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Phases of Ice

20°C
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Phases of Ice

20°C

Pressure (GPa)

EY

[Del Rosso et al., Nat. Mat. '20]

14



Emergent Phenomena

Berlin 1875

o

Berlin 1945 o’

i

[Poincloux et al., PRX 18] [Makse et al., Nature '95]
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Emergent Phenomena

) =
) .r )
- Many constituents
with simple rules
Berlin 1875
S ‘i
A
),; at )’
Berlin 1920
Complex structures
IR a4 7 . with new properties
{'& . A .
Berlin 1945 ‘ . )
[Poincloux et al., PRX "18] [Makse et al., Nature '95]
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Possible States of Matter?

Symmetry classification:
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Possible States of Matter?

Symmetry classification:

A S S |

NN

X\
RORON
X

Ferromagnet

Spin:  SU(2) — U(1)

Effective excitations: Quasiparticles

VIVYV

Spin: Magnons

17

Antiferromagnet
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Spin:
Lattice:
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Ingredient #1: Topology

Topological insulator:

metallic

insulating

[Kane & Mele, PRL '05]
[Konig et al., Science '07]
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Ingredient #1: Topology

Topological insulator:

Band inversion:

51/2
(n+1)s
small [ - & p3/2
np . .
Topological insulator Normal insulator

np
H/2 v =1 v =20

[Kane & Mele, PRL ’05]

[Konig et al., Science '07]
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Ingredient #2: Frustration

Antiferromagnetic interaction:

Hi; = JS,-ZSJ-Z J>0

19



Ingredient #2: Frustration

Antiferromagnetic interaction:

Hi; = JS,-ZSJ-Z J>0

/N ?

19



Ingredient #2: Frustration

Antiferromagnetic interaction:

Hi; = JS,-ZSJ-Z J>0

19



Ingredient #2: Frustration

Antiferromagnetic interaction:

Hi; = JS,-ZSJ-Z J>0

Frustration:

Incompatible interactions

illustrationsource.com
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Ingredient #2: Frustration

Antiferromagnetic interaction:

Hij = JS7S7

Frustration:

Incompatible interactions

New states of matter
with exotic excitations?

J >0

illustrationsource.com




Ingredient #3: Quantum Criticality

Quantum critical

Temperature

Disorder

Tuning parameter

(doping, pressure, external field, ...)
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Ingredient #3: Quantum Criticality
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Quantum critical

Temperature

Disorder

Tuning parameter
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Ingredient #3: Quantum Criticality

~—~ ~—~ ~—
= ab o
E h > m >

Quantum critical

C

Temperature

Disorder

Tuning parameter

(doping, pressure, external field, ...)
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Ingredient #3: Quantum Criticality

~—~ ~—~ ~—
= ab o
E h > m > A

Quantum critical

C

Temperature

Disorder

Tuning parameter

(doping, pressure, external field, ...)

| Novel states without
Strong correlations

conventional quasiparticles?
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(2) Emergent Phenomena in Quantum Materials

> Emergent Symmetries
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Example #1: Bilayer Graphene

[ K M [ [McCann & Fal’ko, PRL "06]
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Example #1: Bilayer Graphene

[McCann & Fal’ko, PRL '06]

- 2 /%

Semimetal Full gap Partial gap

[Velasco et al., Nat. Nano. '12]
[Freitag et al., PRL '12]

[Bao et al., PNAS '12] - [Mayorov et al., Science ‘11]

V., (MV)




Emergent Lorentz Symmetry |

Shouryya Ray

¢

24

[Ray, Vojta, LJ, PRB ’18 (Editors’ Suggestion)]



Emergent Lorentz Symmetry |

i i % Shouryya Ray

[Ray, Vojta, LJ, PRB ’18 (Editors’ Suggestion)]
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Emergent Lorentz Symmetry |

Shouryya Ray

T
CoxT
—
Nonrelativistic
semimetal 7 Dirac
"""""" semimetal
......... Insulato -
..................... C x T? nsulater ¢ x e A/T
O ..... * |
Interaction

[Ray, Vojta, LJ, PRB ’18 (Editors’ Suggestion)]
o5 see also: [Pujari, Lang, Murthy, Kaul, PRL '16]



Emergent Lorentz Symmetry ||

Lagrangian: b
L =910, + da(—iV)(T: ® 12)]9
— g[¢T(rz & 5)¢]2 — g,[¢T(ra ]12)¢]2 Shouryya Ray
Antiferromagnetic Nematic
insulator semimetal

[Ray & LJ, PRB ’21]
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Emergent Lorentz Symmetry ||

Lagrangian:

L =910, + da(—iV)(F, @ 12)]9
—g[¥N (M- ©a)P)° — g'[Y'(F. ® 12) 9]

v

)

0.2
nematic &8

»
e
c©

Shouryya Ray

Phase diagram:

(9) ()
1.2

antiferromagnet

[Ray & LJ, PRB ’21]
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Emergent Lorentz Symmetry ||

Lagrangian:

L =910, + da(—iV)(F, @ 12)]9
—g[¥N (M- ©a)P)° — g'[Y'(F. ® 12) 9]

9 Velocity flow:

)

Phase diagram:
() (n)

0.2
Q@
nematic \0 *
@AP \.
O

1.0

antiferromagnet

e
. o
L3 ‘ -

g Nf/87T

/

e

0.2

—— > emergent Lorentz symmetry!

[Ray & LJ, PRB ’21]
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Counterexample: Emergent Anisotropy

Phase diagram of a d-wave superconductor:

< QUANTUM -
T, » CRITICAL -
\ / d
\ / X2-y2
superconducting \} 7 Ssuperconductor

: N\ /
0 nematic

[Vojta, Zhang, Sachdev, PRL ’00]

27



Counterexample: Emergent Anisotropy

Hamiltonian:
= — Z(t,‘j + E,-J-SZ)CTCJ- + h.c.
(ij)

—JZSZSZ—hZSX £ 5

{i,i") IEA

Credit: J. Schwab

[Schwab, LJ, Sun, Meng, et int., Assaad, PRL '22]
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Counterexample: Emergent Anisotropy

Hamiltonian:

= — Z(t,‘j + E,-J-S-Z)CTCJ- + h.c.

(iJ) :
T =Tl =
~J > SiSi—h) SF
(1,0 icA Tl' T\lf S
Phase diagram:
J/h
iy (J/h)e = 0.306  Nematic /
superconductor

[Schwab, LJ, Sun, Meng, et int., Assaad, PRL '22]
28



Counterexample: Emergent Anisotropy

Correlation ratio:

Algorithms
Lattz’ce
(a) 1/v=1.376(6)
b |re=327230) Fermions
0.90 — N
b oL=4
L=6 &
0854 4 L=8
Y L=10 *;'“;:‘
I L=12 ‘:’37
— 43
080 ! i:}g R
= T
| L=18 1
L=20 < _ .
0.75 - . . Continuous transition ...
—-2.5 0.0 2.5
(h— ho)LY"

[Schwab, LJ, Sun, Meng, et int., Assaad, PRL '22]
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Counterexample: Emergent Anisotropy

Correlation ratio:

Velocity flow:

Rs =1
5(T)

5 175 - t G
a¥ Power
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29

A lgorithms
Lattz’ce

F ETINIONS

Continuous transition ...

... with emergent anisotropy!

[Schwab, LJ, Sun, Meng, et int., Assaad, PRL '22]
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Emergent Topology
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Example #2: Luttinger Semimetals

| &
Y - 6
© D (o | oI
N, ' ‘ Ir tetrahedron
. © Rare-earthR EF ,0(8)
- © Oxygen position
B o— in ideal octahedron
- . —68
o 2 R2r07 (R = Pr, Nd) r
[Kondo et al., Nat. Comm. "15] [Witczak-Krempa et al., ARCMP ’14]
[Wang et al., Nat. Phys. '20] [Armitage, Mele, Vishwanath, RMP '18]
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Example #2: Luttinger Semimetals

QI

‘ Ir tetrahedron
©® Rare-earth R
o Oxygen

© Oxygen position
in ideal octahedron

Nat. Comm. '15]

[Wang et al., Nat. Phys. '20]

00‘ 8 ()
o § %9 +
[ i ‘o %i 2 °
3 -X %0
>
g O
. Rolro07 (R = Pr, Nd)
[Kondo et al.,
Short-range interactions:  Irrelevant

31

o(¢)

[Witczak-Krempa et al., ARCMP ’14]
[Armitage, Mele, Vishwanath, RMP '18]



Example #2: Luttinger Semimetals

6 4 °Q ® 8 ) )
o De
° o % +
g % P
o 0 %[ ° O Ir
@y % > ‘ Ir tetrahedron
(-] -%\ o——_l © Rare-earth R gF p(g)
° © Oxygen
® y o Qxygen position
P - S in ideal octahedron
° RolrO7 (R = Pr, Nd) B
[Kondo et al., Nat. Comm. "15] [Witczak-Krempa et al., ARCMP ’14]
[Wang et al., Nat. Phys. '20] [Armitage, Mele, Vishwanath, RMP '18]
Short-range interactions: Irrelevant
. - 1 1
Coulomb interaction: W(r)x = — Vgox—, z~18
r r [Moon, Xu, Kim, Balents, PRL 13]
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Emergent Topological Phases

Coulomb-driven . L
Semimetal Topological insulator

instability:
- N
| -

Cooling
R>lroO+ Cooled R»lroO7

[Herbut & LJ, PRL '14]
[LJ & Herbut, PRB '17]
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Emergent Topological Phases

Coulomb-driven

_ N Semimetal Topological insulator
instability: @
Cooli ‘ [Herbut & LJ, PRL '14]
O0lIng [LJ & Herbut, PRB '17]
RolroO7 Cooled R:Ir07
Strong short-range
Interactions: T nonuniversal

‘é—*—;y Luttinger
semimetal
Magnetic Weyl
semimetal U umvrsal '::."
0 N e
r [Moser & LJ, in preparation]

30 see also: [Boettcher & Herbut, PRB '17]



QOutline

> Emergent Orders
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Example #2: Kitaev magnets

Hamiltonian:

H=K ZSXSX+<Z>SyS]V+ZS,Zf
1)y

(iJ)z

[Kitaev, Ann. Phys. '06]

Review: [LJ & Vojta, JPCM ’'19]
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Example #2: Kitaev magnets

Hamiltonian:

H=K stsx Zsysy ZSZSZ)

(i))z

[Kitaev, Ann. Phys. '06]

Frustration:

Review: [LJ & Vojta, JPCM '19]



Kitaev-Heisenberg Physics in Magnetic Fields

Hamiltonian:

o . J = Acosp
H = K<Z>S S +J<ZS Zs,- K — 2Asin
1) IJ I

[LJ, Andrade, Vojta, PRL ’16]

35 [Consoli, LJ, Vojta, Andrade, PRB ’20]



Kitaev-Heisenberg Physics in Magnetic Fields

Hamiltonian:

- J = Acosp
H=K 5757+ J S; - S; |
Z Z Z | K = 2Asinp
<’J>a <I_j /
Phase diagram:
& ST h || [111]
61 polarized \
_°1  diuted \, AF vortex
N 41 « .
< 4: star” canted Zlgzag
= 37  vortex : star* _
2 canted canted |
0- .
-2 —z 0 4 2 4 7

p = arg(2J + IK)

[LJ, Andrade, Vojta, PRL ’16]

35 [Consoli, LJ, Vojta, Andrade, PRB '20]



Kitaev-Heisenberg Physics in Magnetic Fields

Hamiltonian:

Phase diagram:

h/(AS)
O = DD W B O OO0

H=K) SS*+J) S-S

| IR T W W N N TN NN W N TN TN TN W NN NN TN TN TN NN NN NN UEN TN NN ANN NNN NN NN NN NAN UNN AN A NN

\/ canted}

(i) (i)}
AT h [[ [111]
: / A
polarized y \
. / \
diluted 4 \ AF vortex
star® / canted ./ Zl9zag
vortex Néel . star”
canjed L
stripyAstar
T T 0 ™ Ly S -
2 4 4 2 4

© = arg(2J + iK)

35

J = Acosp
K = 2Asinp

Z1gzag

[LJ, Andrade, Vojta, PRL '16]
[Consoli, LJ, Vojta, Andrade, PRB '20]



Kitaev-Heisenberg Physics in Magnetic Fields

Hamiltonian:

o co . J = Acosp
1) IJ I

Phase diagram:

& N h ] [111]
61 polarized \
& i diluted /// \\\ AF vortex
< 7 star™ / canted ./ Zigzag
=37  vortex Néel . star® |
2{canted z \/ canted}
1: Strip/y/ star*
0 1—o&
5 -3 0 § 1

© = arg(2J + iK)

[LJ, Andrade, Vojta, PRL '16]
[Consoli, LJ, Vojta, Andrade, PRB '20]
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o-RuCls in Magnetic Field

Credit: S. Wurmehl

Phase diagram: Specific heat: -
H | ab (K)
0 o 0 5 10 15
WNéGI temperature (K)r ' l l o
- @ - Spingap (K) — 0.5
E 04 |
. g .
E/ 5 0.3 |
= o2
O R
0.1
0.0 |

[Wolter, Corredor, LJ, et al., PRB '17]
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o-RuCls in Magnetic Field

Credit: S. Wurmehl

Phase diagram: Specific heat: K
10 HH&.)b — 0 5 10 15 BEE SRERSE. Sndns
WN%I temperature (K)] | ENrOPY (mJ|K) i ' ' ' ; e )
gL - @ - Spin gap (K) . 05 —
3 % 0.4
61 .
3 &
E/ 5 0.3_
) .
O
2 0.1
0 00l

poH (T) [Wolter, Corredor, LJ, et al., PRB '17]

Half-integer quantum Hall effect:

Majorana
_ fermion

AX
az”

X)(9/2).L]/

[(y/3

K, /T (1078 W K2 m™)

[Kasahara et al., Nature '18]
[Yokoi et al., Science '21]
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¢ Cl™

o-RuCls: Zigzag o AN -

Hamiltonian:

Hip = Hop + J1 z §n,i'§m,i‘|‘---

(ni,mi)

[LJ, Koch, Vojta, PRB "20]
[Balz, LJ, et int., Nagler, PRB '21 (Editors’ Suggestion)]
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¢ Cl™

a-RuCls: Zigzag © hut

Hamiltonian:

Hip = Hop +J1 Z Sni-Smi+t...

(ni,mi)

[LJ, Koch, Vojta, PRB '20]
[Balz, LJ, et int., Nagler, PRB '21 (Editors’ Suggestion)]

Phase diagram: o

B | {1,1,0}

3-fold zigzag




o-RuClz: Zigzag

Hamiltonian:

Hip = Hop +J1 Z Sni-Smi+t...

(ni,mi)

[LJ, Koch, Vojta, PRB '20]
[Balz, LJ, et int., Nagler, PRB '21 (Editors’ Suggestion)]

Phase diagram: o

B | {1,1,0}

3-fold zigzag




o-RuCls: Zigzag

Hamiltonian:
Hip = Hop + J1. E Sni-Smi+...
(ni,mi)
[LJ, Koch, Vojta, PRB '20]
[Balz, LJ, et int., Nagler, PRB '21 (Editors’ Suggestion)]
Phase diagram: o

20
B || {1,1,0} : o

14 |

14

—— 35T
—— 6.6T

- 11

- 9.6

8.2 |
1A AL LN A MRARG 1 ATNLEA 1
6.7/ NAANIRA DGR D

Neutron diffraction intensity

_ 4 5.3
3-told zigzag 3901 00 01 02 'To'3' B
(-H, H, 0.5)
2 2.4
0 2 4 5 8 10 12 M point



¢ Cl™

a-RuCls: Zigzag © hut

Hamiltonian:

Hip = Hop +J1 Z Sni-Smi+t...

(ni,mi)

[LJ, Koch, Vojta, PRB '20]
[Balz, LJ, et int., Nagler, PRB '21 (Editors’ Suggestion)]

Phase diagram: o
20

18
17

14
B | {1,1,0}

St V;’r.

14 .
12

- 11

- 9.6

8.2

6.7

53 6-fold zigzag
3.9

2.4

3-fold zigzag



Na>CozTeOs: Triple-Q

Inelastic neutron
(a) 15

spectrum:
12

Energy (meV)

M,/2
Momentum

K'/2
Momentum

39

K/2

Credit: Yuan Li

M> K'/2
Momentum

Wilhelm Kriiger

[Kriiger, Chen, Jin, Li, LJ, arXiv:2211.16957]



Na>CozTeOs: Triple-Q

Inelastic neutron
(a) 15

spectrum:
12

Energy (meV)

Ground state:

M,/2

(b) 15

12

Credit: Yuan Li

K'/2
Momentum

39

M,
Momentum

Wilhelm Kriiger

—— > triple-Q order

[Kriiger, Chen, Jin, Li, LJ, arXiv:2211.16957]
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Example #3: Fractionalized Systems

Kitaev spin-1/2 model:

H=K za —I—XO' —I—ZO'O'J-Z

’J>X <’J <’J>z

[Kitaev, Ann. Phys. '06]
41



Example #3: Fractionalized Systems

Kitaev spin-1/2 model:

Majorana representation:
o ~ Ib*c
o’ ~ib'c

o’ ~ Ib°c

¢ °
lf” o ¢

spiIn 4 Majoranas
with gauge constraint

[Kitaev, Ann. Phys. '06]
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Example #3: Fractionalized Systems

Kitaev spin-1/2 model:

J
(i) x (if)y (if)z
Majorana representation: Fractionalization:
o ~ Ib*c
Y ibY e H o~ iKY (ibfb)cic;
. (ifa N
0% ~ ib*c = Ujj = LAI,TJ-

¢

with |d;;, H| =0 = static Z, gauge field!

- @

spiIn 4 Majoranas
with gauge constraint

[Kitaev, Ann. Phys. '06]
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Kitaev quantum spin liquid

Ground state: Majorana spectrum:

0,-J-|%u,-jzl |:> HNiKZCiCJ
(i))

[Kitaev, Ann. Phys. '06]
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Kitaev quantum spin liquid

Majorana spectrum:

Ground state:

Ujj —r Ujj

with v=1 1
A

—

External field h || [111]:

[Kitaev, Ann. Phys. '06]
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Kitaev quantum spin liquid

Majorana spectrum:

Ground state:

Ujj —r Ujj

with v=1 1
A

—

External field h || [111]:

—— > Fractionalized version of topological insulator!

[Kitaev, Ann. Phys. '06]
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Beyond Kitaev spin-1/2

Spin-orbital generalization:

0% 2X2 v =0*Q@7TP 4x4

spin 4 Majoranas . . 6 Majoranas
spin + orbital

with gauge constraint with gauge constraint

[Chulliparambil, et int., LJ, Tu, PRB '20]
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Kitaev-Heisenberg spin-orbital models

Hamiltonian:

with [d;;, H] = O still static!

[Seifert, Dong, et int., LJ, PRL '20]
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Kitaev-Heisenberg spin-orbital models

Hamiltonian:

with [d;;, H] = O still static!

Phase diagram:

Iz
\/\/\ X?X \M\M\ @XO
/ Nea " Na” 4\IIM\IIV
Symmetric liquid SO(3)-ordered liquid
0 J/IK

Fractionalized fermionic
quantum critical point

24

— ()
0.1 03 05 07 09 L1 13 L5 1.7 19
J/K

[Seifert, Dong, et int., LJ, PRL '20]



Effective low-energy model

Hamiltonian: A =1

5 2 t e
H = —tz CI-TACJ')\ — JZ (CI]LALT>Z\)\’CI)\’) Zihong Liu
(iJ) /

45 [Liu, Vojta, Assaad, LJ, PRL '22 (Editors’ Suggestion)]



Effective low-energy model

Hamiltonian:

SN & G
— —tz C:inCix — JZ (CIALTAX ) Ziﬁéﬁé Liu
(if)
Phase diagram: Symmetric SO(3)-ordered
liquid liquid
o 7
i?? ®§o 920
O O
J
Fermion spectral =030 J=0.70 o J=L10
function: j . j
3; 33 3

45 [Liu, Vojta, Assaad, LJ, PRL 22 (Editors’ Suggestion)]



Deconfined Metal-Insulator Transition

: . v/ v/
Competing orders: 2i° ggo

J Liu

antiferromagnet interlayer coherence

46 [Liu, Vojta, Assaad, LJ, PRL '22 (Editors’ Suggestion)]



Deconfined Metal-Insulator Transition

: & &
Competing orders: >/
S °%le Y00
o O
J Zihong Liu
N\
antiferromagnet interlayer coherence
, —
5 1 5 1 N\
46 40-3 \\‘\
(QU- Or g )’,}
T [S0(3) u(1) T [S0(3) vy S
- O > @) >
> )
o — — S~
Q). — ) - —
N R
S
L andau [Liu, Vojta, Assaad, LJ, PRL 22 (Editors’ Suggestion)]
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Deconfined Metal-Insulator Transition

Competing orders: 9?2 999
O

Liu

TV
= % %
S v

0.05 0.15 0.2 1 1.05 1.1

0.1
1/L
direct ... & ... continuous

47 [Liu, Vojta, Assaad, LJ, PRL '22 (Editors’ Suggestion)]



Deconfined Metal-Insulator Transition

Competing orders: ®ii 999
o

Zihong Liu

1.01 =

' X
099
-)
~ (L) —<—
0.97

7

0.95% 0.05 0.1 0.15 0.2 09 095 1 1.05 .1 09 095 1 1.05 1.1
1/L J J
direct ... & ... continuous

—— > Metallic deconfined quantum critical point!

47 [Liu, Vojta, Assaad, LJ, PRL '22 (Editors’ Suggestion)]
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Emergent Phenomena in Quantum Materials

&z

¢

//

~  Frustration

Emergent
symmetries

N
N
N

VA
/

"Quantum \

criticality

Emergent orders

~ Ty

X
“4_%,;.,

Emergent topology

Emergent particles






Field-Induced Quantum Paramagnet in o-RuCl3

Phase diagram: Sample dependence:
Kink in magnetostriction
I (1/GPa) T T
20 0.00-0=
| TE -0.5
. 1.5 % 1.0 *
X =
~ Z 15
((b) 1.0 t
5 2.0
e - | I I I I
E 0.5 25o 2 4 6 8 10 12
8_ soH (T)
& —10.0 1.0 | | | |
(b
— — 05}
H1-0.5 0
C\IIK
_1 O % 0.0
| .
_1'5 k§-0.5
10 | . i
-2.0 0 2 4 6 8 10 12

[Gass, et int., LJ, et al., PRB "20] [Yamashita et al., PRB "20]



Magnetic Anisotropy in o-RuCl3

(Jy, Ky, T, J3) = (—0.1,—1,0.5,0.1)A

K] | <A
T o . . . . ,
Susceptlblllty' ] 4 AT 3T —>—5T 24 - B/ AS - — 020 — 0.35 — 040
7.5 - —+— 6T 6.5T —o— 7T ] dal- — 0.42 0.44 — 0.46
= 2.2 1
= 7 ~~ 2
= 2 2.0
Lo 6.5 (@)|p)] ]
5 O 3I=C ]
= i S 1.8 -
o — 3
a8 S| :
= ] 1.6 1
5.5, :
| 1.4 1
S ]
T T T T ‘|’ 1.2 T T T T T
0 30 60 90 120 150 180 0 30 60 90 120 150 180
P ©(°)
- . W) ) ) Y ~
Phase dlagram. Ao A A’ A T =2K (J1, Ki,T1,J3) = (—0.1,—1,0.5,0.1)A
KJ_/JJ_=—1.14, J >0
8.0 - © Bei (Xac) © B2 (Xac) : : . . ,
' 0O BCl (X dC) 3f-zz 6f-zz
! —— D¢t —— Dg2 e : R :
06' © © B o—c —e o Layer 1 H o—0 o Layer 1
7.5 —e———o—o— Layer2 —o—o—o—o— Layer 2
o~ o 0—0 o—é Layer 3 ¢ ~—e o—cb Layer 3
b 7.0- o—c ---------- H ---------- o Layer 1 o—c o—0 o Layer 4
- |
—eo—o—o0—0— Layer2 —o—o—o—o— Layer 5
6.5 - ° 0—0 e—e layer3 t 0—o H Layer 6
50 Magnetic structures: Side view
0 3 60 90 120 150 180 0 30 60 90 120 150 180
o() o (°) [LJ, Koch, Vojta, PRB "20]

[Balz, LJ, et int., Nagler, PRB '21 (Editors’ Suggestion)]



Kitaev-Heisenberg model in external field: 1/S5 expansion

h | [11I1] :

5=3/2 J = Acosp
b) |
). K = 2Asinp

polarized N h || [111] |1
- | m vortex / N\ g —9 '
- | canted stripy / '\ —

- |m FM star / ]
canted Néel / - (a) ]
AF star / \ |
canted zigzag /" b~

[ |m AF vortex ; \

h/AS
S o w o oo

h/AS
= N % e T

0.85

y ‘{3 <dﬁ

h/AS

S = N W s Ot O
h/AS

O = N W s~ Ot O

050 -0.25 0.00 025 050  0.85 050 -0.25 0.00 025 050  0.85
/T p/T

[Consoli, LJ, Vojta, Andrade, PRB '20]



Na>Co2TeOeg: Inelastic Neutron Spectrum

Theory Experiment

(@) 16

(J K, [, T")=(1.2,-8.3,1.9, —2.3,0.5) meV
(J5, 3, J5) = (1.5,0.32, —0.24) eV

4
+ ring exchange
2
0 I . .
(1, 0) (0.5, 0) (1/3, 1/3) (1, 0) (0.5, 0) (1/3, 1/3) (1, 0)
Momentum (r.l.u.) Momentum (r.l.u.)
1.0 (d) 1.0 ll.O
05 X 001 e ¥ &) | 0.5
i < -0.5{ = iz3 I
-1. - - - - - - - 0.0 -1.0 - - ; - l - ' 0.0
-1.0-05 0.0 0.5 1.0 15 20 25 3.0 -1.0-0.5 0.0 05 1.0 15 2.0 2.5 3.0
(H, 0) (H, 0)

[Kriiger, Chen, Jin, Li, LJ, arXiv:2211.16957] [Yao et al., arXiv:2203.00282]



Phase diagram of Rxlr2O7

200

150

T (K)

50

100

R>* ionic radius (pm)

Lu, Y, Eu: No local moment

Y: Non-lanthanoide rare earth

[Witczak-Krempa et al., ARCMP ’14]

Energy (eV)
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[Kondo et al., Nat. Comm. '15]
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[Nakatsuji et al., PRL '06]



