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Magnetism

Magnetic degrees of
freedom: existence of well-
defined dynamical local
magnetic moments, i.e. spins,
which interact and fluctuate.

Magnetic order:
spontaneous breaking of
time-reversal symmetry,
appearance of static
magnetic moments
throughout a material
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Magnetism

Magnetic order:
spontaneous breaking of
time-reversal symmetry,
appearance of static
magnetic moments
throughout a material

Magnetic degrees of
freedom: existence of well-
defined dynamical local
magnetic moments, i.e, _spifis,
which interact angsfluctuate.

Quantum

S —— Ordered spins



Theorist's view

H:ZJijS’i'Sj (-l- )

i<j \
Coupling to the lattice

Coupling to itinerant electrons
Mulipolar, multi-spin interactions

Ising = *1
Applied fields

Vectors
Quantum operators

Materials design: find good choices ot J;;, Si(+...)
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Ordering
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Jij : Si Collective excitations
e.g. magnons,

(_|_ ) skyrmions, spinons
T Response functions
e.g. susceptibility,
Hall effect
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Design

Input Output

‘What do we really control? [t properties:

e Atoms and environment
, AF, spiral,
e Structure and symmetry L.,

Collective excitations

Physics

e.g. magnons,
skyrmions, spinons
Jij , S, PhySiCS Response functions

e.g. susceptibility,
(_|_) Hall effect




Design principle 1: get local

moments

H H2e

1.00794 4002602

. . 3 by 5 7 8 9 0

® Most magnetism in QMs [ | b o 5
Na | M Al | Si P S Cl | Ar

22.989770| 243050 _ 26.581538| 28.0855 [30.973761| 32.066 | 354527 | 39.948

comes from either 3d ARRERERRRREA AR RRRER

39.0983 | 40078 [44.955910 47.867 | 50.9415 | 51.9961 |54.938049| 55.845 [58.933200] 58.6534 | 63.545 65.39 69.723 7261 [74.92160 | 78.96 79.504 | 83.80

46 47 49 53 54

39 40

37 38 41 42 43 45 48 50 51 52
Rb | Sr | Y Zr | Nb [Mo | Tc | Ru | Rh | Pd | A Cd| In|Sn |Sb | Te | Xe

P . g
t ra n s I tl O n m eta | I O n S O r 854678 | 87.62 |88.90585 | 91.224 [9290638 | 9594 98) | 101.07 |102.90550| 106.42 [196.58655| 112.411 | 114818 | 118710 [ 121760 | 127.60 |126.90447 13129
55 56 57 72 73 74 75 76 77 78 79 80 83 84 85 86

81 82
Cs|Ba|La|Hf | Ta|W |Re|[Os | Ir [Pt |Au|Hg| Tl [Pb| Bi | Po | At | Rn

132.90545| 137.327 [138.9055 | 17849 [180.94.79| 183.84 186.207 190.23 192.217 | 195.078 [196.56655| 200.59 | 204.3833| 207.2 [208.58038 | (209) (210) (222)

87 88 89 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 114 116 118
4f rare earths. These lela[wleglsElac [ 0[0] (=] [ [
have relatively localized

5 59 60 61 aﬁ 63 64 R B G 68 69 70 71
Orblta |S Wh ICh dOnlt 314%.56 moz:{?es 1’4\:1?4 ZAQ?F gonal ISEllQJSAt %?s 1539?534 Ll?f?ro%c;sz 1%.56 '\611221 1{3}} 17%}7

90 97 TOT
Th | Pa| U [Np|Pu|Am |Cm | Bk | Cf | Es | Fm [ Md | No | Lr

232.0381 | 231035888 | 238.0289 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)

overlap strongly with
neighbors and have
strong Coulomb
repulsion, which
localizes electrons best.




l ocal moments

! 2

H He
1.00794 4.002602

it i | B B N | 6| F | N

® |n 3d transition metals, i5h | i | i | | s | e sy
1 12 13 14 15 16 17 18

Na | M Al | si | P S Cl | Ar

. . . g
usua II I I I a n et I SI I I I S a I rl p ; 26.581538| 28,0855 [30.973761| 32066 | 354527 | 39.948
y g y 19 21 | 22 23 26 27 28 30 34

20 24 25 29 31 32 33 35 36
Ca | Sc| Ti Vv Cr [Mn| Fe | Co| Ni |Cu flZn | Ga | Ge | As | Se | Br | Kr

39.0983 | 40078 [44.955910 47.867 | 50.9415 | 51.9961 |54.938049| 55.845 [58.933200] 58.6534 | 63.545 65.39 69.723 7261 [74.92160 | 78.96 79.504 | 83.80

ISOtroplic, I.e. spins are Rb | St | ¥ | Zr [Nb | Mo | Tc |Ru [Rh |Pd [Ag [Cd | in |Sn|Sb|Te | T |Xe

85.4678 87.62 88.90585 | 91.224 | 92.90638 95.94 (98) 101.07 |102.90550| 10642 [196.56655| 112.411 114818 | 118.710 | 121.760 12760 |126.90447| 131.29

11 . . 17} 55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
H el|sen be rg ||ke beca use Cs|Ba|La|Hf | Ta|W |Re|[Os | Ir [Pt |Au|Hg| Tl [Pb| Bi | Po | At | Rn

I 132.90545| 137.327 | 138.9055 17849 |180.94.79( 183.84 186.207 190.23 192.217 | 195.078 [196.56655 | 200.59 204.3833 207.2 |208.58038 | (209) (210) (222)

87 88 89 104 105 106 107 108 109 110 m 112 114 116 18

Fr Ra | Ac Rf | Db Sg Bh Hs Mt (289)

Crystal fields Split the d (223 (226) (227) (261) (262) (263) (262) (265) (266) (269) (272) (277) (287) (289) (293)
orbitals and spin-orbit
. . . é:a Fs’gr l\T:j Pm | Sm | Eu | Gd TGE) Dy | Ho | Er |Tm | Yb | Lu
coupling is relatively weak S s e 0 et s o
: st | | | 0 | on | o | Go [ 8% | S| &5 [P (M0 82 &0
(Co is most common
exception, when very
localized). Exchange
interactions between spins

61 62 63 64 66 67 68 69 70 7

vary from quite strong
(1000K) to quite weak (1K).



l ocal moments

T 2
H He
100794 4002602
. . . 3 4 5 7 8 9 10
i | Be B F | Ne
. | n 4f | a n th a n I d eS S p I n —O rb It 6941 [9012182 10811 | 12,0107 | 1400674 | 159994 | 189984032 [ 20.1797
! 1 12 13 14 15 16 17 18
Na | M Al | si| P cl | Ar
M M M 22.989770| 24.3050 26.581538| 28.0855 [30.973761| 32.066 | 354527 | 39.948
CO u p I n g IS OI I I I n a nt Ove r 19 20 21 2 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K| Ca| Sc | Ti Cr ([Mn | Fe | Co | Ni |Cu|Zn | Ga | Ge |As | Se | Br | Kr
39.0983 40.078 [44.955910| 47.867 50.9415 51.9961 [54.938049| 55.845 |58.933200| 58.6534 63.545 65.39 69.723 7261 74.92160 78.96 79.504 83.80
M 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Crysta e S an SO Rb | Sr | Y | Zr [Nb |[Mo | Tc | Ru | Rh | Pd Cd | In|[Sn |Sb | Te Xe
854678 | 8762 |8gooses | 91.224 | 9290638 | 9594 | (98) | 10107 [102.00550| 10642 (19656655 | 112411 | 114818 | 118710 | 121760 | 127.60 |12690447| 13129
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
. Cs | Ba|la|Hf | Ta|W |Re |Os | Ir|Pt|Au|[Hg| Tl |Pb i | Po | At | Rn
m a n et I C m O m e n ts e CO m e 132.90545| 137.327 [ 1389055 | 17849 |1809479| 18384 | 186207 | 190.23 | 192217 | 195078 [196.56655] 20030 | 2043833 207.> |o08.58038| (209) 210 [ (@22
87 88 89 104 105 | 106 107 108 109 [ 110 m 112 114 116 18
Fr Ra Ac Rf Db Sg Bh Hs Mt (289)
| ( . t . b . -t | 3 | 26 | 2 | en | 62 | 63 | 062 | @5 | w@ee | @69 | 72 | em (287) (289) (293)
O e n t) a n d Ofte n Ve ry [ s8 59 60 61 62 63 64 65 66 67 68 69 70 71
[Ce | Pr [Nd |Pm|Sm | Eu | Gd | Tb | Dy | Ho | Er [Tm | Ybl§ Lu
[ 140116 |1405076s| 14424 | (145) | 15036 | 151.964 | 15725 [15892534] 16250 |16493032] 167.26 168.93421| 17304 i 174.967
M M | 50 51 52 37 T ToT T2 103
anisotropic (due to large T | Pa Np | Pu [Am |Cm | Bk | Cf | Es [ Fm [Md | No | Lr
2320381 | 231035888 238.0289 | (237) | (244) | (243) | a7 | @4n | @s1) | @52 | @57 | ©s8) | @59 | (62

SOC). They have complex
multiplet structures, and
weak exchange interactions.




QM Materials

® Quantum spin liquids
and interesting
insulating
antiferromagnets

® /nCuz(OH 6C|2,
a—RUC|3, Przzl’207,
C82CUC|4, szTizO7

1

2
H He
1.00794 4.002602
3 4 5 7 8 9 10
Li | Be B F | Ne
6.941 9.012182 10.811 12,0107 | 14.00674 | 15.9994 | 189984032 20.1797
1 12 13 14 15 16 17 18
Na [ M Al | Si | P Cl | Ar
22.989770| 24.3050 26.581538| 28.0855 [30.973761 | 32.066 354527 | 39.948
19 20 21 22 23 24 25 26 27" 28 29 30 31 32 33 34 35 36
Ca | Sc | Ti Cr [Mn | Fe | Co | Nifif Cuff Zn | Ga | Ge | As | Se | Br | Kr
39.0983 40.078 44.955910| 47.867 50.9415 | 51.9961 [54.938049| 55.845 |58.933200| 58.6534 3 65.39 69.723 72.61 74.92160 78.96 79.504 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Ro | Sr | Y | Zr [Nb | Mo | Tc f Rug Rh | Pd Cd | In |[Sn |Sb | Te Xe
85.4678 87.62 |88.90585 | 91.224 |92.90638 [ 95.94 (98) 101.07 #h02.90550| 106.42 |196.56655| 112.411 114.818 | 118710 | 121.760 127.60 |126.90447 131.29
55 56 57 72 73 74 75 77 78 79 80 81 82 83 84 85 86
Cs | Ba|la|Hf | Ta|W |Re |Os | Ir|Pt|Au|[Hg| Tl |Pb Po | At | Rn
132.90545( 137.327 |138.9055 | 17849 |180.94.79| 183.84 186.207 190.23 192217 | 195.078 [196.56655| 200.59 | 2043833 | 207.2 |208.58038| (209) (210) (222)
87 88 89 104 105 106 107 108 109 110 m 12 114 116 118
Fr Ra | Ac Rf | Db Sg Bh Hs | Mt (289)
(223) (226) (227) (261) (262) (263) (262) (265) (266) (269) (272) (277) (287) (289) (293)
—
58 59 60 61 62 63 64 65 66 67 68 69 70 7
Ce § Pr #Nd [Pm [Sm | Eu | Gd | Tb [ Dy [ Ho | Er [Tm | Yb § Lu
140.116 R140. 144.24 (145) 150.36 151.964 157.25 [158.92534| 16250 [164.93032| 167.26 |168.93421f 17 174.967
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th | Pa| U [Np|Pu|Am |Cm | Bk | Cf | Es | Fm [ Md | No | Lr
232.0381 | 231035888 | 238.0289 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)




QM Materials

® Orbital degeneracy/spin-
orbit interaction

® RVO3,RC0Os;3,...

® CdzOSzO7,Sr2|I’O4,
Na,lrO3, a-RuCls...

® NaYbO,, TmMgGaOs,...

1

2
H He
1.00794 4.002602
3 4 5 7 8 9 10
Li | Be B F | Ne
6.941 9.012182 10811 12,0107 |14.00674 | 15.9994 18.9984032 | 20.1797
1 12 13 14 15 16 17 18
Na | M Al | Si P S Cl | Ar
22.989770| 24.3050 26581538 28.0855 [30.973761 | 32.066 | 354527 | 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Ca | Sc § Ti V §C [Mn| Fell COfF Ni §Cu | Zn | Ga | Ge | As | Se | Br | Kr
39.0983 40.078 |[44.9559108 47, 150.9: 51.9961 |54.938049| 55.845 }458.9; 58. 63.545 65.39 69.723 7261 7492160 78.96 79.504 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr | Y | Zr | Nb|Mo | Tc | Ru ¢ Rh | Pd Cd| In|Sn |Sb | Te Xe
85.4678 87.62 88.90585 | 91.224 | 92.90638 95.94 (98) 101.07 [V} 550| 106.42 [196.56655( 112.411 114.818 | 118.710 | 121.760 127.60 |126.90447| 131.29
55 56 57 72 73 74 75 77 78 79 80 81 82 83 84 85 86
Cs|Ba|La|Hf | Ta|W |Reff Os@ Ir @ Pt | Au |Hg | Tl | Pb Po | At | Rn
132.90545| 137.327 | 138.9055 17849 |180.94.79| 183.84 186.207 190.23 192.217 f 195.078 |196.56655 | 200.59 204.3833 207.2 [208.58038 (209) (210) (222)
87 88 89 104 105 106 107 110 m 12 14 116 118
Fr Ra | Ac Rf | Db Sg Bh Hs Mt (289)
(223) (226) (227) (261) (262) (263) (262) (265) (266) (269) (272) (277) (287) (289) (293)
59 60 61 62 63 64 65 66 67 68 69 70 !
Ceg Pr [ Nd [Pm |[Sm | Eu | Gd | Tb [ Dy [ Ho | Er [ Tm | Yb | Lu
140.116 {h40.50765( .. (145) 150.36 151.964 157.25 |158.92534| 162.50 |164.93032| 167.26 [168.93421| 173.04 174.967
91 92 93 94 95 96 97 98 99 100 101 102 103
Th | Pa N Pu |Am |Cm | Bk | Cf | Es | Fm |Md | No | Lr
232.0381 | 231.035888 §§ 238.0289 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)

OC increases with
atomic number



Design principle 2: Frustration

® \What is it? Competing multiple
interactions that cannot be
simultaneously satisfied

7

geometric exchange
frustration frustration




Why frustration?

Competition suppresses conventional
ordered states: more exotic things are
nossible

-luctuating regimes
Complex or quantum orders
Spin liquids

Unusual excitations



Examples

Triangle based lattices

triangle

pyrochlore



Other interactions

® \\Vith more structured interactions, even non-geometrically
frustrated lattices can show frustration

"Kitaev"” terms in NazlrOz, RuCls... Spiral spin liquid in MnSc,Sa4

€ 00 010203040506 d 0.0 01 0.2 03 04 05 0.6 f

K (r.lu.)
Intensitv (a.u.)

3
2
1
0
1
2
3

Jackeli+Khalliulin, 2009 S. Gao et al, 2017



Ising systems

- 1
® |sing models I — > Z Jii0:0; o; = -
%

® Physically occurs when single ion has a doublet ground
state and only one component couples strongly

1
Hycal = > JiiS7S; 4+ H'ISE, SV
]

® Requires significant spin-orbit coupling: some rare earths,
Co, ...



Wannier

® Triangular lattice Ising AF: macroscopic
degeneracy (Wannier, 1950)

g — ‘]Z 00 1 frustrated
i) bond per
o; = *1 triangle
Q= e5/ks




Wannier

® Triangular lattice Ising AF: macroscopic
degeneracy (Wannier, 1950)

g — ‘]Z 00 1 frustrated
i) bond per
o; = *x1 triangle
Q= e5/ks

Somewhat close realization?
Tm I\/IgGeO4

Degeneracy-breaking perturbations determine the low
energy physics




Frustrated Magnetism

spin ice

Fully classical
AFs

skyrmions

magnetization plateaux
Local quantum

spin density wave " . fluctuations

Quantum
entanglement



Spin ice

® Spins in Ho,Ti2O7, Dy»Ti,O7 have Ising doublets with
dominant NN coupling J,; enforcing classical 2in-2out
“ice rules” for T < 1K

Hr~J.. Y S8
(i)

Spin ice



Spin ice
® rare earth pyrochlores Dy, Ti>O7, Ho,Ti,O7 with Ising

doublet ground states

Local physics: L+S = J

. ~ 2
° /6 Hion — _D (JZ . ”ﬁ,@>
4 "Ott,,g
3/*00 ° — |7
_— __A flips between +-J
; LT 1 states diﬂ:iCU|t




Spin ice

® Spins in Ho,TizO7, Dy, Ti,O7 have dominant NN Ising
coupling J,; enforcing classical 2in-2out “ice rules” for
T<1K




Spin ice

® Spins in Ho,TizO7, Dy, Ti,O7 have dominant NN Ising
coupling J,; enforcing classical 2in-2out “ice rules” for
T<1K

b 6 RIn(2)
b

~ 50
\> ~
e S
S 4 a
3 E
é 3 U /Pauling's entropy
e o 17
k7t 5L g

Pauling's entropy 0 — w —

i e 1 R/2In3/2) 0.0 0.4 0.8 1.2
Water ice Spin ice / / 6o
| | | !
% 2 4 6 8 10

T(K)

Pomaranski et al, Dy, Ti,Oy
(original expts. by Harris et al, 1999)



lce correlations

® “Pinch points” show that 2in-2out

constraint holds
i | ' v | ' | L$< (4N

4
9 - ‘.-- - :
4

\/ \ g

(@]
M N~ O - N O M N~ O~ N O
‘0o I'n'o
T. Fennell et al, 2009 @xperiment theory

HOzTizO7



Monopoles

3in:Tout defects act like monopoles,
and can move almost freely



M. Hermele, MPA Fisher, L.B., 2004;
A. Banerjee et al, 2008

L. Savary + LB, 2012
S.B. Lee, S. Onoda + LB, 2012

+ Many subsequent numerical
and analytical works

Still looking...

- Invited - E. Smith (McMaster University, Canada)

“The case for a U(1), Quantum Spin Liquid Ground State in the Dipole-Octupole Pyrochlore Ce;Zr,0;"

v

- Y.B. Kim (University of Toronto, Canada)
“Competing dipolar-octupolar quantum spin liquids on the pyrochlore lattice”

- R. Sibille (Paul Sherrer Institut, Switzerland)
“Octupolar correlations and spinon spectrum in Ce,Sn,07 quantum spin ice” \v

- Invited - R. Moessner (Max Planck Institute for the Physics of Complex Systems, Germany)

“Emergent QED in the quantum spin ices”

0.8¢

. .
Yb2T1207

0.6
N
=
+
~ 04
0.2}
0.0t ‘ ‘ ‘ .
0.0 0.1 0.2 0.3 0.4
Jillz
0.8 F
noncoplanar  FQ
0.6 -




Heisenberg systems

® Typically for closed shells - i.e. configurations w/o orbital
degeneracy - of 3d transition metal ions, SOC effects are
weak: good approximate spin-rotation symmetry

1 L
H:§ZJZJSZSJ—|—
¥

single-ion and exchange
anisotropy, = 10% level

Spin “length” S =1/2 is most quantum, S>>1 is semiclassical



Triangle

® Classically: spins must sum to zero

Tendency to non-collinear ordering



Triangular lattice

® Classically: spins must sum to zero




Triangular lattice

\

Degrees of freedom: 2



Triangular lattice

~

Degrees of freedom: 2+1

\




Triangular lattice

~

Degrees of freedom: 2+1




Frustrated Magnetism

spin ice

Fully classical
AFs

skyrmions

magnetization plateau -~
Local quantum

spin density wave ., ‘ fluctuations

Quantum
entanglement



S=1/2 Triangular lattice

' — || 41 .
'AVA'A‘A | Fully polarized
WAVVAL

0

60 01 02 03 04 05 06 07 08 09 10
R=1-J'/J

® Nice example with strong quantum renormalizations

® All phases encountered are ordered, short-range entangled states
® BUT most are different from those of the classical model

® And excitations are highly renormalized from linear spin waves



S=1/2 Triangular lattice

Fully polarized

i

Magnetic field, h

-_—

o0.0 0.1 02 03 04 05 06 07 08 09 1.0
R=1-J/)J
Ru Chen et al 2013

Review: O. Starykh, RPP, 2015



Cone state

Fully polarized

Magnetic field, h

O0.0 01 02 03 04 05 06 07 08 09 10
R=1-J"/J . . _ .
/ Fully consistent with rigid spins
This is the classical ground state throughout the phase space

Excitations are gapless spin waves - semiclassical quantization
of small oscillations of spins



Magnetization plateau

T. Ono et al, 2003

-y
PO

. 0.45 F————
Fully polarized Cs,CuBr,
< 0.40f T =04K - 8
=% g ICplanar T T A1/ b-axis
o T ' & | =
9 5 L : Q 035 4
) =
= g 2
?éo | — ' = A
=R 0.30 0
0 095l -
00 01 02 03 04 05 /0.6 07 08 09 1.0 0'2512 13 14 15 16 17 184
R=1-J)J H[T]

Spin gap stabilized by quantum zero point fluctuations

excitations are still spin waves but not Goldstone modes

c.f. Chubukov + Golosov, 91

[low/nwa, 0L] HP / NP



Planar orders

EaN
1 R

w
1 .

N

cos 0% + sin 0y cos 0T + sin 67

‘ planar/fan cone/umbrella

d.O 01 02 03 04 05 06 07 08 09 1.0
R=1-J/J

Magnetic field, A

—_—

Classical ground state is always umbrella-like, but
quantum fluctuations almost completely remove this



Magnetic field, A

—_—

SDW

N
|

Fully polarized

w
] \

N

Non-uniform spin lengths

» non-classical!

0
00 01 02 03 04 05 06 07 08 09 10
R=1-J/J

SDW states can be considered soliton lattices, and can
be understood based on the behavior of spin chains

Large domain of SDW state means that quasi-1d nature
is enhanced by quantum fluctuations



Kagome lattice




Kagome lattice
VANEIWANEIWAN

peve
AKX XX

\VARVARVY

Degrees of freedom: 3+1+...




Kagome lattice
JANEANEWAN

geve
AKX XX

\VARVARVY

* Degrees of freedom: ~ N . Much less likely to order.



Frustrated Magnetism

spin ice

Fully classical
AFs

skyrmions

magnetization plateaux
Local quantum

spin density wave " . fluctuations

Quantum
entanglement



S=1/2 kagomé AF

® DMRG calculations give overwhelming evidence for QSL

ground state

© Steve White

( ( ( (\ N X WOL
( ( ( ( ( ( ALAA ,3‘1 MM A A A A A R A A A A A A R A A A A A A A A A ,j::; K A A AR

R T O U U Y
N % Z Z Z00% N R R R R R R T T

S. Yan et al, 2010
e e Theorists are still debating the

043 O DMRG, Cyl,0dd
MERA <> DMRG, Cyl Eve
DMRG, Tor (J ng..)

4 e nature of the QSL state.

Somst pwo L Experimentalists are also debating
the meaning of their observations.

E/s1te
:-
sl
I
I
I
I
I
g
o/
=
a |
I
I
—@—
I
I
I
I
I

-0.44 . '



Many kinds of QSLs

/SN QN NN NN N A YA YAVAVAVAY &Y AY \VAN

Y N VAL &Y NavaY N AVAVAVAY NVAAVAVAVANERETE

s YAVAVAVAVAVAY, Vi VANV, YAVAY VaVAVAY AVAVAN e
T AVAVAY NN VawvgVaVay AVA YAY Y VA YAYAwAY

S
[

& #'

For ~500 spins, there are more amplitudes than
there are atoms in the visible universe!

Different choices of amplitudes can realize
different QSL phases of matter.



Classes of QSLs

® Topological QSLs

anyonic
spinons

I4 electric+magnetic
® U(1) QSL % %ﬁ AM monopoles, photon

strong|
® Dirac QSLs o

Interacting
Dirac fermions

® Spinon Fermi surface non-Fermi
liquid “spin

metal”




QSLs @ HFMZ2022

. R A - Invited - P. Armi hn Hopkins University, USA
- Invited - L. Clark (University of Birmingham, UK) nvite rmitage (ohn Hopkins University, USA)

. T . i . “Recent results on Kitaev interactions in Co based magnets”
“Unravelling Complexity in the Barlowite Family of S=1/2 Kagome Antiferromagnets” \ ) o )
- N.B. Perkins (University of Minnesota, USA)

- M. Georgopoulou (Institut Laue Langevin, France & University College London, UK) “Footprints of the Kitaev spin liquid in the Fano lineshape of the Raman active optical phonons”
“Zn-claringbullite, ZnCu3(OD)gFCI: a new quantum spin liquid candidate” \ - Y-J. Kao (National Taiwan University, Taiwan)
. . s . “Excitation spectrum of spin-1 Kitaev spin liquids”
- Q. Bartélemy (Université Paris-Saclay, France) VL Ud Cakushuin Universi
“Specific heat of the kagome antiferromagnet herbertsmithite in high magnetic fields” \ - M. Udagawa (Gakushuin University, Japan)

“Manipulation of non-Abelian anyons in Kitaev's magnet” v

- G. Chen (University of Hong-Kong, China)
“Thermal Hall effects in spin liquids” \

- F. GruBler (University of Augsburg, Germany)
“Comparative study of the triangular spin-liquid candidates NaYbO,, KYbO, and KYbS," v

. . . - S.H.Y. Huang (McMaster University, Canada)

- Invited - J. Nasu (Tohoku University, Japan) " ic and ism in th dJ . lar latti

“Nonequilibrium dynamics and spin transport caused by fractional quasiparticles in Kitaev spin Dynamic and frozen quantum m.agnet/.sm In the groun ‘states of triangular lattice magnets

liquids” ErMgGaO4 and YbMgGaO, from inelastic neutron scattering” \v

- S.C. Furuya (Ibaraki University, Japan & University of Tokyo, Japan) -S. Ni'“ (_CN RS & Université de Toulouse, Frapce) ) ) ) o

“DC electric-field controls of Kitaev spin liquids and topological spin textures” “A variational tensor network study of magnetic properties of Heisenberg model with Dzyaloshinskii-
. . . Moriya interaction on kagome lattice” \v

- E. Lefrangois (Université de Sherbrooke, Canada)

“Evidence of a Phonon Hall Effect in the Kitaev Spin Liquid Candidate a-RuCl3” \ —

- J. Bruin (Max Planck Institute for Solid State Research, Germany)

“Robustness of the thermal Hall effect close to half-quantization in a-RuCl3 . . . . . .

- R.P. Nutakki (University of Munich, Germany & University of Augsburg, Germany)
“Proximate Spin Liquids in Metal-Azolate Frameworks” \

- S. Zhang (Max Planck Institute for the Physics of Complex Systems, Germany)

- L. Vanderstraeten (University of Ghent, Belgium) “Modeling a three-dimensional S = 1 spin liquid NaCaNi,F;” \v
4h-15h30 : Pyrochlore set “Tensor networks and the spectral function of 2-D quantum spin liquids” —
- Invited - E. Smith (McMaster University, Canada) —

“The case for a U(1), Quantum Spin Liquid Ground State in the Dipole-Octupole Pyrochlore Ce,Zr;0;”
2

- Y.B. Kim (University of Toronto, Canada)
“Competing dipolar-octupolar quantum spin liquids on the pyrochlore lattice” v - Invited - F. Pratt (ISISs Neutron and Muon Source, UK)

-R. Sibille (Paul Sherrer Institut, Switzerland) “Probing triangular-lattice quantum spin liquids with LF-uSR”
“Octupolar correlations and spinon spectrum in Ce,Sn,07 quantum spin ice” v




Frustrated Magnetism

spin ice
S

This is all about the equilibrium phase/gréund state.

|
L We can also talk about excitations and response

spin density wave " . fluctuations

spin nematic "

quantum paramagnets .,

Quantum
entanglement



Excitations in the usual

case
. . h is short-
Hamiltonian =Y 5,5, onesisshon
(i7)
Wave
function

Product state




Quasiparticles

OO excited states ~ excited
900900000 levels of one block

®|ocal excitation can be created ®quantum numbers consistent

with operators in one block with finite system: no
®|ocalized excitation has emergent or fractional
discrete spectrum with non- quantum numbers

zero gap, and plane wave
forms sharp band



Spin wave

w(k) ~ A —2tcoskza — - --

f) = Sy 1)

K-k,Q) -w

600 -
N
é 400 A % !
neutron Eael |
0 e .._m«-'m rgemp

k,w
magnon S=|

2 4 6 8 10 12 14

Line shape in RbaMnF4

K,Q



Emergent excitations

® Emergent excitations may be very different from spin flips

® May be created in multiples, or very hard to create at
all with a neutron, or just have ditterent properties

Majorana

AVAVAV

Emergent photon

Monopoles



Emergent excitations

® Emergent excitations may be very different from spin flips

® May be created in multiples, or very hard to create at
all with a neutron, or just have ditterent properties

e.g. spinons

K-k Q - spinon S=1/2

k-K',w-w’

broad peak with
w=g(k')+e(k-k")

neutron

K,w

magnon S=1 K,

K,Q



c.f. One dimension

120 —

|

A. Tennant et al, 2001

KCu F3

Energy (meV)

40 ISy #»

I/
b
0

spinon S=1/2

K-k,Q -w

20

D .
r‘ neut n
d‘
J i ' ' | : K,Q

0.5 0 0.5 1.0
Wavevector along chain (rlu)

()
-1

Understanding in d>1 is much more limited



A rough guide to
experiments on HFMs




Ramirez Plot

X

Spin solid (ordered)———4  “Spin liquid”
Spin gas (paramagnet)

Ocw Tn Ocw| T

® | ocal moments: Curie-Weiss law at high T
A

T — Ocw

Xr\./

® Frustration parameter: = Ocwl/Tn

® |arger f >> 1 is more frustrated (or
fluctuating)



Heat capacity

.. (@) o TbAuALGe,
® Sensitive
indicator of % /’3 e
. . g ., : a TbAuAl,Ge,
ohase transitions = |4 '{: - e
® Useful to assess e B P

o
(=}

entropy, e.g. g /

confirm effective

MT 15 7 ol © e
E / MI _.K'..
. £ S
= 8
S p I n :ECIO ..". é i
A X w4t \T
= LA N2
: j . 5 10 15 0

T T (K)

C(T") /
— ! 0 ' ?'o %'0 4'0 5'0 6IO 70
S(T) —/0 dT T’ 0 10 2 ‘T(K)

K. Feng et al, arXiv:2205.14063




Thermal conductivity

Spins carry Phonons carry heat
heat but interact with spins

T
200 -
||||| 100
C) Cu
K 50
i H ] 2| \
‘E 50+ Ky q ‘E
= £ % = -
K = 7R Y z
= = v A\ % Z e K x
— A% \ 5k q 3
LS K . :1—77W‘Mﬂ%"wﬂwn s
e g . 30
o Ly — N £
50 100 150 25 0 0 50 150 200 250 30 x
erature (K) 5

G. Laurence etD. |
Petitgrand, 1973 /.. .,

Review: C. Hess, 2019

lca(W/m-K)
=
o
—'

B.C. Sales et al, 2002

1



Thermal Hall effect

® Motivation: electronic/spin contribution
theoretically closed tied to topology

T4

]:c s I{HATy

R EEEEEEEE——————.
T a universal prediction for chiral
2 ch%T P

K = “Ising anyon” phase: agnostic to

6h

microscopic spin interactions



Thermal Hall conductivity

® Experimental situation very much under debate - electronic
versus lattice transport, impurity versus intrinsic, Berry curvature

versus scattering,...

HOHH (M)
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Y. Kasahara et al, 2018
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G. Grissonanche et al, 2019



Thermal Hall conductivity

® Advertisement for some theory work

eeeeeeee

lattice and spin lattice effective
G = P4/mmm G(0,h2) = P4/mm'm’ (0, h2) = 4/mm'm’
G(&,0) = (i, TX,TY,Caz, T G(&,hz) = (i, XY, TCay G (&, h2) = (3, TCay )
G(&,0) = (i, TX,TY, TCa:) G(&,h2) = (i, XY, XCh. T(&,h2) = (i, Caz)

N\\\\\\

Bhwni /2 1 eBhwnic _ gaBhw, de— BN /2
J“k € L Z ( ) nk,n'k’ v (9)
™ 2Dnx Nyc e sinh(Bhwnik/2) sinh(Bhwy, /2) 2D,
=0 k/HAqn':n'k/(t1+t2)]sign(t2) <[Q 2=t —t2), Q% (—t + to } {Q (tl)}> )

(10)

arXiv:2103.04223
w/ Mengxing Ye+Lucile Savary

arXiv:2206.06183
arXiv:2202.10366
Poster W2 (Wed afternoon)
w/ Léo Mangeolle+Lucile Savary




Electrical conductivity

® Electron dynamics modified by magnet order

e.g. Hall conductivity due to skyrmions

e.g. Gd,PdSis;

30
g 30
= RN
% 20 20 @
i - 15 2 y o
k) F2200 60 10 § Friday, June 24
= )
2 10 R, og 5 A 9h-10h30 : Skyrmions & multi-Q phases session
(o) P —
g I °°°oooooo°°°“°: 0 - Invited - 0. Zaharko (Paul Scherrer Institut, Switzerland)
0 LIC-1 1 " “Spin textures in frustrated magnetic materials”
0 5 10 15 20 25 30

- K. Shimizu (University of Tokyo, Japan)

Temperature (K) “Spin moiré engineering of topology and emergent electromagnetic fields in multiple-Q spin textures”

v
° 3
9 - P. Pujol (CNRS & University of Toulouse, France)
g 5 ;f’ “A skyrmion fluid and bimeron glass emerging from a chiral spin liquid”
= =
ij—_’ = - K. Penc (Wigner Research Centre for Physics, Hungary)
o 1 B “Unified theory of the spiral spin-liquids on layered honeycomb, diamond, and fcc lattices” \
= ]
2 2
g
s 0

0 5 10 15 20 25 30
Temperature (K)

T. Kuramaji et al, 2019



Electrical conductivity

® Electrons scattered by magnetic excitations

e.g. "Roller coaster”

(b) (©
I e e e e
1.2
~~ ] i
3
g 038
<3
&
0.6}
&
£ 04f
0.2

- A.L. Chernyshev (Univeristy of California, USA)
“Roller-Coaster in a Flatland: Magnetism of Eu-intercalated Graphite”



More responses

® Diverse behaviors of HFMs demand a diverse set of
probes:

® NMR/muSR/ESR - A. Zorko
® Scattering - neutron - P. Deen - Raman, X-ray
® Optics, Kerr, Faraday, non-linear/ultrafast

® Magnetostriction, ultrasound, ...






Zhu-Xi Luo

Twisted AF

60

Kasra Hejazi

N1 = Ny

Neél vectors must rotate

Frustration



Twisted AF

Mo = gVNZQ—d N#)?| — J'®(z) N, - Ny

Coplanar spin textures
~d 0.8 Top layer Bottom layer
Collinear
3 061 Twisted-a
1+ 06
04}
02r Twisted-s
Top layer Bottom layer
0 0.2 0.4 0.6 0.8 1
a 1
14+« ~J

Transitions should be tunable by applied field



CrI3

Diect isalzaton o mgnetc ol and (A twisted ferromagnet)

Tiancheng Song't, Qi-Chao Sun?t, Eric Anderson't, Chong Wang?, Jimin Qian®, Takashi Taniguchi®,
Kenji Watanabe®, Michael A. McGuire”, Rainer Sthr*®, Di Xiao®, Ting Cao®,
org Wrachtrup®®*, Xiaodong Xul4*

Scanning NV magnetometry

D Magnetization map mz(uB/nmzh F

(twist disorder is evident)



Thank you

® Frustrated and quantum magnetism is an exciting place for
theory and experiment to meet

® The basic point is frustration allows more unusual
structures to emerge, be they atypical orders, unusual
excitations, or unconventional responses

® \We surely missed many things. That's why you need to go
to the meeting!
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