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Introduction to Magnetism

d Magnetic moments:
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The Many Faces of Magnetism
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Analogy with States of Matter
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Analogy with States of Matter




Frustration in Magnetism

1 Geometrical frustration: an inability to simultaneously minimize all local interactions as a consequence
of the frustration of the forces or geometry.
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Frustration in Magnetism

1 Geometrical frustration: an inability to simultaneously minimize all local interactions as a consequence
of the frustration of the forces or geometry.

1 Generic example: Ising AFM triangle
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Frustration in Magnetism

1 Geometrical frustration: an inability to simultaneously minimize all local interactions as a consequence
of the frustration of the forces or geometry.

[ Generic example: Ising AFM triangle Antiferromagnetism. The Triangular Ising Net

G. H. WANNIER
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received February 11, 1950)

Ny

Wannier, Phys. Rev.
H=J0% BB 79, 357 (1950)
A

d Macroscopic degeneracy: }\ /\ /\

disordered state Fic. 2. Triangular Ising net. No perfectly regular antiferromag-

netic arrangement can be fitted into this structure.



Frustration in Magnetism

1 Geometrical frustration: an inability to simultaneously minimize all local interactions as a consequence
of the frustration of the forces or geometry.

 Generic example: Ising AFM triangle iIRESONATING VALENCE BONDS: A NEW KIND OF INSULATOR ?*

P. W. Anderson
Bell Laboratories, Murray Hill, New Jersey 07974
and
Cavendish Laboratory, Cambridge, England

(Received December 5, 1972; Invited**)

IRACT

The possibilitfy of a new kind of electronic state is pointed out,
corresponding roughly to Pauling's idea of "resonating valence

bonds'' in metals. As observed by Pauling, a pure state of this
type would be insulating; it would represent an alternative state Anderson, Mat. Res.

to the Néel antiferromagnetic state for S = 1/2. An estimate of Bull. 8, 153 (1973)

its energy is made in one case.
th-[4)
— =

V2

O Many-body entanglement:
novel excitations

Magnetic spectroscopy experiment as a probe of the microscopic electronic properties of materials E H
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Bulk Magnetization/Susceptibility

[ Detecting phase transitions:

4 Ferrimagnetic
Ferromagnetic

Curie Temperature

Néel Temperature > ——————

Antiferromagnetic
Paramagnetic

Diamagnetic

https://msestudent.com
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Bulk Magnetization/Susceptibility

: §D.06—(b)l | 0
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YCu;(OH)Cl;: kagome AFM

Arh et al., Phys. Rev. Lett. 125, 027203 (2020)



Bulk Magnetization/Susceptibility
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Bulk Magnetization/Susceptibility
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Bulk Magnetization/Susceptibility

d Small ordered moments VS. diluted moments:
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Bulk Magnetization/Susceptibility

Y —

ZnCu,(OH)Cl,:
kagome AFM
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Bulk Heat Capacity

[ Detecting phase transitions:

1.00
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=
L 0.50
0.25 I
@ )
| - low-D magnets:
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0.25 0.75 1.00 1.25 1.50 correlations tar above [

T/
Sengupta et al., Phys. Rev. B 68, 094423 (2003)
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Bulk Heat Capacity
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Bulk Heat Capacity

L Magnetic ¢, hard to extract:

1._
c/T (JIK? mol Cu)

l ’
o/ T (J/K? mol Cu)

YCu;(OH)Cl;: kagome AFM

Arh et al., Phys. Rev. Lett. 125, 027203 (2020



Magnetic Neutron Scattering

O Properties of a neutron:

» zero electric charge: weak interaction
with matter

» magnetic moment: magnetic interaction

pw=—1.913un = —9.663 x 10727 Am?

. ] n detector —
» wavelengths comparable to interatomic

distances: 0.3 — 15 A

» energies comparable to structural and
magnetic excitations: 1 — 1000 meV
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Magnetic Neutron Scattering
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DMC, PSI, Switzerland Zorko et al., Phys. Rev. B 100, 144420 (2019)
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Magnetic Neutron Scattering
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Magnetic Neutron Scattering
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Arh et al., Nat. Mater. 21, 416 (2022).
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Magnetic Neutron Scattering
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Magnetic Neutron Scattering

1 Energy-resolved insight:

NdTa,0,:
triangular AFM

L -_ L ’ QA"
MARI, ISIS, UK Arh et al., Nat. Mater. 21, 416 (2022).



Magnetic Neutron Scattering

O Gives direct Q-space information but requires:

» large samples (magnetic scattering and INS are weak)

» large enough ordered moments (magnetic scattering and INS are weak)

» no strong incoherent scattering (H)

» no strong neutron absorption (Cd, Ir, B, ...)

» long counting times
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Bulk Techniques

COVID-19 symptoms and return a negative RAT test?

1 Provide necessary preliminary characterisation but have drawbacks:

» sensitivity

> f{i‘“ 4 % “Geta PCR test

» no insight on the

microscopic scale i
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Local Probes of Magnetism

M Local probes: intrinsic (direct or indirect)

Probe Charge Spin Mass v/27 Lifetime Method
(MHz T—1) (us)
¢ —eg 5 Me 28.03 x 10° 00 ESR
D eo : 1836m. 42.58 00 NMR
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Local Probes of Magnetism

 Local probes: intrinsic (direct or indirect) or extrinsic

Probe Charge Spin Mass v/2m Lifetime Method
(MHz T—1) (us)
¢ —eg 5 Me 28.03 x 10° 00 ESR
pt eo 5 207m. 135.5 2.197 pSR
D eo : 1836m. 42.58 00 NMR

1 Measuring principles: induction (in cavity or coil) or particle counting
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Local Probes of Magnetism

O Local field: B(t) =)  A;S5;(t) =) A;e'™5;

] J.q
» g-integrated response
» selective (no extrinsic contributions)

» measurements of sublattice magnetization (AFM)

» measurements of phase separation/segregation

(1 Detection of static and fluctuating local fields to
study spin polarization Alloul et al., Rev. Mod. Phys. 81, 45 (2009)



Local Probes of Magnetism

L Hamiltonian:

7‘[ :%Z+7_[pe+%pll

» Zeeman interaction: Hz = —ji, -ﬁg E tpBo

» probe — electronic-spins interaction

» probe — nuclear-spins interaction —pp Bo

andrej.zorko@ijs.si Magnetic spectroscopy experiment as a probe of the microscopic electronic properties of materials
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Confusion with the name...

O How many different techniques are there?

» EPR: Electron Paramagnetic Resonance
» ESR: Electron Spin Resonance

» EMR: Electron Magnetic Resonance

» AFMR/FMR: AntiFerroMagnetic Resonance/FerroMagnetic Resonance

» CESR: Conduction Electron Spin Resonance

andrej.zorko@ijs.si Magnetic spectroscopy experiment as a probe of the microscopic electronic properties of materials



Motivation for ESR Measurements

 Direct detection of the electron spins: T ZEI
hv,

1 e
[w) = 7% H3x"(q = 0,w) Absorption

1 High sensitivity: 10° — 10%° spins Vi.—

(a few mg of sample) |
THE ELECTROMAGNETIC SPECTRUM

Wavelength 10* 104 10! 1 107 100% w.; 'H:I" 10’5 105 m.? 10 w? g g e
(In meters) T T T T T T T T T

O High spectral resolution: 10* - 10~ wor TR () wie @ L e =
wavelength i —M: = . e B D Protein Water Molecule
"“m:gmn”: _RW AVES INM-C%'ILH “HiR ™ -‘QR-WS-
[ Broad range of available frequencies: . M AT ST
10°— 103 Hz é - F
o 1 Microveane ' @ ﬂ - ?
T o bL T N
Frequency I I I I I I I I I I
{waves per -
. second) 'H:Ir ":"'l -mP.' 'H:Ig -||::|1I'J 1911 -||31? -||31?!- '||:IM '||:I|'r’ 'Iclll': -“rjh ]GIE ]OI'} ]U.i'l.'l .
1 CW and pulsed techniques ey ot T . B I M -

{electron wolts) 1 D—'} 1 D-P.' 1 U-? 1 U-e’: 1 U-.S 1 0-4 -H:I-] “:I':I 1 [)'1 1 1 |:|'1 'ICIJ 'II:I:' 1 Dd- ]ﬂﬁ 1 I:I'{'

andrej.zorko@ijs.si



Motivation for ESR Measurements

1 Broad range of applications:

» magnetic properties of TM and RE
» conduction electrons in conductors and semiconductors

) PHYSICS/
i SEZietcet; ;:ai;iSZiliwolecules MATERIALS
RESEARCH

» crystal fields in crystalline solids
> ..
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Motivation for ESR Measurements

1 Broad range of applications:

» magnetic properties of TM and RE
» conduction electrons in conductors and semiconductors

) PHYSICS/
i SEZietcet; ;:ai;iSZiliwolecules MATERIALS
RESEARCH

» crystal fields in crystalline solids
> ..
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A Brief History of ESR

(1 1896: discovery of the Zeeman effect

m/\/\.«* m

AE
Photo from the Nobel Photo from the Nobel
Foundation archive. Foundation archive.
Hendrik Antoon Pieter Zeeman
Lorentz Prize share: 1/2

V —p Prize share: 1/2

The Nobel Prize in Physics 1902 was awarded
. - jointly to Hendrik Antoon Lorentz and Pieter
iz = —Up - By Zeeman "in recognition of the extraordinary
service they rendered by their researches into the
influence of magnetism upon radiation
phenomena."

https://www.nobelprize.org
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A Brief History of ESR

(d 1925: discovery of the electron spin

i=—grupt

-

G. E. Uhlenbeck S. Goudsmit




A Brief History of ESR

 1938: interactions of LiCl molecular beams with EM v NRRSLTTIZC LIy aits 1o
waves in a static magnetic field

()
/

1St

AE , hv

'

L BT : ; o
. ™ Photo from the Nobel

L] Foundation archive
° Isidor Isaac Rabi

. Prize share: 1/1

.o The Nobel Prize in Physics 1944 was awarded to

. Isidor Isaac Rabi "for his resonance method for
recording the magnetic properties of atomic
nuclei."

1'5 120
MAGNET CURRENT IN AMPERES

https://www.nobelprize.org
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A Brief History of ESR

HOKKAIDO
UNIVERSITY

(d 1944: discovery of ESR (first ESR spectrometer
at the Kazan University, USSR)

Cu-based salts
20 MHz (7.5 Oe)

MAGNET
. N SAMREE

HEATER

//’///’/‘./
”’r‘

RF HEAD

Yevgeny Zavoisky



ESR Apparatus

 magnet (static + modulation)

L MW source

hy = QMBBO
[ detector

microwave bridge

B
detector .
@@m modulauorLQ
o

S
-
-
-
------------------
.

cwEPR

A 4

. By
X-band 9.4 GHz ‘,*"
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ESR Apparatus

 magnet (static + modulation) )

J MW source

h-l/' = g,uBBo
[ detector

Bruker Elexsys E580 CW/FT EPR spectrometer



ESR Spectrum

 ESR absorption: T T

1 ; B i
I(w) = swH2Y"(q = 0,w) | -

1 (B)

! C'U‘V > W o — —wt
= VT (t )M .
() 2k:BT,/_ MM (O de

J ESR parameters: 1

» ESR intensity: local static susceptibility : :
% [ ]
» ESR resonance field: interaction with CF ©
Ag = g — 2.0023 \ _
> ESR linewidth: magnetic anisotropy, 0 100 200 300 400 500 600 700
inhomogeneities, interaction with phonons B (mT)
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Spin Hamiltonian

7 wV e = —iwt d oo ! r+
= M7 ()M~ (0))e ™ dt —M=)= = |H,M~(t
V@) = gor [ QI OM0)e SME() = & [, M (1)
1 The effective spin Hamiltonian: H=HHeg + Her+ Hpg+Hee +Hag
electron zero-field hyperfine electron- nuclear
Zeeman splitting in coupling electron Zeeman
interaction crystal field interaction interaction
1 Magnetic systems: H =H.z + Heo + H' 3 2-spin coupling: S, - g - S,
’ ‘ 100] [E o ol [o 4 -4,
comblicated I exchange  magnetic Jiy=Jij (010 +]|0 —E 0|+ [-d: 0 ds
P I I interaction  anisotropy 001 |0 0 D] [dy —de O
4-spin correlation 5 : : . o
_ T isotropic  symmetric Dzyaloshinskii-
function - Hew = Z Jij 5i + 5 g " £yarost
Gid) exchange anisotropy Moriya
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ESR Intensity

1 Kramers-Kronig relations:

1 oo X”(LU" (d) |
x'(wz(J):—f —=dw'
Wd as W 4
0.03}
1 AB < By — - R
I(w) = 5W'H£X”(q =0,w) E— / I(w)dwoc xo & ’ 13 3
= J —00 = -
2 0.02 =
L , &
N ~
 Dimerization of ‘
; 0.01r9 ~
molecular O, :
anions : A
mixed-valance i
compound Rb,O, 0.00; 20 & e

Temperature (K)
Knaflji¢ et al., Phys. Rev. B 101, 024419 (2020)
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ESR Intensity

1 Kramers-Kronig relations:
ZnCu,(OH)Cl,:
kagome AFM

1 AB < By e
I(w) = gwﬂﬁx”(q =0, w) ‘ / I(w)dw x o =
= J —0o0 U
S _ .
£
20 ~ _ =
3 coupling I £ 0.6 % i
© Qo =
Q £ between f*n
= "g : : S 04l i
£ > impurity and = Y
£ 1° 2 intrinsic spins N .
:O E % 02 — =
| R " (a) ¢ ¢ 5 ¢ !
1 N 1 1 1 N 1 N | 1 N A N
0 : . Jo Olariu et al., Phys. Rev. Lett. 0.0 '
0 NS - @0 9 100, 087202 (2008) Zorko et al., Phys. Rev. Lett. 101, 024419 (2008)
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ESR Resonance Field

[C] Alkali metals [] Halogens
g group [[] Alkaline-earth metals [_] Noble gases
8 1 ! [C] Transition metals [[] Rare-earth elements (21, 39, 57-71) . i
and lanthanoid elements (57-71 onl

1l H 5 [C] other metals ( ) He
{10074, 100817) 13 14 15 16 17 s
3 2 [C] other nonmetals [] Actinoid elements 5 6 7 8 9 10

2| Li | Be B C N (0] F | Ne
6568, 6.957 2183 (10806,10821] | {20000, 12,0116 | [WO0683, 14007285 | FSS0A0 BO077] | 18 568800163 200787
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85

90083 40078 44 955608 47867 208415 51.9081 54208043 L5845 38403194 586054 G50 69,723 e ragniss nman (rRs01. 9907 3798

37 a8 [s9 fa0 [a1  Ja2  [a3  [aa (a5 a6 |47 (48
5|Rb| Sr | Y | Zr |[Nb (Mo | Tc |[Ru | Rh |Pd |Ag |Cd | In | Sn | Sb | Te | | | Xe

854878 a7 8890584 91224 Q200537 09505 ) 101.07 102.90549 108,42 107.8682 112414 194218 11871 12176 278 1260.90447 131248
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6|/Cs | Ba|La| Hf | Ta| W |[Re|Os | Ir [ Pt | Au|Hg | Tl | Pb | Bi | Po | At | Rn

200502

132905452 137.327 155.90547 178468 12094763 15384 186207 19023 v 195084 1508657 RO4S2, 204 388 ar2 289604 @09 @y @z
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7| Fr |Ra|Ac | Rf (Db | Sg ([Bh | Hs | Mt | Ds |Rg ([Cn | Nh | FI |Mc | Lv | Ts | Og

235

(223) 226 20 251) 262} 205 264 @7 268) 221) 280 @55 285 @28 253} {98 234
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o8 1405076 144242 {145) 15036 159954 157.25 15892534 s W4, 500328 1672589 w8 a2 173.045 1749558
R 90 |9t 92 (93 94 [95 o6 o7 |98 o9 100 [101 [102 [103
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ESR Resonance Field

d Rare-earths: H.r < Hrs = xL+8 ‘ I =tre

[C] Alkali metals [] Halogens
3 group [C] Alkaline-earth metals [_] Noble gases
8 1 L [C] Transition metals [[] Rare-earth elements (21, 39, 57-71) . i
and lanthanoid elements (57-71 onl

1l H 5 [C] other metals ( ) He
i 13 14 15 16 17 | 2°
3 2 [C] other nonmetals [] Actinoid elements 5 6 7 8 o 10

2| Li | Be B C N (0] F | Ne
B, 6557 S0r21831 H0806,10821] | [¥2.0000, Y2013 | [WO06E3, 14007725 | RS SOan, 00ar7] | 18, 658000163 200087
1 12 13 |14 15 |16 17 18

3| Na | M Al | Si | P S | Cl | Ar
A O 3 4 05 6 7 8 9 10 11 12 [0 [EEESERE——

19 |20 [21 J22 28 J24a 25 [26 [27 28 J22 [e0 (31 |32 |88 [|s4a [a5 |36
4] K |Ca|Sc | Ti |V |Cr|Mn|Fe |[Co | Ni [Cu|2Zn|Ga|Ge | As | Se | Br | Kr

30,0088 oo | sassss | arem 05015 sisosr | sessons | sses | ssaoner | sseew w7 n© nenes | men | msnmen| s
37 38 39 40 41 42 43 44 45 46 47 48
S5|Rb|Sr| Y |[2Zr |[Nb | Mo| Tc | Ru | Rh | Pd [Ag |Cd | In | Sn | Sb | Te | Xe

854878 a7 8890584 91224 Q200537 9505 ) 101.07 102.90549 108,42 107.8682 12414 134218 11871 121.76 278 12090447 131248
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
6/|Cs|Ba|La|Hf | Ta|W |[Re|Os | Ir | Pt | Au|(Hg| Tl [Pb| Bi | Po | At | Rn

7 200502

132.905452 137.327 155.90547 178468 12094763 15384 186207 19023 v 195084 50565 RO4S, 204 388 | ar2 289604 @09 @ o]

87 88 89 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118

7| Fr |Ra|Ac | Rf (Db | Sg ([Bh | Hs | Mt | Ds |Rg ([Cn | Nh | FI |Mc | Lv | Ts | Og
280 £

(223) 226 20 {281) 262} 205 264) @ 268) 221)

; ) 58 59 60 61 62 63 64 65 66 67 68 69 70 71
lanthanoid series 6 | Ce | Pr | Nd |Pm |Sm | Eu | Gd | Tb | Dy | Ho | Er [ Tm | Yb | Lu
- _ 90 91 92 93 94 95 9% 97 98 2 100 [101 [102 |103
actinoidseries 7| Th [ Pa | U | Np| Pu |Am [Cm | Bk | Cf | Es | Fm | Md | No | Lr

7320677 23100588 23802801 (r<y} 244) 248 @47 @en 251) ?5 @5 258 @256 262)
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ESR Resonance Field

d Rare-earths: H.r < Hrs = xL+8 ‘ I =tre

 CF splitting: NdTa,0,
(trlangular AFM with J = 9/2)

90 87.1 meV
b—-ng__f_q_‘—fw Wi
o ‘e GS doublet:
N ole ® o9 c
2 3 ... _ | +my) +wq c .
i . 56 L | +9/2) 0 60 - 0=23-35A" » |
3 | +7/2) 0 I 0=45A" g~
= | £5/2) 0.933 50| | = CEF model %g‘m
@ ; L +«+ Background
E 39.8 meV I i;’ﬁi 8 ;; 400 ’ *
r ,Z“ |
1 37.3mev | F1/2)| F0.244 2 3
0_
sor [F3/2)| 0 €|
@ N _ | £5/2) 0 2 20r
- |F7/2)|  0.263 :
o _ 9.4 meV | £9/2) 0 10+ :
. I E(meV) 0 B ey [, T
ol yY¥¥y 10 20 30 40" 90

Arh et al., Nat. Mater. 21, 416 (2022).



ESR Resonance Field

g,=249 —— Data
T 3 T il a K —— Simulation
O Rare-earths: H.y < Hrs =AL-S o) Jj=1+S5 'I l Simulat
T |
g 2T |
s I
d CF splitting: NdTa,04 g
(trlangular AFM with J = 9/2) 7
90 g 87.1 meV oL
GS doublet: —
H: mJ} Two
FA
3 |£5/2)|  0.933 Hox = 3 TS5+ Ty (s;fs; i gﬂ;gjﬁ)
£ S | +3/2) 0 (i)
. Y | £1/2) 0 _
foramev E 1§2> +0.244 Ta = Jogalgr — 1)°/g5
T | F3/2) 0
| £5/2) 0 J: =0.90(2) K
7/2)|  0.263 _
9.4 meV I igjrzi 0 jxy — 016(2) K
I E(meV) 0
ol XX¥y Ising TAFM

Arh et al., Nat. Mater. 21, 416 (2022).
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ESR Resonance Field

U Transition metals:

[C] Alkali metals [] Halogens
3 group [[] Alkaline-earth metals [_] Noble gases
g 1 ! [ Transition metals ~ [[] Rare-earth elements (21, 39, 57-71) . L
and lanthanoid elements (57-71 onl

1l H 5 [C] other metals ( ) He
i 13 14 15 16 17 | °
3 2 [C] other nonmetals [] Actinoid elements 5 6 7 8 |o 10

2| Li | Be B C N (0] F | Ne
s, 6557 0121831 (10806,10821] | {20000, 12,0116 | [WO0683, 14007285 | FSS0A0 BO077] | 18 568800163 2000787
1 12 13 |14 15 |16 17 18

3| Na | Mg Al | Si | P S | Cl | Ar

2oeees | pasos 24300 3 4 5 6 7 8 9 10 11 12 269815534 | paceazaosg | 09 | om0 | pass sy | peow. oy
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

90083 40078 44 555608 47867 209415 S1.9081 5408043 LS88 S8£03154 $8.6850 G50 B3 69,723 O ragness man (F2501. 79.907) 5,798

854678 a7 8890584 91224 9200537 09505 ) 101.07 10290549 108,42 107.8562 112414 194218 11874 12176 8 12690447 131.240

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

132905452 137.327 15390547 178,488 12094763 18384 186207 19023 217 195084 WEEEST 200582 JRocse, 204588 a7z 2089801 209 (bl (222

87 88 89 104 105 106 107 108 109 110 111 112 113 114 115 116 17 118

(223) 226 20 {281) 252 205 (264) @77 {268) (281) 2804 (235) @559 285 228 253} 294 234

lanthanoid series 6 | Ce | Pr [ Nd |Pm |Sm | Eu | Gd [ Tb | Dy | Ho | Er | Tm | Yb | Lu

o8 14050786 144242 {145) 15036 159,954 157.25 15892534 s W4, 500328 1672589 158504213 173.045 1749558
o . 90 |91 92 (93 |94 fo5 (96 |97 [e8  |o9 100 [101 [102 [103
actinoidseries 7| Th [ Pa | U | Np| Pu |Am [Cm | Bk | Cf | Es | Fm | Md | No | Lr

2320677 23103568 23802201 237 R44) 243 247) @4n 251) 250 57 258 @56 {252
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ESR Resonance Field

Q Transition metals: Hep > Hpg=AL- S

O CF levels mixing: Hrg=AL-S

e
ad
Q.

%

o

o _ {OlLummIL,[0)
]H 17 b” . EO

> Zeeman term:
’H(;.Z — ,(LBB g S
g =go(g —AA)
> CF term:

Hep=—XS-A-S= %x

:D(Sf—.lS(SJrl))JrE(S — 57) 4

3 octahedral CF tetrahedral CF

andrej.zorko@ijs.si
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ESR Resonance Field

[ Defects in herbertsmithite:

=
N

o
a

5 S
ESR signal (arb. units)

Yesr (X10”° emu/mol Cu)

o
[N}

Fu:) .
w

Zorko et al., Phys. Rev. Lett. 118, 017202 (2017)
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ESR Resonance Field

[ Defects in herbertsmithite:

» defect site 1: broad lines
Ju > Iy = AguguoH [kg =2 K
» defect site 2: narrow lines
|Ju | < Ty

2'30 Bty

=
N

o
a

5 S
ESR signal (arb. units)

Yese (X10”° emu/mol Cu)

o
[N}

Fu:) .
w

Zorko et al., Phys. Rev. Lett. 118, 017202 (2017)
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ESR Resonance Field

[ Defects in herbertsmithite:
» defect site 1: broad lines
Ju > Iy = AguguoH [kg =2 K

» defect site 2: narrow lines
|Ju | < Ty

2.35; I

2.30 ‘ () %\

2.255— — 2
:g 220 as SRE s SR AT XK ._ broken axial *(_g
" sk 4 \ / o by j g symmetry: k=,

: ! F A B X Agy = 0.02 i

L L A\ Jab — M

o il Nt N e X

| Aggf| ~ 0.003(1)

205 +—-—

¢(°)
Zorko et al., Phys. Rev. Lett. 118, 017202 (2017)



ESR Resonance Field

HOKKAIDO
UNIVERSITY

[ Temperature dependent line shift: H' < Hez, Hy

1 M, o ([S_[S_FHHI}D
B = G Gy~ B =
1 . .
H=3 Y Si-Ky-S; ey :’Qw‘ g Q{
i,j 7%
l dipolar symmetric
interaction AE
(5%) y
2z - YITEE T VY
ST 21 Bo ry ( B — Sk~ )
z\y — z\ — Xwa(T)Bo
<“‘g > _ Z’L<82> ~ Nagpops

Nagata et al., JPS) 32, 337 (1972)

andrej.zorko@ijs.si

g-factor

23

22 F

2.1F

2.0

°ooo

0 20 40 60 80 100
T'(K)

ZnCu,(OH)Cl,
kapellasite:
27%-depleted
kagome AFM

D"/ | = 3%

02F@d) =~

0 2 4 6
X (10'2 emu/mol Cu)

Kermarrec et al., Phys. Rev. B 90, 205103 (2014)
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ESR Linewidth

@, =8B, [h
[ Relaxation Function (Kubo-Tomita approach): H' <« Hy = H, + Hea
o(t) = (§T(H)S(0)) /(ST(0)S~(0)) == I(w) / p(t)e" 0 dt
» slow spin fluctuations: 1 My
oz 1 (7 ~h/]) —> @(t) = exp <—2hgt ) mmmm)  Gaussian line shape
» fast spin fluctuations: \/;M2
o(t) = —al ——= ian li
oy, <1 (2. 8h/T) mmm) ot =exp ( 572" ) — Lorentzian line shape
, 3 Fa ol &
Ap_ ke [ME M a, = B8 }[5’_ -%D,
gpp \ My J (S+57)
o =My [ ST [H = Ha, [, 57
My =
. (ST5-)

A. Zorko, Determination of Magnetic Anisotropy by EPR, in Topics From EPR Research (ed. Ahmed Maghraby), IntechOpen, 2018.
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ESR Linewidth

0, = g44;B, [
[ Relaxation Function (Kubo-Tomita approach): H' <« Hy = H, + Hea
o(t) = (§T(H)S™(0)) /(SH(0)S™(0)) = Iw) o [ plteteotat
» slow spin fluctuations: 1 M,
oz >1 (. ~h/]) m— p(t) = exp <—2hgt ) mmm)  Gaussian line shape
» fast spin fluctuations: T Mo, o
o7, <1(z.~h/]) — p(t) = exp (—\/;ﬁ’rct) —> Lorentzian line shape

z-cl

(25 > T2 > (2%}
Ji<J,< U5

3 M3 M
AR =% i |
g\ My J —
S— z-c2

® l % exchange narrowing

% finite linewidth due to H’
Zorko, Determination of Magnetic Anisotropy by EPR, in Topics From EPR Research (ed. Ahmed Maghraby), IntechOpen, 2018.

Tc3
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ESR Linewidth

O ESR linewidth on the kagome lattice: #py=D-) S x §
i

29(0)upJ \ 16d2 + 78d2 + (16d2 — 26d2) cos? 0

1 Herbertsmithite: kagome AFM

i 2d2 + 3d2 + (2d2 — d2) cos? §)°
AB®) = Var—t? J (28 1 3 + (28— B)cos)

— 7
x=1 x=0.5
4 AHZ <

H} = AH T

Ml plnse

AH . (T)

%M%ﬁmﬁ%

HH@E i% %%35;%

0 II 100 2{)0 300 5 10 15 20
Zorko et al., Phys. Rev. Lett. 101, 026405 (2008) Cepas et al., Phys. Rev. B 78, 140405(R) (2008)

[iHnkad g
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ESR Linewidth

O ESR linewidth on the kagome lattice: #py=D->» S x §;
(i.4)

29(0)upJ \ 16d2 + 78(13 1+ (16(@ _ 26(1?)) —

 YCu,(OH)Cl;: kagome AFM

AB(6) = V2r

03l . [T o3 ,' """" IES;H'_ a1
I = - g |
_— — e ...herbertsmithite ~ YCu,(OH),Cl,
3 [ ) D D
3 o %2 T | , | = =008 /= =025
i3 3 200 250 300 afgml o A |
= Q" e B
3 212.6 GHz- 9 | Masinen . Mol pluse
® B > 256.3 GHz | ¥
ot 01 01 L. 18 E s | A
; 1. @ i
« SR = & {7 |aff
- ’é/ : experiment {Hef 35)1 FE < < | i 5 & i L] E ] LI::__ [ I T
00 oo pacn Dby o Do senno Fog on el aia ol o 0‘0 AAAAAAAAA g . Ty Qe g HWEE 1 " 1 ['}IIIJ
O 10 20 30 40 50 0.0 0.1 0.2 0.3 0.4
T(K) D1,
Arh et al., Phys. Rev. Lett. 125, 027203 (2020) Cepas et al., Phys. Rev. B 78, 140405(R) (2008)
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ESR Linewidth

O Limitations of the Kubo-Tomita approach:

» high temperatures

» transformation of the DM term to higher-order ' ' 1 '

terms due to hidden symmetry -t L
— N=14
% staggered DM in spin chains -y |

— exp(-0’ £/2)/4 = KT
—— Interpolation long time

Choukround et al., Phys. Rev. Lett. 87, 127207 (2001)

Finite-size effects |

** reducible DM components in 2D
Cheng et al., Phys. Rev. B 75, 144422 (2007)

» slower decay of spin correlations in low-D magnets - . ;E,Q//_

mmmm) overestimation of magnetic anisotropy

El Shawish et al., Phys. Rev. B 81, 224421 (2010)
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W
HOKKAIDO
UNIVERSITY

O Introduction to magnetism

1 Probing magnetism: conventional bulk and scattering
techniques

O Local probes of magnetism
 Electron spin resonance (ESR)
O Nuclear magnetic resonance (NMR)

L Muon spectroscopy (uSR)

d Summary: strengths, limitations and complementarity
of local probes
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Motivation for NMR Measurements

1 Possibility of detecting a broad
variety of nuclei

lSN I3C 3IP
TR

v

1 High spectral resolution: <10

Nucleus Isotope Spin Natural abundance (%) Quadrupole moment (10e-30 m.m) Relative sensitivity Absolute sensitivity NMR frequency (MHz) at 2.3488T

1 18

H 2 13 14 15 15 17 He

1 Broad frequencies range: bl s slo] © h ]

Na g 3 4 5 6 7 8 g |10 11 12 Al Si B s |alal a

10-1000 MHz K|k| ca s [m]nfv|y] o Mn Fe |co|mi|cu|cu| za [calca| ee As | s |Br|Br| ke
Rb|Rb | s Y z | mo [mofmo]| 7w [RefRu| mn [Paagac]ca|ci|[m|[m|sa|snfsp]sp|m|r] 1 [e|x

cs |ba[bafiefta|mfof]| m | w [Re|Refos|[os|ufulem| m [Hg|u|m|[n]| m Bi
| Spin: | 12 | 312 | 512 | 712 | 912 - 3 | 5 | 6 |

https://www.pascal-man.com
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Motivation for NMR Measurements

d Most common nuclei:

O 0::;:?::& SPATIRaTaE Magnetic moment i | Electric quadr_l.;fnlezmument Operating frequency at7 T Relative sensitivity
o) (etx) (e x 1072% em?) (MHz)

H 99.984 3 279628 0 300.13 1

H 0.016 1 0.85739 0.0028 46.07 0.0964

18 18.8 3 1.8005 0.074 32.25 0.0199

"B 81.2 3 26880 0.026 96.29 0.165

2c 98.9 0 0 0 0 0

13¢ 1.1 3 0.70220 0 75.47 0.0159

N 99 64 1 0.40358 0.071 2168 0.00101

5N 0.37 . -0.28304 0 30.41 0.00104

160 99.76 0 0 0 0 0

7o 0.0317 % -1.8930 -0.0040 40.69 0.0291

°F 100 3 26273 0 282.40 0.834

g 92.28 0 0 0 0 0

23 4.70 3 -0.5548 0 59.63 0.0785

i 100 . 1.1205 0 121.49 0.0664

*cl 75.4 3 0.92091 -0.079 29.41 0.0047

e 246 2 0.68330 ~0.062 24 48 0.0027

https://en.wikipedia.org
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Motivation for NMR Measurements

1 Broad range of applications:

> magnetic properties of materials PHYSICS/
» structural properties of materials MATERIALS
> .. RESEARCH
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Motivation for NMR Measurements

1 Broad range of applications:

> magnetic properties of materials PHYSICS/
» structural properties of materials MATERIALS
> .. RESEARCH
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A Brief History of NMR

 1938: interactions of LiCl molecular beams with EM v NRRSLTTIZC LIy aits 1o
waves in a static magnetic field

()
/

1St

AE , hv

'

L BT : ; o
. ™ Photo from the Nobel

L] Foundation archive
° Isidor Isaac Rabi

. Prize share: 1/1

.o The Nobel Prize in Physics 1944 was awarded to

. Isidor Isaac Rabi "for his resonance method for
recording the magnetic properties of atomic
nuclei."

1'5 120
MAGNET CURRENT IN AMPERES

https://www.nobelprize.org
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A Brief History of NMR

(J 1945: NMR in condensed matter

P\ FRE B BT

“paraffin

TRANSMIT TER — mica

RECEIVER

in water in paraffin

Photo from the Nobel Photo from the Nobel
Foundation archive. Foundation archive.

Felix Bloch Edward Mills Purcell
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1952 was awarded
jointly to Felix Bloch and Edward Mills Purcell "for
their development of new methods for nuclear
magnetic precision measurements and discoveries
in connection therewith."

https://www.nobelprize.org
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A Brief History of NMR

0 1950’s and 1960’s: high resolution NMR (FT NMR, The Nobel
noise decoupling, novel pulse techniques, 2D NMR, ...

| C_j;‘y (;}
)

INTERNATIONAL SERIES OF MONOGRAPHS ON
CHEMISTRY * 14

Principles of
Nuclear Magnetic
Resonance
in One and Two

Dimensions

RICHARD R. ERNST
GEOFFREY BODENHAUSEN
and
ALEXANDER WOKAUN

F "mh':: I"I"hl_r— .
Richard R. Ernst

Prize share: 1/1

The Nobel Prize in Chemistry 1991 was awarded to
Richard R. Ernst "for his contributions to the
development of the methodology of high
resolution nuclear magnetic resonance (NMR)
spectroscopy.”

OXFORD SCIENCE PUBLICATIONS

https://www.nobelprize.org
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A Brief History of NMR

(d 1970’s and 1980’s: 3D structure of biological
macromolecules in solution with NMR

NMR WITH BIOLOGICAL

MACROMOLECULES
IN SOLUTION
e
A Selection of Papers
published from 1996 to 2020 by Photo from the Nobel Er::'ru from the Nobel P \obe
. roungsiionarchive oundation archive. roundation archive.
Kurt Wﬁthr]ch John B. Fenn Koichi Tanaka Kurt Wiithrich
Frize share: 1/4 Frize share: 1/4 Prize share: 1/2
EDITED 8Y KURT WUTHRICH

The Nobel Prize in Chemistry 2002 was awarded
"for the development of methods for identification
and structure analyses of biological
macromolecules" with one half jointly to John B.
Fenn and Koichi Tanaka "for their development of
soft desorption ionisation methods for mass
spectrometric analyses of biological
macromolecules" and the other half to Kurt
Wiithrich "for his development of nuclear magnetic
resonance spectroscopy for determining the three-
dimensional structure of biological
macromolecules in solution."

https://www.nobelprize.org
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A Brief History of NMR

J 1970’s: magnetic resonance imaging (MRI)

P e No o N
Foundation archive Foundation archive

Paul C. Lauterbur Sir Peter Mansfield
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physiology or Medicine 2003
was awarded jointly to Paul C. Lauterbur and Sir
Peter Mansfield "for their discoveries concerning
magnetic resonance imaging."

https://www.nobelprize.org
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Nuclear Magnetism

[ Shell model: nuclear spin /

15
>N

Q Nuclear magnetic moment:
i = gun = Byl

60ﬁ

iy, = — 5.05 x 10727 Am?

2my

TI " £ i\u i l- - ;B :v“l:‘ -— - - ?::3 [/' y :r& '-1 {\l -.'»" —-
[he Nobel Prize in Physics 1963

Foundation archive. Foundatfion archive

Foundation archive 0
Eugene Paul Wigner Maria Goeppert J. Hans D. Jensen
Prize share: 1/2 Mayer Prize share: 1/4

Prize share: 1/4

The Nobel Prize in Physics 1963 was divided, one
half awarded to Eugene Paul Wigner "for his
contributions to the theory of the atomic nucleus
and the elementary particles, particularly through
the discovery and application of fundamental
symmetry principles", the other half jointly to
Maria Goeppert Mayer and J. Hans D. Jensen "for
their discoveries concerning nuclear shell
structure."

https://www.nobelprize.org
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NMR Apparatus

d magnet
(J RF source

[ detector

coil for excitation
and detection

detector
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NMR Apparatus

3
O magnet LN L= 9 3
= 5 h"Y'r L B 0
1
1 RF source - +§mnBu
 detector — —%ﬁ’}-’nBo
T 3
Ay = +1 — 2y, Bo
2
By
. . f}'an
Bruker NMR spectrometer Larmor frequency: v = om0
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NMR Apparatus

3
O magnet LN L= 9 3
+ 5 h"Y'r 1 B 0]
1
] RF source _— +§mnBu
1
[ detector — — 5 Bo
T 3
Ay =41 - Ay, By

Resonant magnetic field

Static magnetic field

f}'f n

Wikimedia Commons Larmor frequency: vy = o

By
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Nuclear Magnetization

Q External field: By|z

“t |

equilibrium o B
- magnetization a0 . 100 uK
at1Kand 1T ki
N 4 2 ‘
My = =21 By~ 1074 uN4 ~ 1077 Am?

J Requirements:

» high magnetic field (> 1 T)
» (low temperature helps)
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Pulsed NMR

1 Pulsed RF field: 51 1 §0||Z 3 FID after ©t/2 pulse:
t=0 t>0 dephasing
Z Z
T A I
®
[~
B, -V B, -V 1
X X % / \
YnB1t = z Bt =m < ,/ ﬂ\/
V4 2 V4 =
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Pulsed NMR

 Spin (Hahn) echo: /2 — t— ECHO

Wikimedia Commons




Nuclear Spin Relaxation

d Spin-spin relaxation: T, relaxation

Bloch equations:

dAM, M,
= =~,M,By —
a et T
d M, M,
90° 180° echo Y = — Y M Bg — 2y

15

N N | dt

— | —>e— | —>

Wikimedia Commons
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Nuclear Spin Relaxation

 Spin-lattice relaxation: T, relaxation

Bloch equations:

dM, My— M,

dt T

https://gifimage.net
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NMR spectrum

(1 Fourier transform: excitation width 1/(27)

1/(27)
10 22
20
8
18 = /’\
6 1
\ 16
4 +
\ c 14 1
= 2 \ /4--—--._\ S 124
B |5 2/T.=2A0
D 0 - o 10+ 2 112
w
c / e, ) o 1
E / o
Z l
4 \‘ ,/ % °T
- v. o
-6 4
1 21
8 T 0
-10 : : : : : -2 1 : i
0 2 4 - - 10 Frequency
Time

combining FTs
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NMR Hamiltonian

H = ?‘[nZ + %nn + %ne + %E'FG

O The Hamiltonian: / I ‘ \

nuclear Zeeman nuclear-nuclear hyperfine guadrupole
interaction interaction coupling interaction
mr = —3/2 oo
p H—tf;—t'::—ﬂH ethanol
" my=—1/2 chemical shift: o "
I=3/2 [ - electron g .
Noeomr=41/2 0 sereening
\\\mI =+4+3/2
4 3 2 1 0
| L
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NMR Hamiltonian

?_[ — ?_[nZ _|_ %nn _|_ %ne _|_ %EFG

O The Hamiltonian: / I ‘ \

nuclear Zeeman nuclear-nuclear hyperfine guadrupole
interaction interaction coupling interaction
myrp = —3/2
/g =—1/2

—
\ 4
\ 4
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NMR Hamiltonian

?_l — ?_[nZ _|_ %nn _|_ ?{ne _|_ %EFG

O The Hamiltonian: / I ‘ \

nuclear Zeeman nuclear-nuclear hyperfine guadrupole
interaction interaction coupling interaction
mr = —3/2 _____
Somp=-1/2
=32 ~.---——

my=+1/2

mr = +3/2
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NMR Hamiltonian

[ The Hamiltonian:

I[=3/2

?_l — ?_[nZ _|_ %nn _|_ ?{ne _|_ %EFG

I NN

nuclear Zeeman nuclear-nuclear hyperfine guadrupole
interaction interaction coupling interaction
iy = —3/2 —==T

-
-
-




NMR Hamiltonian

H = ?‘[nZ + %nn + %ne + %E'FG

[ The Hamiltonian:

 Quadrupole interaction: / > 1/2 » nuclear quadrupole moment:

2 > e 33 = V
60 p =€ E (3;1:,.‘;"'1?; - éaag-r,f)

1Eprotons

’Q = IQ =0 {prlatE:l ’Q = ¥ {ohlate)

Fernandez, Probing Quadrupolar Nuclei
by Solid-State NMR Spectroscopy:
Recent Advances
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NMR Hamiltonian

) ) H = %nZ + %n,n + %ne + %EFG V..
1 The Hamiltonian: = S
0/ Bo
 Quadrupole interaction: / > 1/2 » nuclear quadrupole moment: T
eQap =€ Z (311":{"? - 5@57',?) U, yqf(é’)
1Eprotons i
> electric field gradient: Vs = —V !
electric field gradient: V.3 = ———— .
Q=0 Q > 0 (prolate) Q < 0 (oblate) g &} Oredrs i Vr,
S e V(F) =V(0)+ C Z T%ﬁdz—V L v —vgf(0)
. &) & | 2 a,8=z,y,z - @xedeP .
@ ® @ H= » Hamiltonian:
e“qQ 2 M2 2 .
O ) HErc = — [313 —I(I4+1)+ -(IZ + I_)] |
‘Lowrr.cntrgy‘ 'I-Iigh\c:;ncrgy' 41(2[ N 1) " yqf(e)_i_)(_bj‘if(e)
. V:uy — Via ; | |
Fernandez, Probing Quadrupolar Nuclei eq = Vi =" Vie 2 Viyy 2 Vi
by Solid-State NMR Spectroscopy: ¥V W
Recent Advances n=0 AE®Y = v, (3cos® 0 —1) [37?1% —I(I+1)] single crystal
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NMR Hamiltonian

) ) H = %nZ + %n,n + %ne + %EFG V..
M The Hamiltonian: = #
0/ Bo
 Quadrupole interaction: / > 1/2 » nuclear quadrupole moment: T
eQap =€ :E: (Sw?aﬂg—-daﬁrf) v + yﬁf(&)
1Eprotons i
> electric field gradient: Vi = =0 '
electric field gradient: V.3 = ——— i
Q=0 Q > 0 (prolate) Q < 0 (oblate) g &} Oredrs i Vr,
Ve v s ¥ el o~ (0
. &) 5 | 2 a,B=z,y,z T @R onP L
@ ® @ HE » Hamiltonian:
e°qQ 2 M2 2 .
©, O Here = —+ [31; —I(I+1)+ =(1 +—I_)] A
o .. - AI(2I — 1) * vef(6):] | Vg f(9)
- V'qu S Vx:w :
Fernandez, Probing Quadrupolar Nuclei eq =V, = V.. Vaz 2 Viyy 2 Vo AR AR}
by Solid-State NMR Spectroscopy: ot 1, ¥
Recent Advances n=0 AEWY =y, (3cos?8—1) [3m? - I(I +1)] powder

andrej.zorko@ijs.si



NMR: the Probe of Static Magnetism

1 Nucleus-electron (hyperfine) interaction:

» on-site hyperfine
» transferred hyperfine

» dipolar interaction e Tndi Zj:—m J § i

» contact interaction (metals)

J LRO: internal field (order parameter)

Bioe —Bg v —vy hyperfine shift

U Fast spin fluctuations: B;,. = <§f°"> = A <§> K
P l ’ 2 ;_” 1/ Bo VI,

BZ(J(: < B(_] ‘ V="n (BO T BIOC) — yL(l + I{)

Ngup <§J>
O Paramagnet: uniform static susceptibility X(¢ =0,w =0) = o VB -

= Zﬁajx(q = 0,w = 0) X
j vr(1+ K)
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NMR: the Probe of Static Magnetism

O Frustrated zig-zag spin chain: fTeVO,

IAEEREREGEE 554 ) . . . . . . . .
“laee S maim highest - » T< T, line splitting + field distribution
b= 20'::- HF W spect j
< e 4
o | L7 e 170 J
® = N . S ]
w | TCgEORg 1
g 10+~ SDW * : _ q (l=5/2) 1
O r 4
cc i 4 W ¢ 1 10 100
= W v T (K) - .
O N — ¥
S 1 \ y Uy, (1 -+ I&)
5 W 1.4 H(c L :
e ﬁ/\JduL‘f\__ll.SK ,( ) - Ei’*;esit_._- 1 » T>Ty Koy
= T | ; __13¢t . 1
= YA \VAJ\U\,\ a3k X, | 1-2 I
€ e A~ 13k :
S s 1 . g ! Clogston-Jaccarino plot
Z [ ] = s
CORE SN IR CH (o e A 1.0 ; 1 : ] ; -4
53 54 55 0.000 0005 0010 0.015

v (MHz)  (emu/mol)
Pregelj et al., Phys. Rev. B 105, 035145 (2022)



NMR: the Probe of Static Magnetism

d Intrinsic spin susceptibility in a QSL: kagome AFM ZnCu,(OH)Cl,

lflll..'.
N
o

0 lineshift (%)
—_ : N
X X
-
E ]
[ ]
L
|
.
/
m
o
= -4 3
Lsis (10 " ecm /mol Cu)

I » bulk susceptibility: dominated by
O

- impurities

O : : Jo » local susceptibility: maximum due
to spin correlations

Olariu et al., Phys. Rev. Lett. 100, 087202 (2008)




NMR: the Probe of Static Magnetism

d Intrinsic spin susceptibility in a QSL: kagome AFM ZnCu,(OH)Cl,

=
o
T

S I -
S powder
s | |
1 1 1 1 b (/
205} 1 -
[¢B)
20 ~ =
O o 1
S = s
9 £ Zoolaa . . | e ﬁ
= e 64 65 66 67 68 69 64 65 66 67 68 69
& T H (T)
2 10 2 . .
‘g o » bulk susceptibility: dominated by
D . . .
- g -’ impurities
(_\
O : : Jo » local susceptibility: maximum due
0 100 200 300 ) :
TK to spin correlations

Olariu et al., Phys. Rev. Lett. 100, 087202 (2008)
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NMR: the Probe of Static Magnetism

1 The nature of the GS:

gapped gapless

topological QSL algebraic Dirac QSL

A/T

Co, X € Gy X T=

o e~ AT o

https://www.science.org
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NMR: the Probe of Static Magnetism

@ | 295K (9Tlic) SC . .
c Mai = ,
[ The nature of the GS: - 3 /
g :
the problem of defects = Py ‘é\
5 ety =)
E (I (1)
£ J L J
& i AR PR AL A 50 o e o 9
T 515 520 525 30 535
&ap ped Frequency (MHz) gap less
A B os 1.0 =
7 L5
2.0f _ _ Blla* (;' . /'l (= 5
2 @ 9T ,x"" | § * : 1.5‘%F
= m 61T iy < 06 : 'g“
r'Y ==
ik A 3 ¥ 26T il
& m 43T g
P @) @ 57T -
(O No contrast, =
this work _ijl
I -—-Ga,pless 4o E;
0t series o
e.0 50 100 150 200 250 300 5 8 10 0 5 10 15 20
Temperature (K) Temperature (K) T
(K)
Fu et al., Science 350, 655 (2015) Khuntia et al., Nat. Phys. 16, 469 (2020)
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NMR: the Probe of Spin Fluctuations

O Fluctuations of local fields at frequency @ induce transitions between Zeeman-split levels — T, relaxation:

» exponential recovery towards equilibrium

» Fermigoldenrule: B..(t) < By

o

I _ (

= Bt
T 2 J s

loc

(t) B, (0)) e~ """ dt

% transverse fluctuations

\/

** spectral density at the Larmor frequency
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NMR: the Probe of Spin Fluctuations

O Fluctuations of local fields at frequency @ induce transitions between Zeeman-split levels — T, relaxation:

- 1 T . el
» reciprocal space: S(q7.t) = eI S (¢) » exponential recovery towards equilibrium
VN 3
g
1 V21 5 - , _
= Z [|47%S0a (Q’wL)]J_ > Fermigoldenrule: Bj..(t) < Bg
qlﬂﬂi'z . . L T [ (B! (t)B,,.(0))e "rtdt
Sap(d,wr) = 27_/ <Bfé4(t)B§(0)>e_?""’Lfdt T 2 ) ! B e
|
— scalar
%* g-integrated DSF over 1BC W % transverse fluctuations
% form factor: |Ag]* Az = Z Azt % spectral density at the Larmor frequency
J

» imaginary dynamical spin susceptibility
(FD theorem): kT > hwy,

1 ~2kpT 1 3 { 2 Xova (7. wL)]
__ I WBL 2 A(* ey
' B, 4 WL L
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NMR: the Probe of Spin Fluctuations

(J Redfield formula (BPP): exponentially decaying local-field correlations <B;;c(t)Bz;c(0)> — A2e~ vt
» critical slowing down of NaMnO, & CuMnO,;: l
spin fluctuations: T> T, triangular AFM
ve : D R BN 1 ’}-’QAQV
» phase transition: drastic = — —
change of excitations I vi 7B
» filtering by the form factor: 10
1 ; l:‘—i
_ = T_‘_.
101
0.01 0.01 0.1 1 10 100
T (K) viw,

Zorko et al., Sci. Rep. 5, 9272 (2015)
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T, (s™)

NMR spectra (arb. u.)

(@)
12
9,

3,

4.7
B (T)

GomilSek et al., Phys. Rev. Lett. 119, 137205 (2017)

4.8

400

o Ref.18 |
© thiswork |
10 100
T (K)
S 29 Tcl (©)-
S
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—
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R | | L
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1.0
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»* no NMR broadening
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Li et al., New J. Phys. 16, 093011 (2014)



d Field-induced modification of the spinon Fermi surface below T,

residual spinon metal

0 ———— w ] —
- T SR e ; |
L ] ) y-
10 - ) ool s 2.0 ,E‘ 4130 c
; e B\, ™ & 195
: e : AN 1208 ——aB +bB® ’
~ o 8 'l 15+ " 110 1
W Llr & I 1
L
= I VR -
- e 1 10t 8 L i
01l 40 1T | F
5/" 4 2357 1 1 spinon
, © 3397 | metal
: . o y o 469T - 0.5 gapped 7 ga pped residual
0.01 - v 5.92T - | spin liquid | SL .
o8 - 940T - T.= aB + bB Q spinon
0.003 R T metal
0.035 0.1 1 5 S
T(K) g“=0.2 58

GomilSek et al., Phys. Rev. Lett. 119, 137205 (2017)
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NMR: the Probe of Spin Fluctuations

o T . . Cu* 7 #ioA
d Field-induced modification of the spinon Fermi surface below T, 5=1/2
Zn2+
residual spinon metal $=0
30—
r T \“ T ‘\ “ T ‘ ‘ ‘ h
10 - 20714 / 130 ok ¥
; | m | & N1.95
SN 120 & ——aB +bB®
~ 150+ " 10 |
et
= '
~ r 7 ‘ o 2
Tl SR 1ot | 20 o (i |
L. y y . o 1. |
0'15',4"' J / ¢ 235T ° spinon
i 559 W + 339T 1 metal
: y o 469T | 05F gapped I
0.01¢ v 592T - spin liquid 7
o8 7 " 940T T.=aB + bB’
0.003 b= — 0.0 A —
0 2 4 6 8 10
0.035 0.1 1 5
T(K) llgll - 0.2 B(T)

GomilSek et al., Phys. Rev. Lett. 119, 137205 (2017)
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NMR: the Probe of Spin Fluctuations

d Kagome AFM + DM interaction: T,-relaxation in the correlated “paramagnetic” state by FTLM

08 @z =1 o > Deviations from the Moriya limit:
o | R s il high temperatures
f-: . T L ' 1 fE{ 2
= 'D=0 D=025/ | D=0 D=025J | = T4 3 hJ\/E
i - = = Powder | _,.*' — = e Powder 0.2
M. e » anisotropic fluctuations due to
— —_— _gg DM interaction

ey
1 (d) *Clin YCuy(OH)GCly (x0.40)

g L o 47Tllc
' o 47T/l a

0.6 » site-specific anisotropy

| ':‘:
04%E
|

Wori ya / T;u
o
=
T

-l D=0 D=0235J 170 in herbertsmithite (x0.57)

o« <
sl /,/{ﬁ | ) 02 filtering of dominant chiral
- T T D T ST T .ol S T fluctuations by form factor
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
kg T1J kg T1J

Prelovsek et al., Phys. Rev. B 103, 014431 (2021)
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Outline

O Introduction to magnetism

1 Probing magnetism: conventional bulk and scattering
techniques

O Local probes of magnetism

 Electron spin resonance (ESR)

 Nuclear magnetic resonance (NMR)
L Muon spectroscopy (uSR)

d Summary: strengths, limitations and complementarity
of local probes

andrej.zorko@ijs.si



Motivation for Muon Spectroscopy

1 Extreme sensitivity to static and dynamic internal

fields: ~0.1 G ﬁ@ Pu 0
M

Muon
counter  Positron gample = Bext Positron
. . (start signal)  counter counter
O Measures fluctuations in a broad frequency range: (stp sicial) (stop signal)

10%— 102 Hz

( Muon can be implanted into any material

1 A non-destructive technique that does not active
samples

O Allows zero-field measurements

https://www.psi.ch



Motivation for Muon Spectroscopy

(J Range of applications:

» magnetic properties of materials

> electronic properties of superconductors PHYSICS/

» study of functional materials MATERIALS
» impurities in semiconductors RESEARCH
> ..
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Motivation for Muon Spectroscopy

(J Range of applications:

» magnetic properties of materials

> electronic properties of superconductors PHYSICS/

» study of functional materials MATERIALS
» impurities in semiconductors RESEARCH
> ..
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A Brief History of uSR

(d 1936: discovery of the muon as secondary radiation Carl Anderson and Seth Neddermeyer with
of cosmic rays magnet cloud chamber

l. . Rabi: “Who ordered that?”

cosmic ray shadow

https://en.wikipedia.org https://digital.archives.caltech.edu
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A Brief History of uSR

(d 1936: discovery of the muon as secondary radiation
of cosmic rays

Initially labeled “mesotron”

(P=o=(p) AE~ 100MeV

I

Anderson/Neddermayer particle

x

Yukawa particle

Hideki Yukawa
https://en.wikipedia.org

Carl Anderson and Seth Neddermeyer
with magnet cloud chamber

https://digital.archives.caltech.edu
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A Brief History of uSR
0 1947: discovery of pions The Nobel Prize in Physics 1950

Primary Cosmic Rays

mT =y

T > Py

ERY =P
Y Sn
-
2 nd Ny 2 K
Electromagnetic/ | S

Phote from the Ncbe
%, Hadron

2 i Foundation archive.
».‘Cascade fnlﬂ-C — 139.6 l\{[ev :

Cecil Frank Powell

) 7 Prize share: 1/1
my.c® = 105.7 MeV

The Nobel Prize in Physics 1950 was awarded to
Cecil Frank Powell "for his development of the
photographic method of studying nuclear

processes and his discoveries regarding mesons
made with this method."

T = 2f 18

N, o o e -

https://home.cern https://www.nobelprize.org
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A Brief History of uSR

(d 1957: discovery of parity violation in weak decay

: Leon M. Lederman

http://cmms.triumf.ca
mesons. Nuclear emulsion as a target was found to have

a significantly weaker asymmetry (peak-to-valley ratio
of 1.4040.07) and it is interesting to note that this did
not increase with reduced delay and gate width. Neither
was there any evidence for an altered moment. It seems
possible that polarized positive and negative muons will
become a powerful tool for exploring magnetic fields in
nuclei (even in Pb, 29, of the x~ decay into electrons?),
atoms, and interatomic regions.

muon’s spin antiparallel
to its momentum

e = o b
Richard L. Garwin

Various other materials were investigated for u* Observations of the Failure of Conservation

of Parity and Charge Conjugation in
Meson Decays: the Magnetic
Moment of the Free Muon*

RicaHARrD L. GaArwiN,T LEON M. LEDERMAN,
AND MaARCEL WEINRICH

Pliysics Departiment, Nevis Cyclotron Laboratories,
Columbia University, Irvington-on-Hudson,
New York, New York
(Received January 15, 1957)
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USR Apparatus

] How does it work?

1. muon production (accelerator):

surface muons (p = 29.8 MeV/c)

High o
Ener arbon or _
Protogny Beryllium Neutrino
N
= o

2. muon implantation: in about
100 ps up to a few tenths of mm
(polarization preserved)

Electronic clock
h

A\ positron
Muon detector
detector

Spin=polarized
muon beam

Forward
positron
- | detector

http://cmms.triumf.ca

3. muondecay: T =2.2pus
(parity violation)
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uSR User Facilities

ISIS-RAL PSI
N A RAON e in operation (5)

2 N § o planned (3)

4

TRIUMF

Al
J-PARC

e a8
VLS AT s P
o .
A . —
- Tl
b C . y
e .
o £oa
STy !
A, ) .
A o .
Hak kgt C .
. . '
s
.
.
.

MuSIC
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USR Experiments

L uSR = muon spin rotation/relaxation/resonance (research)

1. rotation: TF-uSR 2. relaxation: LF-uSR and ZF-uSR 3. resonance: RF-uSR,
ULCR, uSE

Elecm clock Electronic clock

Positron
detector

h

A\ positron
Muon detector
detector

Spin-polarized
muon beam

Spin=-polarized

e+
- muon beam

Muon
detector

pr

Forward
positron
detector

https://muonsources.org

andrej.zorko@ijs.si Magnetic spectroscopy experiment as a probe of the microscopic electronic properties of materials E H



USR Hamiltonian

 The Hamiltonian: H=Huz +Hun + Hpe

s 1IN

® ' muon Zeeman muon-nuclear muon-electron

interaction coupling coupling
not required
dipole field

o
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uSR: Static Field

[ Static TF:

https://upload.wikimedia.org/wikipedia/commons/8/87/Muon_Spin_Resonance_%28Musr%29.webm
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uSR: Static Field

[ Static TF:
B
B V = ﬁBE-:)(_!
2T

)

I=

-

)

O F

time

https://upload.wikimedia.org/wikipedia/commons/8/87/Muon_Spin_Resonance_%28Musr%29.webm




USR: Static Field

 Static TF: frequency shift

" B{,__,-B{] VvV — U, 0
BZU(: < BU ‘ K= OPE;U - VL K= Z A??X(q - 07 W = )
a T (K) ! T (K)
000 20020 8 4 2 1 0.5 Zn-brochantite: 20020 8 4 2 1 0.5
| ' distorted KAFM Y A P S 1025
015 | ] (spinon FS QSL) 010 © |
I ] 1020 _
< 010 i Q\C’,; g
X JF005F 1015 §
| ! 3
0.05r i - 0.10
, USR Knight shift | — 2D NMR Knight shift |
oo™ . . . . . ooo-®. . . . . . = . 1005
00 02 04 06 08 10 12 00 02 04 06 08 10 12

%, (cm’/mol) %, (cm®/mol)

coupling to intrinsic g
and impurity spins

coupling to only
intrinsic spins

Gomilsek et al., Nat. Phys. 15, 754 (2019)
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uSR: Static Field

 Static TF: frequency shift

Bg n— BU VvV — Uy, ~
Bio. < By — K = —= = K=Y Ajx(g=0,w=0)
By VL :
) J
a T T ‘ \ ‘ ‘ ‘ ‘ \
0.20 0 03T Zn-brochantite: 025 | 2k
| distorted KAFM ; ]
0.15 | weak |  (spinon FS QSL) 0.20 | ]
Kondo i 1
g coupling | - [ 4 L i ‘ :
X 0.10 | 3;/ 0.15 t | T T ]
0.05 Kondo screening 0.10 - % )
—————— -
trong coupling | weak coupling I
0.00 S S

0.01

© L .
# 1.0 0.2 0.4 0.6 0.8 1.0
’/ \\a B (T)
ﬂ.

mmm) spinon Kondo effect

'T »7 mmm) coupling of spinons
K
Gomilsek, AZ et al., Nat. Phys. 15, 754 (2019)




uSR: Static Field

O Static local field: P.(t) = cos® 0 + sin? 6 cos (Y Blsst)

>
>
—
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uSR: Static Field

O Static local field: P, (t) = cos? @ + sin? 0 cos (7, Bioct)
1 2
powder mmm) P,(t) = 3 + 3 cos (Y Bioct)

u - loc
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uSR: Static Field

sin? 0
O Static local field: P.(t) = cos® 0 + sin? 6 cos (Y Blsst)
(2) " @ 18K 417K o 16K ] 1 9
Pz(t) — g G 3 COS (7;1,85(3(':t)
© 18K gafPaBaB (B ewf@ T T T quasi-1D: CuSe,O.
[ |—'§2-l l J I/ - | e - e o " i
10 gt T - _ o
= 1 400 | ° =
Y Y Pee S o > order parameter
W 0.5% % 4 "’Mﬁ’ ! f %%ﬁ%f ‘ﬂ’% ﬁ% a [T T T ':::‘i:;-s\ 2 | .
;12’#%;“:1;?&?% ug(; %i’géﬁ?a 000 & u ope o N\ » volume fraction
(64 £ 17 2ot FRTRTM - aia W) i
b o 0 & 48 ‘;f | . : é‘% - .
o.o—%’u‘“, %@Mﬁf N . » FT analysis
0.0 0.5 1.0 1.5 2.0 0 2 4 6 8 10 12 14 16 18
t(s) T(K)

Herak et al., Phys. Rev. B 87, 104413 (2013)
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uSR: Static Field

[ Static-field (random) distribution:

~

;'/.U,
vV = =B,
2T

https://upload.wikimedia.org/wikipedia/commons/8/87/Muon_Spin_Resonance_%28Musr%29.webm
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USR: Static Field

f 2 2
O Static-field (random) distribution: prob(B) x B%e~B7/24
Gaussian l
: 1 2 12 A2 5 < 5.5
ZF Kubo-Toyabe function Pt} = 3 + 3e D (1— 5,577 )

Ryogo Kubo
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uSR: Static Field

. ) 1 2 12 A242\8 _
O Voightian Kubo-Toyabe: Pt = 5 a §e 5 (v2A%%) [ (%AQ % } Lorentzian (4= 1) for
. o diluted moments:
(a) o 2ImK v 40K 100 K ] L .
1.0 Nses © 20K o 60K * 150K . T spin glass
i £=123 _ . _
.§ ' 20F  #(107 emw/mol Pr) % 4 @ @ L = @ @
g s [z 1 ¢ .}:.;/30 ]
E N o 1 ~ ' @ o o o ® R
s 10T 401:// 2K <) J .
3 L | 1 g‘
S 110
br @ @ ] [ @
% _ o
0 I I |I — I...lI 0 1 1 .
0.01 0.1 1 10 100
| T (K) ® ! ] ® @ @
= LB 406 kagome lattice: Pr;GasSiO,,
E 06} —E‘Eﬁ§§‘§-}§§§§§&§§§_§i§g .l s 100G @ & & o € @
LI '».'-:--._—:'::I:;'II:'-I'I**;E}HITIEI T 506 » hyperfine-enhanced
a. e ] ':,.--"'__ zEe 3% zﬁ}_l “'E =T _IJ__-EE 235G 141 . @ @ & @& .
‘3 0l z;ﬁ;ﬁﬁﬁ%” Hz oo Pr magnetism b}
ol » Van-Vleck paramagnet
0 1 2 3 4 5

Zorko et al., Phys. Rev. Lett. 104, 057202 (2010) https://www.forbes.com
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uSR: Dynamic Fields

O Change of the local field at frequency v: A=, / (B;! (t)B;,.(0)) e ™L'dt
» random oscillations spectral density
. -'QAQI/
» muon hopping <Bl—gc(t)5l;c(0)> =A% o) )= 1/;—% 50
» elementary excitations TR0
1.0 . . . . . . . . . 1.0 . . . . . .
00| slow fluctuations I fast fluctuations
08| v &L YA I o8} | V> v, A
I 0.7t 107t \ —_ I
9 o5 I esl 1 \W ! 0
mm) S, | Ss| \ 5 —
relaxation 047 1 04 . I exchange
of the “tail” ol N | % \\ '_ narrowing
0.2 o 1 02}
011 e T 1 o1} -_ o
%00 '1'0'1'5'2'0'2'5'3'0'3;4?'_;;';0 o2 4 6 8 1 12 u Folt) =
t t
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uSR: Dynamic Fields

 Monotonic P,(t): fingerprint of a dynamical state Zn-brochantite: distorted KAFM
(e.g., QSL) (spinon FS QSL)
 Field dependence of A: energy dependence of (@) (b
: : ¢ 150K v 2K 4 03K 0.06 -
the SpeCtral..O.I.PTInSIFV.(.)f.ﬂ.l.fCtl.JaFl.qn..s.l | N o 1K = 21mK 6K 5K .
T :10 | “ai .
1000 - % .
"85 _ 08 0.04 -
- = 8 o 020
! p=25(4)] IS Q S
<100 : 3 <. o=
B 2 0.6 - §
3 0.02F o1 ~
p =0.20(1) B, »
L I " I A 04 oA
B ol S, s e
S(w) w02 mm)  (B(1)B(0)) 0.8 0 2 4 6 8 10 000 01 1 10 100
t (us) T (K)
Gomilsek et al., Phys. Rev. B 94, 024438 (2016) Gomilsek et al., Phys. Rev. B 93, 060405(R) (2016)
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uSR: Dynamic Fields

B 0Ly e ‘:b

01— e e \:C

1 Changes in spin excitations: 01

Kondo-resonance splitting

» decrease of local DOS ~ 001 001 o001
. = I 12 I 13 i
at the Fermi level = e =
» finite critical field ’ |
linearin T 0.001 0001 110mkK L 1 0001
0.01 0.1
I B (T)
¢ PR WTK=“-00 d 0.1 e 0.1 TTTT T T f 0.8 T T T
0.3 1 po| - wr=0.14 B*
T{’I‘h=0 — WTK=0-28 T’TK=0-36
' — H/T,=0.56 e 06 éf
s — H/T,=1.12 = 0223
=l - HIT,=2.24 _ R 4 ’ %
g —- H/T,=4.48 7001} 9 _ 001 . " Eoa4 (% i
< S a \ 12 F A\ S
~ DR [ O B}
0.1 ® | , > |
éf@ : 21 02; B"=By+kpT /(gup) -
0 0.001 - 300 mK 4 0.001 | 600 mK : kpTx/(gup)=0.6T
% 0 6 6 0 6 0.01 0.1 1 0.01 0.1 1 "0.0 0.2 0.4 0.6
o/T o/T B (T) B (T) T (K)

Costi et al., PRL 85, 1504 (2000) Gomilsek et al., Nat. Phys. 15, 754 (2019)
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Outline
UNIVERSITY

O Introduction to magnetism

[ Probing magnetism: conventional bulk and scattering
techniques

O Local probes of magnetism
1 Electron spin resonance (ESR)
 Nuclear magnetic resonance (NMR)

L Muon spectroscopy (uSR)

1 Summary: strengths, limitations and complementarity
of local probes




Summary: STRENGTHS and LIMITATIONS

HOKKAIDO
UNIVERSITY

Sample

Acquisition
Probe location
Probe coupling

Signal relaxation

T-range

B-range

Perturbation

Cost

ESR

ESR lines not too broad
(bulk samples)

a few minutes
on magnetic site
direct (?)

only extremely “slow” relaxa-
tions can be measured

0.35-1000 K
(polarization decreases with T)

0.1-45T
finite B, might affect physics

non-perturbative

low cost

NMR

many available nuclei
(bulk samples)

a few hours
close-far from magnetism
hyperfine, 0.1-10 T/

slow relaxation (infinite acq.)
fast relaxation (deadtime us)

0.02-1000 K
(polarization decreases with T)

1- 45T
finite B,might affect physics

non-perturbative

low cost

USR

any sample
(thin-films possible, ~0.014;)

tens of minutes
not exactly known
dipolar, 0.01-0.1 T/,

slow relaxation (muon decay)
fast relaxation (deadtime ns)

0.02 - 800 K
constant polarization

0-95T
inherent polarization (ZF exp.)

muon = charge defect

large-scale facilities (high cost)



Summary: Complementarity

[ Time windows: spin dynamics

ac susceptibility

> slow fluctuations: A X U
1 NMR
~ A2
> fast fluctuations: L X (v4)
T1 Vv
A N | uSR
NMR 10 — 100 YNMR =
A,uSR F}/;LSR 10

INS
> ESR: AB>0.3mT

l 1072

10° 10° 10* 10° 10® 10 10%* 10%
—ESR < 100 ns I Fluctuation rate (Hz)

O
» Combination of techniques: complementary insights -
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