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NMR and Frustrated Magnetism
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NMR,in the world of resonance
techniques: Mossbauer, uSR, ESR

(for solid- state physics @ magnetism)

« All probes are resonant bulk, local probes: integrate over q, similar
coupling formalism for NMR, Mossbauer and pSR

« Difference through (i) the coupling to the environment
(i) the time window, the field range

(ii1) sensitivity and pulsed versus continuum
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NMR,in the world of resonance
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» Difference through (i) the coupling to the environment
(i) the time window, the field range
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Zeeman,
Nobel Physics 1902 Nobel Physics 1944

Nuclear spin
Electronic spin

'+ Field induced splitting of the levels: transition v,.. ~ Hy + 6H5cal
'+ Back to equilibrium: relaxation time probes low frequency fluctuations
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Zeeman, Rabi,
Nobel Physics 1902 Nobel Physics 1944

Nuclear spin 7\
Electronic spin Ho

« Field induced splitting of the levels: transition v,.. = Hy + 0H|ocal
« Back to equilibrium: relaxation time probes low frequency fluctuations
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 Hyperfine techniques: NMR, Mossbauer, uSR

The probe Hamiltonianis a weak perturbation of the
electronic system; acts like a spy.

« ESR: acts on the electronic spin R /
More involved treatment J

* In practice
v Sweep the frequency at a fixed external field

v Sweep the field at a constant frequency
v Sometimes, no need of an applied field
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Outline of the presentation

Basics: energy levels, coupling Hamiltonian,
quadrupolar effects

Static local studies: shift, site-resolved, magnetic
ordering, structural effects, spin textures...

Dynamical studies: T,, (T,), wipe out

Comparison with pSR

Selected examples

What dn we |Innk at -~ what we <ee in naners

Page 12/148



Pirsa: 12060036

Outline of the presentation

Basics: energy levels, coupling Hamiltonian,
quadrupolar effects

Static local studies: shift, site-resolved, magnetic
ordering, structural effects, spin textures...

Dynamical studies: T,, (T,), wipe out

Comparison with pSR

Selected examples

What dn we |lnnk at -~ what we <ee 1n nanerc

Page 13/148



NMR: milestones (1)

Bloch & Purcell,
Nobel Physique 1952

‘ \
ook
)7

A
Ernst, Wuthrich, Lauterbur & Mansfeld,
Nobel Chemistry 1991 Nobel Chemistry 2002 Nobel Medecine 2003
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NMR: milestones (2)
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NMR for chem1stry

600
UltraShie
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7 Tesla 23 Tesla
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Our cryofree 14 T magnet; room-T bore
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Our cryofree 14 T magnet; room-T bore

Pirsa: 12060036



NMR in High Magnetic Fields

Grenoble
H,..x = 35 Tesla (steady, 24 MW)

M9 magnet, 34 mm boré ; o
AB/B =700 ppm within 1 cm? sphere (radius = 6.2 mm)
time fluctuations can be stabilized by NMR spin-lock at room T

Tallahassee: 45 T
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NMR basic principles (1)

Nuclear spin | in a magnetic field H.
Zeeman effect : H=-p.Hy=-yh Hy |,

Energy levelsE=-myhH, , m=-l, -1+1 ... [-1, |

7FNMR* imnn<cihle nnat cFammoan alen NOR
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NMR basic principles (1)

Nuclear spin | in a magnetic field H,
Zeeman effect : H=-p.Hy=-yh Hy |,

Energy levelsE=-myhHy, , m=-l, -1+1 ... -1, |

2
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NMR basic principles (1)

Nuclear spin | in a magnetic field H,
Zeeman effect : H=-p.Hy=-yh Hy |,

Energy levelsE=-myhH, , m=-l, -1+1 ... -1, |
-5/2
-3/2
AE =h v H, =hv
1/2 4
1/2 ‘ Need for r.f. field hy(v)
3/2 h, LH,
5/2 H=-pn.(Ho + hy)

=-vh (Ho I, +hy )

7FNMR* imnn<cihle nnat cfammoan alen NOR

Pirsa: 12060036 Page 23/148
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-1/2 4
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NMR basic principles (2)

Nuclear spin | in a magnetic field H, @ r.f. field h,

Zeeman effect : H=-p.Hy=-yh Hy |,

Energy levelsE=-myhH, , m=-l, -1+1 ... -1, |
-5/2

-3/2

1/2 4

177 ! AE =hyH, =hv

3/2

) An accurate magnetometer

5/2

vimr = ¥/ 21 Hg

7FNMR* imnn<cihle nnat cFammoan alen NOR
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NMR basic principles (2)

Nuclear spin | in a magnetic field H, @ r.f. field h,

Zeeman effect : H=-p.Hy=-yh Hy |,

Energy levelsE=-myhH, , m=-1, -1+1 ... I-1, |
!
|

-5/2 |
|
|

1/2 ‘ |

1/2 : AE = h Y H‘.::-':ai =hV :
|

e Spatially resolved

5/2

magnetometer VNMR = 1//271: (Ho + dHlocal)

7FNMR* imnn<cihle nnt cFammaoan alen NOR
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Which nuclei ?

Nuclear magnetic moment M=yhl

Common NMR Active Nuclei

Isotope Spin Y%oage ¥
[ abundance MHz/T

'H - 99.985 42.575
‘H 1 0.015 6.53
BC 1.108 10.71
14N 99.63 3.078
N 0.37 4.32

2d 0 0.037 5.77

o 100 40.08
“Na 100 11.27
np 100 17.25

1 - 40 MHz / Tesla

Recnnance are in the FM (radinfrenaiienc\v) ranoce!
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Which nuclei ?
e LV J[R

NMR Periodic Table

Group 1 11 Ila IVa Va Via VIia VIlla VIIIb VIille IB 1B 1 v \ ' Y1 | VII | VII}
Period
I 2
e H He
3 | 5 6 7 8 9 10
S| Ll Be B|C|N MM F |N
3 11 12 13 14 15 16 167 1
Na Mg I ~ o |
19 20 21 22 23 24 25 26 27 28 29 30 3 32 34 35 36
* |K|cal| |Sc "Ml ¥ cr Mol Fe [Co | Ni [Cu [Zn' Ga |Ge | As | Se | Br | Kr
. 7 38 39 40 41 42 43 44 15 16 47 I8 49 50 51 52 53 54
> |Rb|sc| | ¥ [Ze| Nb Mo Ru Rh Ag [Cd |In |Sn [Sb | Te [1 | Xe
6 59 56 71 72 73 74 75 76 77 78 79 80 81 82 83 84 e R6
Cs |Ba | |Lu |Hf |Ta |W (Re||Os |Ir | Pt |Au [Hg | 10 | Pb | Bi
7 87 ot 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Sl anthamides . [ 58 59 60 61 fl\I (\“\ (\-1 ,h,.: 66 67 (\‘.\' '(\“) 70
La Pr  Nd Sm Eu Gd Th Dy Ho Er Tm Yb
w* A ctinides | 89 9N 91 ‘JIZ 93 94 Q5 96 97 0% QY 100 101 102

‘1-;7"1(}'\

Nuclear Spins 1/2|1(3/2|5/21|7/2

Manv recident niiclei cencgitivityv deterctinn nheg
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Experimental set-ups

Field range: 1T - 45 T (homogeneity tens ppm - ppm)
T-range: 10 mK - 1000 K

Sensitivity: 1 mMole... depends on sensitivity: vy, H?
(few GPa),
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NMR basics (3): the chemistry side

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

H Hy +H, - +Hio + HEFe
hSN I'H
} N | + B+ ( D+ E + |
A verv iicefill tnnl tn determine the chemircal handino
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NMR basics (3): the chemistry side

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

H - Ho_n+Hu—e+HEFc

hN I'H
) A ( \+ B+C+ D+ E+ |
A verv nicefiil tnnl tn determine the chemircal handino
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NMR basics (3): the chemistry side

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

Indirect interaction between nuclear moments
(electrons)

Fine structure

A verv ricefill tanl tn determine the chemical handino
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Chemical shift (ppm)

R A A e 2 R AR AR SR
1 1 1 3 A < . ¢ y + L | ‘
.

ppm &
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Chemical shift (ppm)
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MR basics (4): the nuclear Hamiltonian for solids

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

H=Hz+H,-, -° Here

hy I'H
) \_: (1.[ ( [) / f)
H hy 1,48
) - ¢ -'f-H, . ) ‘ 1 > )
Hepa = 3 o (301 [(1+ 1)+ S[(13)2 + (1))

A very involved Hamiltonian...coupling to electronic moments
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MR basics (4): the nuclear Hamiltonian for solids

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

hy I'H
: ) (A+B+C+D+E+F)
H hy I,A4,.S,
: ~ “Q\ 7, 72 . ) > 2
Hepa = ) oo (301 [(1+ 1)+ S[(13)? + (I4)?])

A very involved Hamiltonian...coupling to electronic moments

"_\I"\f'{ ('Ilrrf\llr’\A'ihﬂ (‘"‘\"\I"ﬂ(‘\(‘
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Nucleus - electron coupling

I. [.s ([.i'l.S‘.l‘) ; 8T =~ [~
H ==hvv —+h"v v __3 = LN—hyv v [S olr
Y _’ .

hf /el n

feln 3 /el n

i'

\

. I
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Nucleus - electron coupling

H, =-hyy —+hyy|—=-3

hf 2/ n 3 /el n 3 3 /el n

r I r 3

i Ls )] g 873246)

Orbital effect

<zgins
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Nucleus - electron coupling

H, =-Wyy —+h'yy| —-3L"J|-h'yy —Is0

hf 2/ n 3 /el n 3 3 /el n

r I r 3

ii is _(ir)sr) 5733 o)

Orbital effect
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Nucleus - electron coupling

i is i) .
__h 1/4/ +h 4/-1/ __2 A / 7'

hf 2/ n 3 /el n 3 5

r I r

H

Orbital effect Dipolar effect from
An unpaired spin

s =
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Nucleus - electron coupling

l ., I.s ([.rls.r) , 87 =~ [
H.=-hrvy —+hyvy|—-3—~—AL|-hvy —I50
"\ ﬁ

P | 4 - 4 | 4
hf /el n /el n 3 5 /el n

I r D

Orbital effect Dipolar effect from
An unpaired spin

< <
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Nucleus - electron coupling

. [ ) [.s ([ 1'19 r) A 81 =~ ( )
— _th- - ) - 4 N I\ T __Th-A v N e
H, =-h"yy, —+ ey ——3—S—=|-hy.y,—1sol

] r s 3

Orbital effect Dipolar effect from
An unpaired spin

dz%@

Pirsa: 12060036 Page 42/148




Nucleus - electron coupling

[.rls.r , Q7T =~

2 [. 9] ( 1 ) ) 1. |
Ho. = —htyy 22y o | LS 3BT g2y STGC [
-~ \

hf -

feln 3 /el n 3 5 /el n

r I r D

Orbital effect Dipolar effect from
An unpaired spin

b <) e
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Nucleus - electron coupling

7] is ir5A) L. swe-
H, =-Wyy —+hyy| —=-3"AL"1|-hlyy [w(

hf 2/ n 3 /el n 3 3 /el n

r I r 3

Orbital effect Dipolar effect from
An unpaired spin

=T

e
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Nucleus - electron coupling

/U >/ n 3 t J " 3 g / tl’ n

r 7 o 3

Orbital effect Dipolar effect from
An unpaired spin
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Nucleus - electron coupling

__f'] v Vv +h 4/ 074 — — v Vv

hf leln 3 /el n 3 3 /el n

r I I 3

. i Ls )] e 873246)

Orbital effect Dipolar effect from
An unpaired spin
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Nucleus - electron coupling

2 / 9 1 S ([ ]'Xﬂ' r) g, 8/7 T (_' )
— _tH- R - - L " - _ 2\ S s Nl
H/g’f o h }/e’ t/n 1'3 + h :“/(1 f'/u 3 ) ; h ,"/t.,:’/” o ]S O .] |

r I S

Orbital effect Dipolar effect from
An unpaired spin
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Nucleus - electron coupling

__h 1/4/ +h 1/ -1/ __4’ /1/

hf i n 3 /el n 3 3 /el n

r I r 3

. i Ls )] e 873246)

Orbital effect Dipolar effect from
An unpaired spin
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Nucleus - electron coupling

. [ ) [.s ([ 1'19 r) , 81 =~ ( )
— _tHh- a ) - q N I\ — __Th-a v N e
H, =-h"y.y, —+ ey ——3—S—=|-hy.y,—1sol

; ’ s 3

Orbital effect Dipolar effect from
An unpaired spin
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NMR Dbasics (9): nucleus-electron coupling
(hyperfine interaction)

11 Is (1;X y 877 = - (~)
I, = Ry, — —H‘z VoVul == : —hyy —Is0
I I r \ 3

Orbital effect Spin-dipolar effect Contact contribution from an
from an unpaired spin s unpaired spin on a s orbital

I 11/

Vo= Hn
27

Pirsa: 12060036 Page 50/148



Pirsa: 12060036

NMR Dbasics (9): nucleus-electron coupling
(hyperfine interaction)

ﬂ/.:—?‘z 4 }}+7}*/~/ E ([’X_’_.) _H2y T‘]"S'((-')

if el n esd n 3 3 /.gt

r I r 3

/ / \

Orbital effect Spin-dipolar effect Contact contribution from an
from an unpaired spin s unpaired spin on a s orbital
v
i 4 4 orb 4 dip
Vo= H, + H,.=~ + H,;
) 2 . y
LT LT LT
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NMR Dbasics (9): nucleus-electron coupling
(hyperfine interaction)

Y SOy N 7 B

if el n el n 3 : / “
i I l' \ 3
Orbital effect Spin-dipolar effect Contact contribution from an
from an unpaired spin s unpaired spin on a s orbital
v
i 4 4 orb 4 dip Y contact
V= H, + 7 H,{,. - 7 H,,?,. - > Hw‘
7T 7T LT LT
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NMR Dasics (9): nucleus-electron coupling

(hyperfine interaction)

3 ) [.s ([lX ) , 87 =~ (-')
H, =-n"y,y, S —+hyy, - : -h'yy —Iso

/ \ 3
Orbital effect Spin-dipolar effect
from an unpaired spin s

Contact contribution from an
unpaired spin on a s orbital

1/ 1/

: ) ) )4 ; )4
I b lip ontact
Vi=—H +—H " +—H7>+—H ™
27 2r 2r 27
.'_\. .= )4 ra
V - ~ (1+ orb + K(/fp + K( ontact K(‘ore—pm’c‘zrizamu)
7T
Gyromagnetic ratio: Orbital shift

Spin shift
depends on the nucleus
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NMR Dbasics (9): nucleus-electron coupling

(hyperfine interaction)

T is (1,)(“) e (-
H, =1,y s+ 170, = 1y, =150

e’/ n 3 /el [S
i r

/ ;" \"

Orbital effect Spin-dipolar effect

Contact contribution from an

from an unpaired spin s unpaired spin on a s orbital
b
i :1/ :’/ orb }/ dip :/ contact
V= H +—H +—H¥+—H
> 9 Y o) Y 9 ¥
7T 7T LT LT
. ‘1
I=X.V.2 - >
/ E —
! - ‘T (1+ K()i ‘b + K(!ap + K( ontact K(‘ore—po/c'n'i:amu)
._./

Gyromagnetic ratio:

Orbital shift
depends on the nucleus

Spin shift
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NMR Dbasics (9): nucleus-electron coupling

(hyperfine interaction)

%, -1y, ??M L Ls (IIX“) ey ST T3s0)

Il — - vy, —I1.so
2 2 A \3

Orbital effect Spin-dipolar effect

Contact contribution from an

from an unpaired spin s unpaired spin on a s orbital
v
l}f . J/ H + :’/ H(H‘f? + :1/ H(ﬁp + :/ Hc“cmrud
LT LT LT LT
/r—. s Ve /
l o 9 T (1+ orb + K(/.’p + K(OH[(!({ \
L/

| '\

Gyromagnetic ratio:

L\
‘ \ -~ “—3dt
Orbital shift L N\ et
depends on the nucleus | ,\5\ AN
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Outline of the presentation

« Basics: energy levels, coupling Hamiltonian,

« Static local studies: shift,
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Orbital shift

I.L

A

/o nucleus

Orbital shift
* Filled shells
* Unpaired electrons

Main features
« T-independent
« Tensor: linear response in field, orientation dependent

Information
* Nature of orbitals (e.g. spin state for 3d elements)
« — Orbital susceptibility
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Spin shift

Knioht chift = Snin <hift far metalg
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Spin shift

—_—  —=

H = A4, 1.s

|
spin = A hf 2 A electron
h-v v

/ n 4 €

Knioht chift = Snin <hift far metalc
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Spin shift

—

H = A4, 1I.s

|
spin = A hf 2 A electron
h~v v

/ n o4 e

Knioht chift = Snin <hift far metalc
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Spin shift

The spin shift yields the local susceptibility near the
nucleus: « atomic » resolved susceptibility susceptibility

—_—  —=

H = A4, I.s
K |
spin — A hf 7_2 2 v X electron

/ n o/ e

Knioht chift = Snin <hift far metalc
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Spin shift

H = A [ .s

hf

Spin shift
« Unpaired electrons

Main features
« T-dependent
« Can be anisotropic (susceptibility, hyperfine tensor)

Information
 Measures the local susceptibility
« — histogram of local environments
« — site selective

Knioht chift = Snin <hift far metalc
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Spin shift

H = A4, I.s
KX
Line shift K : Linewidth
susceptibility ... spatially inhomogeneous
| \ susceptibility
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Spin shift

H = 4, I.s
Noex
Line shift K : Linewidth
susceptibility ... spatially m_fl\)(_)lmogeneous
| \ ¥ susceptibility

Line shift K : (ZI "‘/»'<Sf-'>):

More advanced K =
H
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3>CL NMR in Kapellasite

10 =

J A
pe f D
)fx x’

f/

A0,

)J}l /* - .
J

P3m]l

WL o¢

u IFLL Pi y 1, o\

J J
AGWiey: 379 c- 15% 2%
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3>CL NMR in Kapellasite

0.007

0oosl O Kzl A =4.98(3)kOeln,
r), O K, A,,=325(5)kOely,

x x) 0.005}
f /{ 0.004}

2 _J-_‘_' 2 ﬂ ).o
J J;* )’/*2) 0.001}

0.000

0.003}

NMR shifts

0.002}

T =290 K T=95 Ki
P3m]l 0.0015 1‘ > 3 4 5 6
(10 emu/mol Cu)

macro

O ¢

)

-

% I S I

B o 4 J
46% TV 37% ° 15% 2%
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NMR basics (6): nucleus-charges coupling

With NMR we study the time evolution of nuclear
magnetization, driven by the hyperfine interactions ...

| hy I'H
M N (1-/ C+D+E+F)
H hYy I.AS
_:l'ff_’; (3012 - 11 a I'yY)

A verv invnlved Hamiltanian ainnte rewardino
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Outline of the presentation

« Basics: energy levels, coupling Hamiltonian,
quadrupolar effects
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NMR basics (6): quadrupole interaction

If I>1/2, nuclear spin | is sensitive to any Electric Field Gradient from
the lattice (non-sphericity of the nucleus)

+ +

- ] - - I -
+ +
=1/2 1> 1/2

*QVy, o 9
Hepe = Z A1 (:’.1[’ @_ (1 + 1) + Ié[ll; <+ (1 '})

{1 I1(21 — 1)
vVQ

=1 /7 ~Fiihirc lAacal evimmatrrnss nA Animadriinalar affarct

[
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NMR basics (6): quadrupole interaction

<+
+
-~y \ Py R 3\
. iy cl 1 o
Fay=rO+ > x —| += D xx_—— -
_ i=3 directions CX, ,}. ' 2 i=3 ,f-,-ﬁ-k—;r,,;\' CX.CX
) , i i Jy=0 3_direct J' i )
cst 0 since center Quadrupole
of mass and term l
charge v o
coincides We express it in principal

axes where V is diagonal :

1 S \
Quadrupolar moment of the nucleus eQ= - J(3_—- —1r*)pd’R
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NMR basics (6): quadrupole interaction

or

; : | 1 a v
Firy=r0)+ > x — 5 Doxx,
i=3 _directions ~ (=3 _directions ‘

cx, Ox,0x,

H, = J.p”(f- V(i) Wigner-Eckart theorem

H

o eQ (e @V a8V
Q—“m_l)ll\ Sl (S DESSNC e

X -~ 2
CcZ J

1 S \
Quadrupolar moment of the nucleus eQ=— J(_%:- — 1) pd’R

.1‘h
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Quadrupole interaction: back to the spectrum
TH 20 n=0, axial sym. - 15t order
- Fg #
| SEMW~ v(3cos? 0 —1)[3m? —I1(I + 1)]

VNMR =~ \'Q i

Degeneracy of the transitions lifted by
quadrupolar effects
\ EFG
» Ppal axi

| =3/2

21+1 levels Vi = ¥/ 21 Ho

Quadrupolar nuclei: lifting the multiplicitv of transitions on single cryvstals
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Quadrupole interaction: back to the spectrum
n=0, axial sym. - 15t order

1-Hy #0
SEMW~v,(3cos? 0 —1)[3m? —I1(I + 1)]

VNMR > > \'Q
Degeneracy of the transitions

%d by quadrupolar effects

VNMR - '}//27-[ HO

| =3/2

21+1 levels VNMR = y/Zn HO

OQuadrunolar nuclei: distribution of angles —» bpowder averace
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Quadrupole interaction only: NQR
n=0, axial sym. - 15t order
SEM~v, /6[3m? —I(I + 1)]

“H=0

Degeneracy of the transitions

%d by quadrupolar effects

m=+ 3/2

m=+1/2

| = 3/2 T

\Y =V
2 levels NMR Q

Diiadriinnlar recnnance* nnwdere = <inole rcructalg
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Quadrupole interaction only: NQR
n=0, axial sym. - 15t order
SEMW ~vq /6[3m? —I(I + 1)]

“H=0

Degeneracy of the transitions

%d by quadrupolar effects

m=+ 3/2

m=+1/2

| = 3/2 T

\Y =V
2 levels NMR Q
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Ga NQR in NiGa,S,

(a)

f " :‘2\ ........... ——r———
= = _(b) Tiail) NiGa,_S,
X x - ) 69,71
7 - g , "‘Ga“) Ga-NQR
.\ pe Ga S— i
© s t Ga 2) .‘ Ga(2) (1 40 K
1 ‘ > OF v.o..oo.ooa
" 2 15K
Q9 I e
= 5 10 15 20 25

H. Takeya et al., Phys. Rev. B (2008)

7 ientnnec 7 qitec (anlv nne exnected from <triictiire)
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H. Takeya et al., Phys. Rev. B (2008)
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Ga NQR in NiGa,S,

(a)

™~ ..
{ b -02
= = _(b) r‘léa( 1) l lfneazs‘1
\. \; : “ A _g -_—j__ ,3.:,Ga(1) u'.‘*.TlGa_NQR
. - Ga ~—~— | ‘ L ]
N ~ 7.GL 2) 0@ “6a(2) .,“ oK
S >
' A > 0Or M gt eoccocoto00
g 1.5K
O ol emeemee@eOOWSTT, | T
= o 10 15 20 25

H. Takeya et al., Phys. Rev. B (2008)

7 ientnnec 7 citec (anlv nne exnected from <triictiire)
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Averaging on angles: EFG, hyperfine tensor

The EFG and hyperfine tensors may not have the same principal
axis! One can manage, playing with isotopes, field ...

QSinole crvstals are hest. Fittino roiitines for nowders .
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Outline of the presentation

« Static local studies: shift, site-resolved, magnetic
ordering, structural effects, spin textures...
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7O-NMR 1n Herbertsmithite: site selection

If 1>1/2, nuclear spin | is sensitive to any Electric Field Gradient from
the lattice

iy
O

—u— 200 K
—o— 250 K
< 300 K

NMR Intensity (normalized)
O
o1

O
0O
N

6.6 6.8 6.60 6.65 6.70
H (Tesla)

n = 0 1inariented naowderc
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M.I.T., 2005 e
JIAICIS

COMMUNICATIONS

A Structurally Perfect S = '/, Kagomé Antiferromagnet
Matthew P. Shores, Emily A. Nytko, Bart M. Bartlett, and Daniel G. Nocera*

Department of Chemistiry, 6-335, Massachusetts Institute of Technology, 77 Massachusetts A
Cambridee, Massachusetts 02139-4307
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3 (
5
(10 em /mol Cu)

L 170 NMR

Herbertsmithite )” 0 00 200 300"
ZnCuz(OH)Cl, B T(K)
CU2+ S=1/2 A. Olariu et al., Phys. Rev. Lett (2008)
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2D-NMR in Herbertsmithite

A- 295K A+
295K | A egen .~ (a)
e T e
v d 5
e @ =
000'000 ‘CP" B-
o*e. ? 0% 2
09909:9 g
‘oetliret 1=
o o pon M
¢ _ 9 = A ‘ k
-:o = ﬁ
. '“'*.I‘ u .tt“.»,.g‘b&
54.75 54.8 54.85 54.9 54.95 55

Frequency (MHz)

| = 1 Sinole rructal: H/ /e R different D envirnnmentcg
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local susceptibility: site selection
1000 . . r e 08
n H=4T 0.0 mmy ——A-sites 20 NMR
800 e B-sites 0.24
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= . 0.16 ;
g 400 5
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200 Hle ® i . 008
) -(“)% + }* } + e} L A e a0
0 50 100 150 200 250 0 50 100 150 200 250 300
O. Oferet al., ArXiv (2010) T. Imai, Phys. Rev. B (2011)
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Magnetic ordering

*very strong local fields : in the paramagnetic phase, need of a field H,
so that <S> # 0; in an ordered phase H ~ Ay <S>, <S> 20

« ZERO FIELD NMR : if hyperfine field is strong enough, no need of an

applied field; lineshape depends on the distribution of the modulus of
fields

\'O Ahf S
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Magnetic ordering

i
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Magnetic ordering

i

Zero Field Hy=0

T>Tc
Null!
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Magnetic ordering

S

Zero Field Hy=0

T>T¢ T>Tc
Null'!

T<Tc
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Magnetic ordering

oy

Zero Field Hy=0

T>T¢ T>T¢
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Magnetic ordering

oy

Zero Field Hy=0
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Magnetic ordering

- S
&
Zero Field Hy=0
T>T¢ T>T¢
Null'!
B |

V0=Ahf S
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Powder line shape: applied field @ internal field

(a) Gaussian ' T — 0 7,\; K
() "
k= / \ % ’/ L 6T
et /'\_\
= \
i 5T
l.h) SDW -E / \
' S, 451
: A PEEA
:
E 8 3.5 T
(¢) Al ' e
N |

04 02 00 02 04

AB (T)

Intensity

()

B M. Yoshida et al., JPSJ (2012), Phys. Rev. Lett (2009)

NMR can eliicidate maonetic striictiires: invaliiahle for hioh fields
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Powder line shape: applied field @ internal field

(a) Gaussian ' T — 0 7,\; K
() "
=y /\ / \h =8.85 T]
g ‘\\\ .% ’/ \‘7 () T
= 7™
. 5T
('h) SDW = / -
' S, 4571
> > VAN
g “o 4T
S|
= = 35T
| AT
(¢) Al '
N 1T
§ 04 02 00 02 04
E AB (T)
B M. Yoshida et al., JPSJ (2012), Phys. Rev. Lett (2009)

NMR can eliicidate maonetic striictiires: invaliiahle far hioh fields
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Jarosite: KFe;(OH),(50,),

(a)

'H

71.2K
2
E B
o AYext
T
41
2
- - Bint
U ”
= ’ \
= I |
\ /
~ ”

12 14 16 18 20 22 24
External Field ( kOe)

M. Nishiyama, Phys. Rev. B (2003)

R . >>R. .Dinnlar rniinlino nf H tn moamentg
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Jarosite: KFe;(OH),(S0,),

(a)
'H 712K
e
2 |
=
. ABext
= t
< V ’
o (b)
& _ -~ Bint
= ’ \
— I |
\ /
~ - ”

. 2 Blmt
12 14 16 18 20 22 24
External Field ( kOe)

P

M. Nishiyama, Phys. Rev. B (2003)

R

. >> R, . Dinnlar eniinlino nf H tn mamentg
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NMR in ngh Magnetic Fields: large scale facilities

Magnetic Superstructure in the Two-Dimensional Quantuimn
Antiferromagnet SrCu;(BOj),

Kodama, Science 2002

0 d v T ¥ v ¥ v T v v v d T v Y ¥ ¥ T 4 v ¥ v T v ¥ d ¥ T
‘\l\ CE ' ' 63Cu [ ]
W i ey | -
N [ . T R R ]
i Z| o *% - :
@ a '
_ a2 | = A ]
- E . \. . ) ! \ -
- = j \j J .\jk_ 1 ]
- 0 A A A . | -
_é" __ ‘ G‘)CU ‘ . Ji n
e 260 280 300 320 l | 1
.g - Frequency (MHz) | ol .
B bl ] . 1 . . ¢ .
- PR ot PR .
i . | s 1 ..‘. ..:!.P .
[ 1 | 14! [ AR LI R ]
_ . i Do N :
. T f . * -~ Vet .
B T . ! ., o :'. i : .2 "’; - ¢ i) i
3 TEDRILE N N L < f .
[ Vil Ve Y W W A ot ¢! ¥ M ]
- ” — .‘. LY saye® -
T e b R [ .
100 150 200 250 300 350 400 450

Frequency (MHz2)

Maoneti7zatinn nlateall ~28 T <iinerstriictiire nf trinlet <tate

Pirsa: 12060036 Page 96/148



NMR in ngh Magnetic Fields: large scale facilities

Magnetic Superstructure in the Two-Dimensional Quantumn
Antiferromagnet SrCu;(BOj),

Kodama, Science 2002
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70 in spin-ice Dy,Ti,0, : ZFNMR
« 21in - 2 out spin-ice rule - a single field value at the O site

« Sub-Kelvin experiments

q 3.30 3.35 3.40 3.45 3.50

[

7}
£ &
> / :
e’ 0.6} / i \-\
< / .
2 - . \
5 04t / : ¥
o §
o : o
2 / \

02} / £ '

yar
-~ &
0 Jl L " k
4.4 4,45 4.5 4,55 4.6

magnetic field strength at O(1) site (Tesla)

G. Sala et al., Phys. Rev. Lett. (2012)

e Netert evritatinne IMmnnnnnlec): int field 758% <emaller
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Ga NQR in NiGa,S,

(a)

. g ........... ——r————
= = _(b) Ticact) NiGa,_S,
. kr “ A _g ‘ '}“'Gam) r;’.‘*.Tlea_NQR
o = = [ <. 3 -
Ga(2) .‘ ‘Ga(2) (1 40 K
1 A ’ ; 0¥~~ gt ecccetooe
2 15K
Q9 I e
= o 10 15 20 25

7 ientnneg 7 qitec (anlv nne exynected from <triictiire)
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J1-J2 model in Vanadates
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J1-J2 model in Vanadates
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Probing spin textures

MRI Electronic / Magnetic systems

» Coding space with a field gradient * Magnetic / spin vacancies generate

a distribution of magnetic moments

____________________________________________ . ie a distribution of local fields under
X an applied field
® =7vB o X
om =7y oB

* Contrast experiments using relaxation * Intensity depends on relaxation times

times Contrast experiment

Variation of static and dynamical electronic/magnetic properties around
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Spin textures
Kspin Yields a histogram of y values, not a sum

One impurity in a Haldane chain, YBa,NiOg (S=1) with Zn impurities on Ni site

Ni Ni Ni Ni Ni Ni Ni Zn Ni Ni Ni Ni Ni

7 1.0} Y.BaNi., Zn, O T=200K

: h 3 m

Z o8¢t |l|

7 0.6

2 ¢ ) pur

S 04l

2

i’ 02F } .
0.0 . e o L
14580 14600 14620 14640 14660

v (kHz)
Tedoldi et al., PRL 99; Das et al.PRB 04

Cnatiallv recnlved nrahe nf <iccentihilityv ~
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Spin textures

Kspin Yields a histogram of y values, not a sum

One impurity in a Haldane chain, YBa,NiOg (S=1) with Zn impurities on Ni site

Ni Ni Ni Ni Ni Ni Ni Zn Ni Ni Ni Ni Ni

7 1.0Ff Y.BaNi_, Zn, C
- - ye -
Z o8¢t
:‘: 0.6
S 04}
2
3z
._: 0.2
0.0
14580 14600 14620 14640 14660

v (kHz)
Tedoldi et al., PRL 99; Das et al.PRB 04

Cnatiallv recnlved nrahe nf <iccentihilityv ~
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local field

Measurement of the correlation lenoth &
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local field

le.? 0
1

Measurement of the correlation lenoth &
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Measurement of the correlation lenoth &
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Zn (Ni): a spinless (magnetic) defect in HTSC

P2 L9
// a % 7/ X y o
<. o “ | i | X A A
g . " i’/
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Alloul et al., Rev. Mod.Phys. 2009

Ctaococered reennnce neaked nn the neiohhanre
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What is the ideal case?

Vimr = ¥/ 21 Hy + 0H

Either specific lines or line broadening, (a)symmetry of

i~ NIAAD liia A

irsa: 12060036 Page 109/148



What is the ideal case?

Vimr = ¥/ 21 Hy + 0H

Either specific lines or line broadening, (a)symmetry of

i~ NIAAD liia A~
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What is the ideal case?

S .

Vimr = ¥/ 21 Hy + 0H

Either specific lines or line broadening, (a)symmetry of

i~ NAAD liia A
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What is the ideal case?

k-4

Vimr = ¥/ 21 Hy + 0H

Typical goal: impurity at level of ~ fraction of %

Either specific lines or line broadening, (a)symmetry of

A NIAAD liia A
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Defects = perturb to reveal: what can we learn?

v' Susceptibility in the vicinity of the defect
(shift of satellites, defect = local probe itself)

v Nature of spin texture and correlation length
( intrinsic vs extrinsic)

v' Link of the response with concentration of defects

v Modeling the response and discriminating between models
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e = —
/ What about an experiment? :
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~_ = —
/ What about an experiment? :
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Dynamics as probed by NMR: relaxation times
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Dynamics as probed by NMR: relaxation times
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Dynamics as probed by NMR: relaxation times
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Dynamics as probed by NMR: relaxation times

Y -
HO e \_\\
/ q
\
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Dynamics as probed by NMR: relaxation times
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Dynamics as probed by NMR: relaxation times

~ '*\_\i___;///

o

transverse relaxation: T,

d‘\[_\._}. — \[\; . (—- — )
Enegy is conserved = + 7\A o

dt T,

Longitudinal relaxation : T,
Energy exchange
with the lattice

(-/“[,g _ "I\[e‘(‘m:.’.-'f“s':‘urr.: - ‘1[
dr T
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Relaxation time T,

I
P—
12

-
L

v Transition probability due to fluctuating local field

wW H =- 3 x;!['Hizt'[f] #U‘leﬂﬂ'[_f‘{]:ﬂ“,

A 4

i N 1/T,=2W

—~
Il
—
(B

I"=] +il,, Hy;=Hye +iHZ
Local magnetic fluctuations at o, (Fermi golden rule)

]1_ - I | }-<BL.'(I)BL,(O)>exp(—im”f)(/f

1

B(t)= ZA;-?.,-(i; )}:S:(I;-. {)

couplednucleir

__J'_[ ’ Z A,,N\(q)"\ <s(q.0)s (q.0)>exp—im, 1 )dt

q

Fourier transform

N —

Fluctuation

Dissipation
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Relaxation time T,

I
[—
12

-
L

y. Transition probability due to fluctuating local field

W

H =- 3 xff[-HE:t.[f] #'["HIII‘(II-[_H]}(H,

N YT =2W I*=1,+il,. Hy=Hj+iH}

Local magne'tic fluctuations at o, (Fermi golden rule)

A 4
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Fourier transform
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Fluctuation
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Relaxation time T,

I
—
12

.
L

v Transition probability due to fluctuating local field
W

H'=- yxhl - Hylr) _7'.,'\'”U‘Hﬂf”'-f'H];-”"
- -- N 1/T,=2W

I* =1, +il,. Hy=Hy +iHy
Local magnetic fluctuations at o, (Fermi golden rule)
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Dissipation 5
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Relaxation time T,

I
P—
(B

-
L

y. Transition probability due to fluctuating local field

W H =- yN/id -Hylt) -7';'\'”1‘}{1:,-(“'[_Hh’t-unl

I* =1 ,+il,. Hy=Hy +iHy
Local magnetic fluctuations at o, (Fermi golden rule)
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Filtering factor
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Al (KGauss)
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Fig. 3.

=’Si form factor in the first Brillouin zone of the two-dimensional frustrated
antiferromagnet LioVOSIO,. Excitations at wave vectors (£7/a.0) or (0. +7/a)
filtered out. i.e. ='Si 1/7) is not sensitive to these modes.

are

P. Carretta, A. Keren, chapter in
Introduction to Frustrated Magnetism, Springer (2011), Ed. C. Lacroix, P. Mendels, F. Mila
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Filtering factor

3

Al (KGauss)

¥

d 1 ,llilmﬂ'.
y S Ry k‘.‘.'.".".":v':‘

0

|

1)
O\, *

Fig. 3.

=’Si form factor in the first Brillouin zone of the two-dimensional frustrated
antiferromagnet LioVOSIO,. Excitations at wave vectors (£7/a.0) or (0. £7/a) are
filtered out. i.e. <'Si 1/7) is not sensitive to these modes.

P. Carretta, A. Keren, chapter in
Introduction to Frustrated Magnetism, Springer (2011), Ed. C. Lacroix, P. Mendels, F. Mila
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Relaxation time T,: electronic spins

1 1 kT 7. (q.0,) i[) Z 4 Ifjf
- 4 LAY Shad T4
T n (guy) Z‘ & I o,

A(q) form factor and favours some q.

o

E © cu

Cu

Underdoped cuprate
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Relaxation time T,: electronic spins

1 1 kT 7. (q.0,) 1(q) = Z A(r zqi
— 4 a2l &t/ T4
I T (gu,) Z‘ 4 i o,

A(q) form factor and favours some q.

o

S 4 ’.4(?;)|“ -~ 2,{1+%(c05(q..a)+c08(q_-.b))|
B_-""/" . 0 C : )
U favours q=0, ferromagnetic fluctuations
=3 O between Cu
o

/3 ~. Cu

?/ » Underdoped cuprate
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Relaxation time T,: electronic spins

- rl(/ 7 2|4 pf £48:0) - Alg)= 24 iq.r)
._ 1 (g o),

A(q) form factor and favours some q.

o

N \ ]A(Z})l“~2{1+%(cos(q.\a)+cos(q..b)‘)|
E_-""/" 0 C : )
U favours q=0, ferromagnetic fluctuations
. 8 O between Cu
o

_4(;})‘: ~ [a - .'Z,Gv’(_cos(q1 a)+ cos(q}b) )]'

' : anuferromaonetic
) _ fluctuations

- 4

i/ ol Underdoped cuprate
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Longitudinal relaxation T,: fast fluctuaions

Frequency spectrum of local field fluctuation t Glo)
G(w) = I < B; (t)B; (0) > expl—iar )drt
-
- (lT)RMN (T)

a useful and simple expression: case of one single frequency dynamics

<BM (1)B,, (())> _ B,-O(.:e””

BHO(' o qu{fs
| .. s 2v
7 = I‘:/H (I((?)R\[\') — :/u Bfo(‘ }: 2
] ! + 0)R1].\'
Fast fluctuation mgun<<v I - V., D, . ‘4/-;/‘5-
« motional narrowing » Tl v fi2v
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I, Faramagnetic regime tor an insulator @ exchange (J)

1 ‘_1.2\8':

. nf
RMN -~
1,

. hv

High temperature, paramagnetic limit v >> @

'

~ S; fluctuates because of the effective

S, J w§. Instantaneous field from the z neighbors
-------- ] ) ’
] Vy —— = X ‘
fi I, hJNz

1/T,1s T-independent
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Magnetic transition: divergence of T,

Slowing down of fluctuations
In a weak metallic antiferromagnet

UNL;\AI'! /_x,./'\‘ :
10; _[T/ ‘
: | Pt i
F . ]
v, "‘.(“
= 7 OO
Q L
- Ve, —
14 /z" 1/T,=0.072T+0.55T/J T-T,, =
- t o (T>Ty)
! e
7
0‘1[L_ 1/7,=0.072 +0.78T/ y 1=(T/T,)
' (T<Ty)
sasal " e L b o
1 10 100

T(K)

Fig. 3. Temperature d pendence of 1/7T, of “Al at
H=12.1 kOe and 2.9 :Oe¢ (/ Lc) in the T-range of
1.5-300 K and 0.6-1.% K, respectively. Solid line is a
calculation based on ti e SCR theory for weak itiner-
ant antiferromagnets. ’

eAbove Ty : TiTK=cst
e At Ty - divergence of 1/T,

®,

Kyogaku et al.. JPSJ (1993)

Page 133/148



Magnetic transition: divergence of T,

Slowing down of fluctuations
In a weak metallic antiferromagnet
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T, =4.2K P | e At Ty - divergence of 1/T,
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Fig. 3. Temperature d pendence of 1/7T, of “Al at (On

H=12.1 kOe and 2.9 :Oe¢ (/ Lc) in the T-range of
1.5-300 K and 0.6-1.% K, respectively. Solid line is a
calculation based on t\ie SCR theory for weak itiner-

ant antiferromagnets. ’

Kyogaku et al.. JPSJ (1993)
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Magnetic transition: divergence of T,

Slowing down of fluctuations
In a weak metallic antiferromagnet
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Fig. 3. Temperature d pendence of 1/7T, of “Al at (On
H=12.1 kOe and 2.9 :Oe¢ (/ Lc) in the T-range of
1.5-300 K and 0.6-1.% K, respectively. Solid line is a
calculation based on t\ie SCR theory for weak itiner-
ant antiferromagnets. ’

Kyogaku et al.. JPSJ (1993)
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Magnetic transition: divergence of T,

Slowing down of fluctuations
In a weak metallic antiferromagnet

T, =4.2K
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Fig. 3. Temperature d pendence of 1/7T, of “Al at
H=12.1 kOe and 2.9 :Oe¢ (/ Lc) in the T-range of
1.5-300 K and 0.6-1.% K, respectively. Solid line is a
calculation based on t\ie SCR theory for weak itiner-

ant antiferromagnets. ’

eAbove Ty : TiTK=cst
e At Tyee : divergence of 1/T,
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Magnetic transition: divergence of T,

Slowing down of fluctuations
In a weak metallic antiferromagnet

) - | eAbove Ty : TiTK=cst
T, =4.2K P | e At Tyee - divergence of 1/T,
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Fig. 3. Temperature d-pendence of 1/7, of Al at (On
H=12.1kOe and 2.9 :O¢ (f Lc) in the T-range of
1.5-300 K and 0.6-1.% K, respectively. Solid line is a
calculation based on ti e SCR theory for weak itiner-
ant antiferromagnets. ’

Kyogaku et al.. JPSJ (1993)
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Magnetic transition: divergence of T,

Slowing down of fluctuations
In a weak metallic antiferromagnet
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Fig. 3. Temperature d pendence of 1/7T, of “Al at (On

H=12.1 kOe and 2.9 :Oe¢ (/ Lc) in the T-range of
1.5-300 K and 0.6-1.% K, respectively. Solid line is a
calculation based on t\ie SCR theory for weak itiner-
ant antiferromagnets. ’
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J1-J2 model in Vanadates

Critical
v (MHz) : T ———————
s 1 A A 1 0.4 4 .. » | B
121 L t :;_. ; L ]
\k'm\\.\ b) 1 E > r
10 ~_0 I 0.3 +. g .... L
4—5.08 / —.E .Y 14 _i-
£ = ® 1000/T (K') .
= 06 $=0.25 k024 P o8 -0 _2 __o
- \ - i s . .
Q 54 * High-T limit
® 0.1+ [ L
02 1 i L
| ] ) . ?
Y & Low-T: HFM:
18 20 22 24 26 28 30 L R S
2 3 4 5 6100 200 300
T (K) T(K)

Melzi et al. PRL 2000
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Gapped versus non-gapped dynamics

104 B R T
.-""oo.no .
L] L] - [ ]
10° f ‘-’
’_I
10- f 2 T g
.' Ty=65K
- L il
n 10 r!
— H
&~ 0 Lo i
~ 10 s
¥
-1 Le -
10 »
:
lO‘-E E
L 1

IO-_‘!, 1 1 L
0 50 100 150 200 250 300

Temperature (K)

Jarosite: KFe;(OH)¢(S0.), Herbertsmithite: Cu;Zn(0OH).Cl,
M. Nishiyama, Phys. Rev. B (2003) A. Olariu et al., Phys. Rev. Lett (2008)

Note: homooeneolis (Y exn) vs inhomooeneonlis relaxation (stretched)
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Contrast experiment (~-MRI)

T v T v T v T . T A" T v
[ 3 ] .
12 )
I T v T v T Y T v T = ]
097 Paramagnetic 4 I
506 10 phase :
@ | - - '
;03 "f, | g 3
= | . . =
20, 2 gttt
S [ ex t = | L= e ] )
= I perimen = Lo
= 30 | T=40us global fit ™ b 3 3
1 iWordered | D .
= 25 P /7. disordered | E" x s 5
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15 4 . 0.1 -
[ . 1. T [T
10 | ] - :
TS T e 4 L A 1 " | I L ra—— |
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O - X W XXX o o o <, l : ; . . . L o . v
e 17 a8 so on on Magnetic field (1)
H (Tesla)

F. Bert, Phys. Rev. Lett. (2005); Takigawa, Yoshida et al.

Need far <inole rcructale (~10 vearcg)
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H (Tesla)

Contrast experiment (~-MRI)

Volborthite

F. Bert, Phys. Rev. Lett. (2005); Takigawa, Yoshida et al.

Magnetic field (1)

Need far <inole rcructale (~10 vearg)

T T T T T T v T =
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- phase
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[ L " 1 " | L L
5 10 15 20 25 30
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Frustrated magnets: spin liquid like states

Spin Fluctuations in Frustrated Kagomé Lattice System SrCrgGa40 19 Studied by Muon
Spin Relaxation

Y.J. Uemura et al., PRL 1994
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- -1 e
S 107 r . 7
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o 10_2 A 1 M 1 e "
0 S 10 15 20

Temperature (K)

Persistent relaxation!

NMR* wine-niit when <lnawino danwn nf fliictiiatinne
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Frustrated magnets: spin liquid like states

Spin Fluctuations in Frustrated Kagomé Lattice System SrCrgGa40 19 Studied by Muon
Spin Relaxation

Y.J. Uemura et al., PRL 1994

o T y T Y T
|
w
3 10" o o SFC?’BGO4O19 .
S L]
¢ LF = 100G

- L]
2 4
- g

10° exp[—(t/T)"] 1
QL L
*5 .
m L]

.
- -1 b
S 107 r . 7
g - . | 4 &
2 (a) -
o 10_2 i 1 i 1 e "
o) S 10 15 20

Temperature (K)

Persistent relaxation!

NMR* wine-niit when <lnawino dawn nf fliictiiatinng

Pirsa: 12060036 Page 144/148



Frustrated magnets: spin liquid like states

Spin Fluctuations in Frustrated Kagomé Lattice System SrCrgGa40 19 Studied by Muon
Spin Relaxation

Y.J. Uemura et al., PRL 1994
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Frustrated magnets: spin liquid like states

Spin Fluctuations in Frustrated Kagomé Lattice System SrCrgGa40 19 Studied by Muon
Spin Relaxation

Y.J. Uemura et al., PRL 1994
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Summary: observables

Static
« Orbital susceptibility
« Spatially resolved static susceptibility
« Inhomogeneities, distribution of local fields
 Charge effects
« Ordered phases (charge or magnetic order)

Techniques

* In applied field: NMR: easy for I=1/2 on powders
For 1>1/2, quadrupolar effects, much better with single crystals

« Zero applied field: NQR (no probe of y), ZFNMR

~ single crystals

Dynamics <h*,.(t) h",.(0)>
* Magnetic correlations &(T)
« Excitations (gapped or not gapped) A
* Critical regime

Coaomnare timecralec nf the nrnhe< ve Frnilinlino can<tant
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