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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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NMR — Nuclear Magnetic Resonance —

oscillating field H,
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Principle of Nuclear Electric Quadrupole Resonance

Nuclear Magnetic Resonance (NMR) and

Nuclear Quadrupole Resonance (NQR)
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NQR and Zero-field NMR for nuclear spin | > 1

Nuclear Hamiltonian of Internal Zeeman interaction
and electric quadrupole interaction

e’qQ

=yl Hy, 4
A PTVE Y

BI2-1%)

i) In the case of non-magnetic state

NQR at zero field - To characterize samples

i) 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
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NMR in superconducting state under magnetic field
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Distribution of Vortexes
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Knight-shift can measure the spin susceptibility below T,

regardless of bulk-susceptibility being dominant by SC diamagnetism

Possible SC order parameters and their spin-state

(a) s-wave (b)d-wave (c)p-wave

High-T_ oxides
CeCu,Si, UPd,Al;, CeRlIn,




Quasi-particle DOS in SC state
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Spin susceptibility

Spin polarization in superconducting phase

* polarization without pair breaking
* no reduction of spin susceptibility
for equal-spin pairing

x = const. for a(E) =0
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Nuclear Magnetism
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NMR —1/T, -

T, in normal state of metals
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BCS s-wave superconductors
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Summary: NMR probe for SC characteristics
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NMR Probe for [ Spin Fluctuations] and
[ d-wave superconductivity ]




‘ The formula of 1/T,

I Relaxation rate 1/T, due to fluctuations

12 - N- of local magnetic field H,,,
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Itinerant Magnetism & Spin-fluctuations

Ferromagnetism. Antiferro.

l Metal-Insulator
transition

Stoner model
for itinerant
electrons

Increase of electron

Heisenberg model
correlation

for itinerant
electrons

Localized magnetism
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Wave-number dependent susceptibility follows a Currie This relationship replaces the abvoe
Weiss law in a different origin from the localized model

second term in Hamiltonian to the follows;
Self-consistent renormalization (SCR) theory:
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Near ferromagnetic critical point
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1/T,T of ©3Cu-NMR in La,_Sr,Cu0, and YBa,Cu,O,
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Characteristics of Antiferromagnetic Spin

Fluctuations in HTSC
1/T,T: YBa,Cu,0, (T.=93 K) YBa,Cu,;0 ¢, (T.=60 K)
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Spin-fluctuations mediated d-wave
superconductivity

Various types of SC pairing states
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Energy gap structure of unconventional SC
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Phase Diagram of high-T_ copper oxides
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Summary: Carrier-density Dependence of Spin Fluctuations
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Knight Shift below T,
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Temperature dependence of spin-echo decay rate 1/T,

Magnetic Correlation Length:g

Spin-echo decay mechanism

1. Fluctuations of local fields

2. Like spin - spin coupling ':$
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Spin Fluctuations mediated d-wave superconductivity

Spin-fluctuations parameters derived from T, and T,
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Relationship between spin-fluctuation parameters and T,
The Spin-fluctuations theory:
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BCS theory predicts the many-body ground state for the
superconducting state described by the following wave function as

Tues = ]T[[ui + ¥, € H*jl{}:} (1)
The BCS Hamiltonian is given by
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Using (1), by minimizing the expectation value of the above BCS
Hamiltonian, the parameters u, and v, are expressed as follows;
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is assumed as k-independent, we get the following relations using the density of

state at the Fermi Level , N(0) and the Deby frequency, @, .
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Ay = =2 Vi Sk
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L (1)

2k T

d-wave superconductivity
due to the on-site
Coulomb repulsive
interaction

Gap equation for d,, ,, pairing
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Magnetic fluctuations mediated SC mechanism

Ferromagnetic case Antiferromagnetic case
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Recent Topics in Multilayer High-T_ Cuprates

O Novel phase diagram for single CuO, plane

deduced from n = 3, 4, 5 and 6 compounds (new)




CuO,-layer number dependence of phase diagram
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Summary (ll)

Mother
compound

Phase diagram

Electronic state

SC symmetry

Pairing
interaction
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In strong coupling regime of electron correlation (U

Copper Oxides
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Doped Mott Insulator is the superconductor, leading to the high T_
superconductivity mediated by the AFM superexchage interaction!
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