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Beyond conventional magnetism

Conventional magnetic order
[Landau's formalism
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Beyond conventional magnetism

Conventional magnetic order Quantum spin liquids
Landau’s formalism Beyond Landau's model
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Why are quantum spin liquids interesting?

It’s a new state of matter:

¢ Collective behaviours and emergent phenomena
Electromagnetism
Quantum electrodynamics
High energy physics...

¢ How to classify these new states” Topological orders...
¢ Experimental challenge: what are the signatures?

¢ Very few experimental realizations in dimension d > 1



Triangular lattice
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K-(BEDT-TTF)2Cuz(CN)3
EtMesSb[Pd(dmit)z]>

Y. Shimizu et al., Phys. Rev. Lett. 91, 107001 (2003)
I. Itou et al., Nature Physics 6, 673 (2010)
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Kagome lattice
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Herbertsmithite ZnCuz(OH)sCl>

T.-H. Han at al., Nature 492,504 (2012)
M. P. Shores et al., J. Am. Chem. Soc. 127, 13462 (2005)

Pyrochlore lattice
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Pyrochlore Dy>Ti>O7, Ho2Ti2O7...
M. P. J. Gingras and P. A. McClarty, Rep. Prog. Phys. 77, 056501 (2014)

Hyperkagome Naulr3Os
Y. Okamoto et al., Phys. Rev. Lett. 99, 137207 (2007)

L. Balents, Nature 464 (2010)



A. Kitaev, Annals of Physics 321 (2006)
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S=1/2 honeycomb lattice

Exact ground state : quantum spin liquid
Emergent fractional excitations: Majorana modes and

flux excitations
Rich phase diagram

Anisotropic bond-dependent interactions
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The Kitaev model

A. Kitaev, Annals of Physics 321 (2006)
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« S=1/2 honeycomb lattice
- Exact ground state : quantum spin liquid

- Emergent fractional excitations: Majorana modes and
flux excitations

Theoretical prediction for the dynamical structure
factor in neutron scattering
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gap : pair of flux — 0
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Reciprocal space

S.-H. Do et al., Nature Physics 13, 1079 (2017) J. Knolle et al., Phys. Rev. B (2015)



The Kitaev moagel

A. Kitaev, Annals of Physics 321 (2006)
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« S=1/2 honeycomb lattice
- Exact ground state : quantum spin liquid

- Emergent fractional excitations: Majorana modes and flux
excitations

* Rich phase diagram

Tuning the ground state through external parameters
(magnetic field, pressure)
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& Gapped spin liquid
]
U

Gapless spin liquid

» Becomes topologically non-trivial under
magnetic field (non-Abelian excitations)



The Kitaev moagel

An alternative route to achieve quantum spin liquids

@ Exact solution : spin liquid ground state

8@8 Emergence of new fractional excitations with interesting statistical
v properties ©60606000000006

s RICC WIN &
() Possibility to navigate between different QSL regimes with external

"  parameters

Tools for guantum computing: the Toric code (c.f. A. Kitaev, Annals
of Physics 321 (2006))

C. Nayak et al., Rev. Mod. Physics 80, 3 (2008)
A. Stern, Nature 464, 7286 (2010)




The Kitaev model: experimental realization?

The Jackeli and Khaliullin proposal for experimental

C G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205 (2009)
realization
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CFS SOC
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?ﬂ? TS ) O Jeff = %
=0 -
free ion BiEnc e e e Jeff = 3
tog
ds metal transition in . . . ]
octahedral environment + Spin-orbit coupling + Edge-sharing octahedra
A~ 400-500 meV for Ir#+ Suppress super-exchange processes
Iri+ (505), Rué+ (4d5) PP P ge P

A~ 100 meV for Rus+

+ Hund’s coupling

jeft =1/2 pseudospin with Material candidates:

anisotropic exchange a-RuCls, NazlrOsz a-Li2olrOs, Li2RhOs ...

Interactions S. M. Winter et al., J. Phys.: Condens. Matter 29, 493002

(2017)




The Kitaev model: experimental realization? ®

Bond-dependent Kitaev interactions

Z bond Kz ZZ
4 5
> | - XX Anisotropic bond-dependent interactions
; /l_ —{ - —»§|>‘ — - D T QI Y Qy z Q7
L ~ HKz'taev — = Z (KCUSz Sa + KySZ SOé + KZSZ Sa)
Y- 4" A i,a=1,2,3

| / I | \
X LYY

P Kitaev quantum spin liquid



The Kitaev model: experimental realization?

Bond-dependent Kitaev interactions Isotropic Heisenberg interactions

72 bond Kz

2 Direct exchange

AND

Y bond \\\ ' 2 Distortions : bond angles away from 90°
<. adih
X bond N\ SIS # ;
b D TR
\\\\.‘
N - . o .

—3 | ong-range magnetic order at low temperature

J. Chaloupka et al., Phys. Rev. Lett. 110, 097204 (2013) 12



The Kitaev model: experimental realization?

Bond-dependent Kitaev interactions Isotropic Heisenberg interactions

72 bond Kz

2 Direct exchange
AND

w \¢ 2 Distortions : bond angles away from 90°
/

e

{i /) {J(‘q

Exchange tewnsor:

1P | ong-range magnetic order at low temperature Kw +J I'+1" I'+1T"
F+1" K,+J T+ 1"

'+1V T+1IV K+ J

P. A. Maksimov et al., Rhys. Rev. Research 2, 03311 (2020)
H. Liu et al., Phys. Rev. Letters 125, 047201 (2020) @



A promising material candidate: a-RuCls

A Van der Waals crystal

O

0
a) @
¢

Zigzag magnetic order

Kiktaev inkerackion
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zigzag N\ @

J. A. Sears, M. Songvilay et al., Phys. Rev. B 91, 144420 (2015)
R. D. Jonhson et al., Phys. Rev. B 92, 235119 (2015)
A. Banerjee et al., Nat. Mat. 15, 733 (2016)



A promising material candidate: a-RuCls

A Van der Waals crystal Possible field-induced quantum spin liquid state
o0 -0 -0 0 2 Suppression of magnetic order (in-plane field)
a ® d : : :
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J. A. Sears, M. Songvilay et al., Phys. Rev. B 91, 144420 (2015)
R. D. Jonhson et al., Phys. Rev. B 92, 235119 (2015)
A. Banerjee et al., Nat. Mat. 15, 733 (2016)




A promising material candidate: a-RuCls

A Van der Waals crystal

Half-integer thermal hall conductance : evidence
for edge current Majorana-like excitations ?

z Topological phase under magnetic field ?

Y. Kasahara et al., Nature 559, 7713 (2018)

a b Majorana
Electron fermion

Zigzag magnetic order

Z,_. flux

Kikaev inkeraction
¢ uoH (1)
4 6 8 10 12

Conventional paramagnet
Julkg = 80K --------------- oo oo oo oo
~ Spin liquid (Kitaev paramagnet) ~~

Half-integer c .
8r Ty quantized plateau ESO H a—

12

J. A. Sears, M. Songvilay et al., Phys. Rev. B 91, 144420 (2015)

R. D. Jonhson et al., Phys. Rev. B 92, 235119 (2015) _
A. Banerjee et al., Nat. Mat. 15, 733 (2016) J. Bruin et al., Nat. Phys. 18, 401 (2022) ugH, (M transition point
I. Yokoi et al., Science 373, 6554 (2021)

Topological phase



A promising material candidate: a-RuCls

Half-integer thermal hall conductance : evidence
for edge current Majorana-like excitations ?

2z Topological phase under magnetic field ?

Y. Kasahara et al., Nature 559, 7713 (2018)

a b Majorana
Electron fermion

- Other contributions to the thermal Hall effect?
E. Zhang et al., Phys. Rev. B 103, 174402 (2021)

—P Possible strong contribution of the
phonons to the thermal Hall conductivity”

R. Hentrich et al., Phys. Rev. Lett. 120, 117204 (2018)
E. Lefrancois et al., Phys. Rev. X 12, 021025 (2022)

Z, flux

¢ uoH (T)
4 6 8 10 12

Conventional paramagnet
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J. Bruin et al., Nat. Phys. 18, 401 (2022)
T. Yokoi et al., Science 373, 6554 (2021)
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Extending the search for Kitaev materials

Beyond the Jackeli-Khaliullin proposal :

v Spin-orbit coupling/electron correlations : 3d transition metals,
rare-earth, spin value...

v Other structures : organic materials, 3D lattices, triangular

lattices...
22 (231124 |[ 25 |[ 26 |[ 27 || 28
Ti V || Cr [[Mn]|| Fe || Co || NI
40 |[41|[42 |[ 43 |[44 |[45 |[ 46
_ _ _ Zr Nb [| Mo || Tc Ru Rh Pd Electronic
Spin-orbit coupling 7213174 75 |[76 |[77 |[78 |[ 79 | 5y || COTMelations
A~ 22 Hf || Ta || W || Re [[ Os || Ir || Pt || Au
104][105][106][107][108|[109][110][111
Rf || Db || Sg || Bh || Hs || Mt || Ds || Rg




Extending the search for Kitaev materials

Beyond the Jackeli-Khaliullin proposal :

v Spin-orbit coupling/electron correlations :
rare-earth, spin value...

—

v Other structures : organic materials, 3D lattices, triangular

lattices. ..

Spin-orbit coupling

A~ 22

\

3d transition metals,

26

22 || 23 || 24 || 25 i 28
TV |[Cr|[Mn]| Fe K Coljl NI
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H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018)

R. Sano et al., Phys. Rev. B 97, 014408 (2018)
H. Liu et al., Phys. Rev. Letters 125, 047201 (2020)
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Electronic
correlations



Beyond the Jackeli-Khaliullin proposal: cobalt materials

2 Theoretical proposal to realise the Kitaev model in high-spin d7
systems

H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018)
R. Sano et al., Phys. Rev. B 97, 014408 (2018)
H. Liu et al., Phys. Rev. Letters 125, 047201 (2020)

Co?* n octahedral environment : high spin 347 Ir4r in ocktahedral environment: §d4s
confiquration (S = 3/2, L = 1) confiquration
CF SOC
A CFS SOC
) » vs E—— —
Free ion .* | Jeit = 5/2 e
a7 —_— g
" "
8 - - —o— o=}
¢ S _O_
4‘I _ . “~<. . 3
”, P —F— jerr=3/2 free ion 8= B Jeff = 5
¥ . tog
A~ 30 meV
— jorr=1/2

S. M. Winter et al., J. Phys.: Condens. Matter 29, 493002 (2017)



Beyond the Jackeli-Khaliullin proposal: cobalt materials

Na>Co>TeOg

space group : P6322 (hexagonal)

.
Y4 AR Q.
S
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space group : C2/m (monoclinic)

Na

E. Lefrancois et al., Phys. Rev. B 94, 214416 (2016)
A. K. Bera et al., Phys. Rev. B 95, 094424 (2017)

C. Wong et al., J. Sol. State. Chem. 243 (2016)

J.-Q Yan et al., Phys. Rev. Mat. 3, 074405 (2019) @




Na>Co>TeOg

space group : P6322 (hexagonal)
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space group : C2/m (monoclinic)
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E. Lefrancois et al., Phys. Rev. B 94, 214416 (2016)
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C. Wong et al., J. Sol. State. Chem. 243 (2016)

J.-Q Yan et al., Phys. Rev. Mat. 3, 074405 (2019) @



Na>Co>TeOg

space group : P6322 (hexagonal)
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space group : C2/m (monoclinic)
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2 Zigzag magnetic order at low temperature

2 Anisotropic correlation lengths for NazCo2TeOs :
short-range inter-plane correlations Jint/d ~ 0.01

Magnetic structure determined by neutron powder diffraction
(D1B, ILL - France)

NasCo2TeOs
=(1/2, 0, 0)

NazCo02Sb0s
=(1/2, 1/2, 0)

E. Lefrancois et al., Phys. Rev. B 94, 214416 (2016)

A. K. Bera et al., Phys. Rev. B 95, 094424 (2017)
C. Wong et al., J. Sol. State. Chem. 243 (2016)
J.-Q Yan et al., Phys. Rev. Mat. 3, 074405 (2019)




Neutron scattering experiments @

NIST

National Institute of
Standards and Technology

MACS: Multi-Axis Crystal Spectrometer

Neutron scattering, an ideal tool for magnetic excitations:

2 No charge : probes the bulk and not the surface
2 Interaction with matter : nuclear and magnetic contribution
2z Energy of thermal neutrons : few meV

& (Cross-section directly proportional to spin-spin correlation
function

2z Allows measurements throughout the reciprocal space

(a) Cryo-filters to
reduce background

(b) Collimators to vary
resolution

Momentum and energy conservation

(c) 20 x double crystal — — -
PG analyzers
G=k—Fk
(d) 20 x diffraction | hz 5 5
detectors
E=hw=E;,— E; = —(k? — k?)
(e) 20 x spectroscopic m™m

detectors

e



Neutron inelastic study (powder)

Low Energy:

2 Excitations within the jer = 1/2 manifolds :
exchange interactions

MACS (NIST), E; = 5 meV

r=15K Na>Co,>TeOs
10 -

8 S
()]
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0 1 2 3
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lesting the spin model : spin wave calculations

Low Energy:

» Excitations within the jer = 1/2 manifolds : Spin Hamiltonian : Kitaev-Heisenberg model
exchange interactions

MACS (NIST), E;= 5 meV

K
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i
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H. Liu et al., Phys. Rev. Letters 125, 047201 (2020)




lesting the spin model : spin wave calculations

Low Energy: _ |
o o | | . e . Phase diagram as function of exchange
» Excitations within the je = 1/2 manifolds Spin Hamiltonian : Kitaev-Heisenberg model sarameters
exchange interactions
— Na2Co2TeOs NasCo02Sb0Os
MACS (NIST), E; = 5 meV K P03 mev
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i I'=0.3 meV
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H. Liu et al., Phys. Rev. Letters 125, 047201 (2020) 2




lesting the spin model : spin wave calculations

Low Energy:

» Excitations within the jer = 1/2 manifolds : Spin wave calculations
exchange interactions

Spinwave software

MACS, Ef=5 meV S. Petit, Collection SFN 12, 105 (2011)

r=15K Na>Co2TeOs
NIST " ’
i
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Inc
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NasCo2SbOs




lesting the spin model : spin wave calculations

Ji J2 J3 K I’ I’

Low Energy:

e L | | | - - Na,Co,TeOs —0.1(5) 0.3(3) 0.93)/—9.05)\ 1.8(5) 0.3(3)
» Excitations within the je = 1/2 manifolds : Spin wave calculations Na;C0,SbOs —2.0(5) 0.02) 0.8\ —9.0(10Y 0.3(3) —0.8(2)

exchange interactions

Spinwave software | NazCo2Te0s
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pAcs, r=ome S. Petit, Collection SFN 12, 105 (2011) b2 e
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Comparison with theory: NasCo2Sb0Os

Low Energy: Comparison with theory : NazCo2SbOs Our work
2 Excitations within the jer = 1/2 manifolds : — —
exchange interactions H. Liu et al., Phys. Rev. Letters 125, 047201 (2020) NasCo25bOs

MACS, Ef=5 meV
Ir=15K 10 NazCo02Sb0Os 1
NIST 40
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Comparison with theory: NasCo2Sb0Os

Low Energy:

2 Excitations within the jer = 1/2 manifolds :
exchange interactions

MACS, Er =5 meV

T=15K 10 NazCo02Sb0Oe
?f:ﬁz:‘::l:n:ﬂ;u;icfnology 8

Comparison with theory : NazCo2SbOs

H. Liu et al., Phys. Rev. Letters 125, 047201 (2020)

Intensity (barns.me\f1 )

Trigonal field
(octahedral distortion)
Confirmation in single crystal materials is essential !!

Our work

NasCo2Sb0s

Theory J/|K| ~-0.14 r'/|K| ~-0.03 I'/|K| ~-0.16

Experiment

(our work) 1/2*(J1/J3)/|K| ~ -0.15

I'/|K| ~ -0.03 I'/|K| ~ -0.08




Recent single crystal data : Na>Co2Te0e

Neutron inelastic data

T

W. Chen et al., Phys. Rev. B 103, 180404 (2021)
W. Yao et al., arXiv 2203.00282v1 (2022) (a)
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Q, =(H,0)

2 Flat band perpendicularly to the planes : quasi 2D-
materials (Jint very weak)




Recent single crystal data : Na>Co2Te0e

Neutron inelastic data Our model| Lin et al. Kim et al.
W. Chen et al., Phys. Rev. B 103, L180404 (2021) Phys. Rev. B 102, 224429 (2020) Nat. Comm. 12, 5559 (2021) J. Phys.: Condens. Matt. 34, 045802 (2021)
W. Yao et al., arXiv 2203.00282v1 (2022) - e I
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Recent single crystal data : Na>Co2Te0e

Neutron inelastic data Our model

T ——

W. Chen et al., Phys. Rev. B 103, L180404 (2021) Phys. Rev. B 102, 224429 (2020)
W. Yao et al., arXiv 2203.00282v1 (2022)
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» Proximity to a hidden-SU(2)-symmetric point
» Possible complex triple-Q magnetic ground state
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Other cobalt materials
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Conclusion

* Rich playground for material research/design: interplay between spin-orbit coupling, crystal
field, Hund’s coupling and lattice (3d/4d/5d transition metals, rare-earth, other geometries)

% Recent motivation re-visit Co materials: versatile materials with rich and complex magnetic
states, beyond Kitaev physics (complex magnetic order, multi-g state, hidden order,
topological magnons...)
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What experimental signatures?

An exact model: predictions for experimental signatures

Magnetization, specific heat Thermal Hall effect
Thermodynamic signatures of fractional Signature for topological phase: chiral edge
excitations modes
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Neutron inelastic study (powders)

Low Energy: | Higher Energy:
2 Excitations within the jer = 1/2 manifolds : 2 Excitations between the jef = 1/2 and jest = 3/2
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lesting the spin model : spin wave calculations

Low Energy:

Spin wave calculations : Kitaev-Heisenger vs. Heisenberg XXZ models
& Excitations within the jerr = 1/2 manifolds : — —

exchange interactions
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Na->Coo1eQeg: relevance of Kitaev interactions?

J1-d2-da3 model with weak Ising anisotropy

W. Chen et al., Phys. Rev. B 103, L180404 (2021) 3 Y o
W. Yao et al., arXiv 2203.00282v1 (2022) H =31, (SS7+S5]S + ASiSY)
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2 A weak J+ Interaction necessary to
stabilise the k = (1/2 0 0) phase

I' (0,0) M (0.5,0) K (1/3,1/3) I' (0,0)

Js3=2.1TmeV ,6 A4 =1.03




Na->Coo1eQeg: relevance of Kitaev interactions?

J1-d2-da3 model with weak Ising anisotropy

W. Chen et al., Phys. Rev. B 103, L180404 (2021) 3 Y o
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2 Another ingredient is necessary: bond dependent interactions? ... to be continued @



