. The solid and dashed lines represent the fittings to the
function described in the main text, respectively, in order to analyze the spin
fluctuation strength. The doping dependence of the low-energy spin fluctua-
tion strength measured by 1/(71T) at T = 25 K and Weiss temperature 6 are
shown in panels (b) and (c), respectively. 136]

Figures 23(b) and 23(c) display the variations of 1/(T;T)
at 25 K and 0 value with doping level. The 8 value is negative
for x < 0.05, indicative of the antiferromagnetic ground state
for these samples, as shown in Fig. 23(c). In the meanwhile,
the large value of 6 ~ 119 K for x = 0.12 overdoped sample
indicates that it is far from the magnetic instability. The small
positive 8 ~ 31 K for x = 0.08 optimally doped sample is an
indication for the fact that the optimally doped superconduc-
tivity is slightly beyond the quantum critical point (6 = 0).
This work also suggests that the low-energy antiferromagnetic
spin fluctuations may play an important role in high-7¢ super-
conductivity in the iron-based materials. Similar conclusions
can also be drawn from FeSe under high pressure. 7]

7.1.2. lIsoelectron-doped pnictides

The quantum critical behavior is slightly different in

1.8

BaFey(As|_Py)2 as reported by Nakai er a 1 As shown

in Fig. 24, the low-energy spin fluctuation can be observed
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by the low-temperature upturn behavior. With the increase of
doping level, this fluctuation is strongly suppressed and the
Fermi liquid behavior emerges again in the overdoped x=0.64
sample. As shown in Fig. 25, the fitting parameter 6 is also
plotted as a function of the doping level, showing the impor-
tance of the low-energy spin fluctuation for the high-7¢ SC in
iron pnictides. However, the optimally doped SC is located at
the quantum critical point, which is different from the case of
LaFeAsO;_,F, and Ba(Fe;_,Coy),As>.
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Fig. 24. Temperature dependence of (T{T)~! in BaFey(As;_.Py)»
with various values of x. Solid lines represent the fitting results to
(ILT)™' = a+b(T +6)~', where the fitting parameters, a and b, are
shown in the inset.[3%]
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Fig. 25. Doping dependence of 6 in BaFe;(As;_,Py), determined by
NMR. 38!

7.1.3. Hole-doped pnictides

Being contradictory with the discussion above, strong
low-energy spin fluctuation still exists in the heavily hole-
doped KFe,As; with 0.5 hole per Fe as reported by Zhang
et al.3°1 We replot the temperature dependences of 1/(7;T)
in Baj_,KFeyAs, for various values of x with H||ab in
Fig. 26.027-3941 The divergence of 1/(T1T) at Ty ~135 K
in BaFe;As, indicates the antiferromagnetic transition. As
shown in Fig. 26(a), with the doping level increasing from O to
0.7, the spin fluctuation strength gradually decreases as illus-
trated by the suppression of the upturn behavior, indicating the
deviation from the magnetic instability. However, when x in-
creases up to 1, strong low-energy spin fluctuations still exist,

which is shown in Fig. 26(b). This spin fluctuation is proved
later to be stripe but incommensurate spin fluctuations by in-
elastic neutron scattering,*?! consistent with the anisotrpy of
1/T around 1.5 as shown in the inset of Fig. 26(b). This result
is clearly different from the electron-doped case, where both
the low-energy spin fluctuation and SC disappear quickly with
the increae of doping content. Therefore, the data in KFe;As,
support a magnetic origin of the SC, and also prove that the
more extended SC dome in the hole-doped case is due to the
existence of low-energy spin fluctuations.
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Fig. 26. (a) and (b) Temperature dependences of 1/(">TiT) in
Ba;_K,FeyAs, for various values of x with field applied in the
crystalline ab plane. The inset in panel (b) shows the temperature
dependence of the anisotropy of 1/T; in KFeyAs,.[27-39-411

Strong low-energy spin fluctuation is also observed by
Ma et al.'*3! in Ca;_,Na,Fe,As, (Tc ~ 32 K) with the dop-
ing level as high as 0.67. Figure 27 displays the tempera-
ture dependences of 1/(7>T;T) with different field orienta-
tions in Cag 33Nag g7Fe2Asy. With the temperature decreasing,
1/("3TyT) shows strong upturn behavior with H||c, which can
be fitted by the Curie-Weiss function, 1/(T1T) =A/(T +©).
Additionally, the spin-lattice relaxation rate is anisotropic un-
der different field orientations with an anisotropic factor R ~
1.3. These observations supply strong evidence for strong low-
energy spin fluctuations with stripe pattern in this system, al-
though the doping level may be very high.

4 T T T T T T T T T T T T
--O-- Ca . Na FeAs, H/c ]
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L 8T [ O CaFeps, Hi T
= 'L
-
To2¢ .
)
&
S ]
&
0 1 n 1 n 1 O. ..... I0 n 1 n 1 n
0 50 100 150 200 250 300
T/K
Fig. 27. The temperature dependences of 1/(7>TiT) in

Cag 33Nag g7FerAs; single crystals with different field orien-
tations. The solid line shows the fitting result to 1/(T1T) =
A/(T +©). The 1/(PTiT) in CaFeyAs; is also shown as
diamonds. [4344]
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7.1.4. Lijs.FeAs

LiFeAs has been proposed as an undoped superconduc-
tor. However, from NMR, Ma et al.!®! reported extra Li(2)
sites, as shown in Figs. 28(a) and 28(b), which may explain the
absence of spin fluctuations. Later experiments also suggest
that it is a heavily electron-doped compound. ¢! Figures 28(c)
and 28(d) show the temperature dependences of 1/(7;T) in
Li;,FeAs.*31 With decreasing temperature, 1/(7;T) shows
strong upturn behavior under a field applied in the ab plane.
The T anisotropy (7/T{") also increases as temperature
drops, compared with that with H||c. These behaviors both in-
dicate the development of stripe low-energy spin fluctuations
and demonstrate that LiFeAs is also a strongly correlated sys-
tem close to a magnetic ordering.
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Fig. 28. (a) 7Li NMR spectra of an Lij 1 FeAs crystal (S1) with an in-ab
plane 7.98-T field. The inset shows the normalized Knight shift of Li(1)
and Li(2). (b) The spin-lattice relaxation rate measured at Li(1) and
Li(2) sites. (c) Plots of 1/(7>T;T) versus temperature T of Li;, FeAs
sample S1 with an in-plane 8-T field. (d) Plots of 1/(73TT) of sample
S2 versus temperature 7' with the field applied along the crystalline ¢
axis and in ab plane. The solid lines in panels (c) and (d) represent the
fitting results to the function, 1/(TiT) =A/(T +0) + b+ T to study
the low-energy spin fluctuations.*

7.1.5. Itinerate nature of low-energy spin fluctuations

The low-energy spin fluctuations are usually observed in
iron-based materials with the Fermi surface nesting effect.
In order to figure out the complex relationship between the
low-energy spin fluctuations and superconductivity, the orbital
characteristics of this correlation are also studied, as the orbital
degree of freedom should also play an important role in iron
pnictides. For this purpose, Ye et al.'*’! reported on the com-
bined ARPES and NMR results of the AFe;_,Co,As (A = Li,

Na) system, as shown in Fig. 29. Increasing the doping level
in LiFe;_,Co,As, the Fermi surface nesting for the d, hole
pocket becomes better. Correspondingly, the low-temperature
Curie-Weiss upturn in the 1/(7;T) is also enhanced with the
increase in Co doping content, as shown in Fig. 29(d), which
is consistent with the evolution of the nesting effect. However,
the SC in LiFe;_,Co,As is strongly suppressed by Co doping.
On the contrary, in the optimally doped NaFe( 955C0q 045AsS,
the nesting between d.,/d,, hole pockets and electron pockets
is nearly perfect. When more electrons are doped, both the T¢
and Fermi surface nesting are suppressed. These data suggest
that the low-energy spin fluctuations are correlated with Fermi
surface nesting from itinerate electrons. However, there is an
orbital selective relation between the nesting and the supercon-
ductivity, where the nesting between the d,./d,, pockets, rather
than the d,, pockets, is important for the high-temperature su-
perconductivity in iron pnictides.
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Fig. 29. (a) Fermi surfaces of LiFe;_,Co,As single crystals for vari-
ous values of x, measured with 21.2-eV photons in mixed polarization.
(b) The Fermi surfaces of NaFe;_,Co,As single crystals for various
values of x, measured with 100-eV photons in linear polarization. (c)
Schematic description of the Fermi surface nesting in LiFe( g3Co00.17As
and NaFe( 955C0.045As. (d) Temperature dependence of 1/(7>TT) in
LiFeAs and LiFe( g3Cog.17As. The solid lines show the fitting results to
1/(NT)=A+B/(T - ©).147

7.2. Local spin fluctuations in iron-based superconductors

In iron pnictides, the dc susceptibility and Knight shift
are observed to increase with temperature in the normal
state. 3048501 This behavior is always attributed to a pseudo-
gap behavior with an unclear origin, in parallel to the under-
doped cuprates.**! From ARPES, no such pseudogap is iden-
tified, which questions a band gap effect. The AyFe;_.Ses
offers an ideal opportunity to figure out the nature for the ther-
mally enhanced susceptibility. In this subsection, we review

087414-14



Chin. Phys. B  Vol. 22, No. 8 (2013) 087414

the NMR study of high-temperature spin fluctuation behavior
in iron-based materials.!'!

7.2.1. Absence of low-energy spin fluctuations in
AyFes_,Sez (A= K, Rb, Cs, ...)

The newly discovered A,Fe,_,Se; system with Tc ~
30 K is an example for the deviation from the close rela-
tionship between low-energy spin fluctuations and high-7¢ SC
in the paramagnetic phase identified by NMR.% As shown
in Fig. 7 (KyFe,_,Se;) and Fig. 30 (Tlp47Rbg 34Feq 63Se2),
1/(ThT) in the superconducting phase shows a quadratic tem-
perature dependence instead of the strong upturn behavior
from room temperature to 7c, indicating the absence of low-
energy spin fluctuations in the AyFe,_,Se; system.!!*-??] The
Fermi liquid behavior in the low-temperature limit is consis-
tent with the case in the absence of hole pocket in the center
of Brillouin zone.?! As a result, the low-energy spin fluctua-
tion due to interband scattering seems not to be the necessary
condition for high-7¢ SC.
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Fig. 30. The 1/77T; with an 11.62-T field applied along the ¢ axis of
Tlo.47Rbg 34Fe; 63Se; single crystals. Insets: (a) the temperature depen-
dence of 1/("”"TyT); (b) the 1/(7"T}) data in the low-temperature region
with a log—log scale. The solid lines are guides for the eyes.[??!

7.2.2. Local spin fluctuations in AyFez_,Se; (A= K, Rb,
GCs, ...)

The absence of low-energy spin fluctuations in
AyFe;_,Se, has offered a valuable opportunity for studying
the fluctuations from local moments. Figure 31 displays
the temperature dependences of Knight shift and 1/(T1T)
in Tly.47Rbg 34Fe; 35e, single crystals for the temperature
region of 2 K <7 < 500 K. In order to compare the temper-
ature dependence of Knight shift with the thermal activated
behavior, Ma et al. plotted In(K(T) — Kp) as a function of
1/T in Fig. 31(a), which clearly shows the deviation from this
form below 7' = 150 K. In fact, this supplies the evidence for
the failure of the band effect for the pseudogap-like behavior.
However, the Knight shift and 1/(7;T) of 7’Se and 'Rb each
show a perfect quadratic temperature dependence, as shown
in Fig. 32(b), from 7¢ to 300 K.
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Fig. 31. (a) Plots of In[K(T) — Kp| against 1/T for the 3’Rb and 7’Se
nuclei in Tly 47Rbg 34Fe; ¢3Se; single crystals. The inset shows the tem-
perature dependences of 3’Rb and 77Se Knight shift. Solid lines denote
the fitting results to the thermal activation function form. (b) Knight
shifts and relaxation rates versus T2 for both nuclei.’!! The 77K data
for FeSe are cited from Ref. [37].

1.0 T T T 1 L L L 3
(@) “Ro o (b) "se ]
o ]
> 1 T 1 7
| n e % !
M ] s 1
3 £ 125
= 1 1k 1 -
la < < 1 -~
5 0.5 n § ] |
- 18 & 1, &
S le = I e
= <g :
5 17 £ 1
0 A 0 n 1 n 1 n 1 n o
0 0.2 0.4 0 02 04 06 038
STK /% K%

Fig. 32. Plots of (T;T)~'/2 (left-hand axis) and (T;T)~" (right-hand
axis) versus K with the temperature as the implicate parameter for
(a) ¥Rb nuclei with Tc < T < 425 K and (b) 7’Se with Tc < T <
300 K151

In Fig. 32, Ma et al.®" reported on (7;7)~'/? and
(I T)~" as a function of Knight shift to further reveal the
physical meanings behind the data. As shown in Figs. 32(a)
and 32(b), the system deviates from Fermi-liquid behavior
with the Korringa relation, (7;7)~'/2 o< K(T). Instead, K (T')
and (TyT)~! each follow a linear relation, which suggests the
thermally enhanced spin fluctuations. In particular, K (T') mea-
sures spin susceptibility at g=0, and 1/(717) measures spin
susceptibility at all values of g. Such a linear relation further
suggests that the spin fluctuation exists at all values of g, and
therefore a local spin fluctuation behavior occurs.
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This linear relation with finite intercept actually suggests
a two-component model for the NMR response of the para-
magnetic phase. The Knight shift and 1/(71T) can be writ-
ten as K(T) = Ko+ f(T) and 1/('T) = (1/T1T)o + f(T),
where Ky and (1/71T)o are the contributions from the itiner-
ate electrons and the temperature-dependent parts, and f(7T')
and f'(T) are from the local spin fluctuations. The finite inter-
cept actually is an indication for the existence of weakly cou-
pled itinerate electrons in this system. The itinerate electrons
contribute to the constant Knight shift and 1/(7;7T), and su-
perconduct below 7c. The temperature-dependent part is from
the spin fluctuations of local moments on Fe sites with short
range order. The quadratic temperature dependence of K(7T')
is closely related to the dimensionality of the studied system.
Theoretical studies indicate that the spin fluctuations of local
moments with short range order will result in a linear tempera-
ture dependence of susceptibility in two-dimensional systems,
and quadratic temperature dependence in three-dimensional
systems.5? The small value of 7"K(T)/¥K(T), suggesting
the strong magnetic interlayer coupling in A,Fe;_,Se», is fully
consistent with the quadratic T-dependence of K(T').

7.2.3. Local spin fluctuations in BaFe;As;

These considerations about local spin fluctuations are en-
tirely applicable for other iron-based superconductors. Fig-
ure 33 displays the high-temperature Knight shift data for
BaFe, As, parent compound. With the increase in temperature,
K(T') shows strict quadratic T dependence, which is consistent
with the three-dimensional behavior of BaFe;As, system. For
the LaFeAsO and NaFeAs systems, >3] the linear 7' depen-
dence of Knight shift again supports this local spin fluctuation
scenario in iron pnictides. The local spin fluctuation suggests
that the system has short-range magnetic correlation, which
could also be important for high-7¢ SC in iron pnictides.
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Fig. 33. T dependence of 7>As Knight shift in the BaFe,As, parent
compound for the high-temperature region. Inset: the Knight shift as a
function of T2.

All the experimental results suggest that there are low-
energy spin fluctuations and local spin fluctuations in iron
pnictides. The combination of both spin fluctuation modes
may be important for the superconducting paring.

8. Summary

In this article, we review the NMR studies of iron-based
superconductors, regarding the superconducting properties,
structural and antiferromagnetic transition, the interplay be-
tween SC and AFM, as well as the spin fluctuation property.
These results are summarized as follows.

(i) The paring symmetry of superconductivity. Spin sin-
glet paring of electrons is evidenced by the sharp drop of
Knight shift below Tc. The coherence peak is absent in the
spin-lattice relaxation rate below T¢, which supports the un-
conventional SC in iron-based materials. The temperature
dependence of 1/T; is consistent with the s* gap symmetry
with impurity scattering. However, strong nodal excitations
are observed below T¢ in the heavily electron-doped KFe,As,
and BaFe;(As;_,Py)2, which is consistent with the low-
temperature heat transport measurements. Later ARPES mea-
surement confirms the accidental nodes in BaFe;(As;_,Py);
with the same s* paring symmetry.

(i1) The correlations between the structural transition and
antiferromagnetism. The structural transition is strongly cou-
pled to the magnetism as evidenced by the enhanced low-
energy spin fluctuations in the low-temperature orthorhombic
phase.

(iii) The long-range ordered antiferromagnetism. The un-
conventional behaviors of the line width and magnetic mo-
ments in NaFeAs below Ty are interpreted by the thermally
activated domain walls. The magnetic transition temperature
and magnetic moments are strongly increased in NaFeAs un-
der high pressure, which actually stresses the importance of
interlayer coupling J; in the magnetism.

(iv) The coexistence and competition between long-range
antiferromagnetism and superconductivity. Microscopic coex-
istence between LROAFM and SC is widely observed in the
underdoped BaFe,As, system crystallized with the 122 struc-
ture.

(v) Normal state spin fluctuations. i) Low-energy spin
fluctuations of stripe pattern are widely observed in iron pnic-
tides with Fermi surface nesting. In the isoelectron-doped
case, the quantum critical points are observed, which are lo-
cated near and on the optimal doping level, respectively. With
the doping level increasing beyond the doping level, this spin
fluctuation as well as SC is strongly suppressed, supporting
that the spin fluctuation is a candidate paring mechanism of
superconductivty. However, for the hole-doped case, the low-
energy spin fluctuation still exists in the heavily overdoped
region, which supports a magnetic origin of the SC and also
proves that the more extended SC dome in the hole-doped case
is due to the existence of low-energy spin fluctuations. The
low-energy spin fluctuations observed in Lij FeAs by NMR
demonstrate that LiFeAs is also a strongly correlated system
close to a magnetic ordering. The combined ARPES and NMR
study on the AFe;_,Co,As crystallized into 111 structure sug-
gests an orbital selective relation between the nesting of itin-
erate electrons and SC, where the nesting between the d,./d,
pockets, rather than the d,, pockets, is important for SC in iron
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pnictides. ii) High-temperature NMR studies indicate that the
thermally activated susceptibility results from the local spin
fluctuations as observed in AyFe;_,Se; (A = K, Rb, Cs, ...)
and BaFe;As;. The combination of the low-energy spin fluc-
tuations and the local spin fluctuations may be important for
the SC in iron-based superconductors.
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