
NMR/NQR  probes of  emergent properties in 
correlated-electron superconductors

・ Symmetry of the Cooper pair of either spin-singlet or spin-triplet

・ SC gap with either isotropic or nodal structure

・ Characters of spin fluctuations
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Nuclear Magnetic Resonance （NMR,  Zero-field NMR,  NQR）

2
3

+

2
1

+

2
1

−

2
3

−

HI ⋅−= hγH

Zeeman Interaction

2
3

±

2
1

±

)3(
)12(4

22
2

Q II
II
qQe

Z −
−

=H

Nuclear electric quadrupole Interaction

・NMR  at magnetic field
・Zero-Field NMR probing onset of magnetism
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NMR  – Nuclear Magnetic Resonance –

Zeeman splitting

γ：gyromagnetic ratio

oscillating field H1

Knight shift
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NQR and Zero-field NMR for nuclear spin I ≥ 1
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Nuclear Hamiltonian of Internal Zeeman interaction and electric quadrupole interaction

i) In the case of non-magnetic state
NQR at zero field

ii) In the case of antiferromagnetically ordered state
Observation of Zero-field NMR provides evidence for 
an onset of AFM and enables to estimate of AFM moments 

To characterize samples

NMR/NQR under multi-physical conditions

20mK

16T

P ＜ 3 GPa

High magnetic field

NMR/NQR

High pressureVery low 
temperature

New 
phases of 
matter

NMR in superconducting state under magnetic field
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|ψsc|

Distribution of Vortexes

Knight-shift can measure the spin susceptibility below Tc, 
regardless of bulk-susceptibility being dominant by SC diamagnetism

ξ << d ≤ λ



Possible SC order parameters and their spin-state

BCS SC High-Tc oxides
CeCu2Si2 UPd2Al3, CeRIn5

UPt3   
Sr2RuO4

(point node)

(line nodes)

Quasi-particle DOS in SC state
s-wave with isotropic gap

p-wave with point–node gap

p-wave with line–node gap

Ns(E)=N0E/(E2 - Δ2)1/2

Spin susceptibility
Spin polarization in superconducting phase

Spin singlet pairing:
• breaking up of Cooper pairs
• decrease of spin susceptibility
• vanishing susceptibility at T=0

TTc

χ

χp

Spin triplet pairing:

• polarization without pair breaking
• no reduction of spin susceptibility

for equal-spin pairing
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Spin susceptibility
Spin polarization in superconducting phase

Spin triplet pairing:

• polarization without pair breaking
• no reduction of spin susceptibility

for equal-spin pairing
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17O-Knight shift In Sr2RuO4

Ishida et al., Nature 396, 242 (1998)

Yosida-behavior
spin-singlet
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17O-Knight shift 
(High-Tc oxides)



27Al  Knight shift

High-Tc SC : 63Cu-NMRSummary1 : Knight shift

s-wave

p-wave

d-wave

Heavy-Fermion SC

UPt3  : 195Pt-NMR

(line nodes)

Ks ~ T

Summary2 : pairing state in unconventional superconductors

CeCu2Si2

UPd2Al3
UNi2Al3

UPt3

CeCoIn5
Sr2RuO4

Spin-singlet Spin-triplet

Nuclear-spin Lattice Relaxation Rate 1/T1

probing SC and magnetic characteristics
Nuclear Magnetism



A : Fermi-contact hyperfine interaction (s-electrons)

Nuclear-spin relaxation (1/T1) process
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T1 Thermal  equilibrium state

NMR  – 1 / T1 –
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Korringa Relation:

(point node)

(line nodes)

1/T1 in superconducting state

p-wave with point–node gap

SC  with line–node gap

s-wave with isotropic gap

(line nodes)

BCS s-wave superconductors:

Unconventional SC in most 
correlated-electrons systems

[∫Ms(E, θ) dθ = 0]

s-wave

p,d-wave



s-wave

p-wave

Line-nodes gap SC in correlated  electrons SC

AFM-SC

UPd2Al31/T1 ∝T3 !!

d-wave

Strong-coupling effect

Knight shift 1/T1

Summary: NMR probe for SC characteristics

s-wave

p, d-wave

Magnetic phases and Spin Fluctuations of 
Correlated Electrons 

Probed by 1/T1 measurement

Hyperfine interactions:

: electrons spin fluctuations

1/T1 ~ Wa,b

Here,



Along with

using

Here,

Paramagnetic state in local-moment systems:

= constant

Here,  ωe ~ J

In general, for magnetic fluctuations of correlated electrons

Using the fluctuations-dissipation  theorem :

1/T1T ∝ Σq χ″(q, ω0) / ω0

Dynamical susceptibility  and NMR-1/T1

χ″(q,ω)

ω

Near magnetic instability (α 1 at QCP)

EF

χ″(q, ω) ∝ ω χ0  / (α - 1 + Aq2)

Neutron scattering

∝
χ″(q, ω)

AFM-QCP at q=Q

1/T1T

1/T1T ~ χ "(Q, ω0) /ω0



Spin Fluctuations of High-Temperature Superconductivity

AFM

SC

Phase diagram of AFM and SC

La2-xSrxCuO4

1/T1T of 63Cu-NMR in La2-xSrxCuO4 and YBa2Cu3O7

1/T1T ∝ χ″(Q,ω0) / ω0

ω0 : NQR frequency

Q  : (π/a±δ, π/a ±δ)

χ″(Q,ω0)

ω

1/T1T (x, T) probes AFM spin fluctuations 

1/T1T ∝ χQ(T ) 

∝ C/(T+θ )

T1T ∝ 1 / χQ(T ) 

∝ (T+θ )

Antiferromagnetic Spin Fluctuations in  LSCO

2D-AFM spin fluctuations :

θ 0 (QCP) at  x ~ 0.05

Characteristics of  Antiferromagnetic Spin 
Fluctuations in  HTSC

1/T1T :  YBa2Cu3O7 (Tc=93 K) YBa2Cu3O6.63 (Tc=60 K)
17O:(1/T1T)

63Cu:(1/T1T)

17O:(1/T1T)

63Cu:(1/T1T)

Takigawa et al., PRB (1991)



Summary: Carrier-density Dependence of  Spin Fluctuations

1/T1T (x, T)

La2-xSrxCuO4

uniform  spin χ(q=0)1/T1

Spin Fluctuations in YBa2Cu3Ox probed by neutron

Keimer’s group

(MPI, Stuttgart)

No quasielastic intensity

Large spin gap below Tc


