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My other projects I’d be glad to discuss at the 
workshop

• Topological phase of repulsively interacting quantum wire with SO coupling


• Weakly coupled critical SU(3) chains [bilinear-biquadratic spin S=1 chains] 


• Chiral liquid in spin-1 XXZ model on triangular lattice/M=1/3 magnetization plateau



The big question(s)
What is quantum spin liquid?

Which materials realize it?

How to detect/observe it?

Past candidates: Cs2CuCl4, kagome volborthite…

Current candidates: kagome herbertsmithite, α-RuCl3, organic Mott insulators

Neutrons (if good single crystals are available), NMR, ESR

No broken symmetries.

Quantum entangled state:


fractionalized excitations = spinons 
emergent gauge fields 

Savary, Balents 2017



Organic Mott insulators: Spin liquid with spinon 
Fermi surface?

M. Yamashita et al, Science 2010

theory: O. Motrunich 2005, 
S.-S. Lee and P. A. Lee 2005

electrical insulator, 
but metal-like thermal conductor

Spin liquid?

Non-magnetic 

charge-ordered



α-RuCl3: quantized thermal Hall

Edge Majorana spinons?



S=1 spin wave 
breaks into two 
domain walls / 

spinons: 
hence each is  
carrying S=1/2

How to tell a spinon from a spin wave?

Bethe’s solution: 1933
identification of spinons: 1981

Fully  
understood: 
d=1 chain



Two-spinon continuum of spin-1/2 chain

Low-energy sector QAFM=π

Upper boundary

Lower 
boundary

En
er

gy
 ε

 

Spinon energy

S=1 excitation

Qx

Variables:
kx1 and kx2

     or
ε and Qx

de Cloizeaux-Peason dispersion, 1962

2-spinon
continuum

Cs2CuCl4

Two particle  
Excitation

Kohno, OS, Balents



Spinon 
Magnetic 
Resonance



Electron Spin Resonance (ESR)

M. Oshikawa and I. Affleck, Phys. Rev. B 65, 134410 (2002).


ESR measures absorption of electromagnetic radiation by a sample that is  
(typically) subjected to an external static magnetic field.

Linear response theory:

For SU(2) invariant systems, completely sharp:

No matter how exotic the ground state is!



The key point
• Perturbations violating SU(2) symmetry 

do show up in ESR: line shift and line 
width! 

• turn annoying material imperfection (spin-
orbit, Dzyaloshinksii-Moriya) into a probe 
of exotic spin state and its excitations 

• probe small-q excitations by ESR



Condensed matter 
physics in 21 century: 
the age of spin-orbit

✓ spintronics 
✓ topological insulators, Majorana fermions 
✓ Kitaev’s non-abelian honeycomb spin liquid

absence of SU(2) is actually not a restriction!

It is all about spin-orbit



Outline
• Main ingredients 

- spin liquid  

- absence of spin-rotational symmetry (spin-
orbit, DM, anisotropy…) 

• Line shape: ESR of one-dimensional spinon 
continuum in Cs2CuCl4 

• Line shape: ESR of two-dimensional spinon 
continuum YbMgGaO4  

• Line width: ESR of spinons coupled to gauge 
field 

• Conclusions



Probing spinon continuum in one dimension

transverse spin structure factor

Oshikawa, Affleck, PRB 65 134410 (2002)
Dender et al, PRL 1997

H=0

I(!) / �(! �H)



Uniform Dzyaloshinskii-Moriya interaction

H = Â
x,y,z

JSx,y,z · Sx+1,y,z�Dy,z · Sx,y,z⇥Sx+1,y,z�gµBH · Sx,y,z

chain uniform DM along the chain magnetic field

DM interaction allows to probe spinon 
continuum at finite “boost” momentum

rotated basis: q=0
original basis: q=D/J

dotted lines: D=0 picture
Oshikawa, Affleck 2002

!
q = 0! q = D/(Ja0)) 2ph̄nR/L = gµBH±pD/2

S

+(x)! S

+(x)ei(D/J)xUnitary rotation about z-axis ,Sz(x)! S

z(x)

‣ removes DM term from the Hamiltonian (to D2 accuracy)
‣ boosts momentum to D/(J a0)

H II D



• Spin-1/2 AFM chain = half-filled (1 electron per site, kF=π/2a )  fermion chain

! 2kF (= π/a) fluctuations: charge density wave ε , spin density wave N

Spin flip ΔS=1

ΔS=0

Staggered  
Magnetization N

Staggered  
Dimerization 

 ε = (-1)x Sx Sx+a 

Susceptibility

1/q

1/q

1/q

kF-kF

kF-kF

• Must be careful: often spin-charge separation must be enforced by hand

! q=0 fluctuations: right (R) and left (L) spin currents

~MR/L = Y†
R/L,s

~sss0

2
YR/L,s0

Explanation II: arbitrary orientation

Relevant spin degrees of freedom



Arbitrary orientation of H and D

unperturbed chain uniform DM along the chain magnetic field

2pv
3

[(~MR)2 +(~ML)2] �vD
J

[Md
R�Md

L] �gµBH[Mz
R +Mz

L]H =

Uniform DM produces internal 
momentum-dependent magnetic field along d-axis

gµB~H± h̄v~D/J

2ph̄nR/L = |gµB~H ± h̄v~D/J|

• Total field acting on right/left movers

• Hence ESR signals at

•  Polarization: for H=0 maximal absorption when microwave field hmw is 
perpendicular to the internal (DM) one. Hence hmw || b is most effective. 

Gangadharaiah, Sun, OS, PRB 2008
Povarov et al, PRL 2011

H

+D-D

BRBL



 Cs2CuCl4     ESR data: T=1.3 K

• H along b-axis

•  H along a-axis: 
splitting of the ESR line

gb = 2.08

ga = 2.20

2ph̄n =
p

(gbµBH)2 +D2

✓ gap-like behavior for ν > 17 GHz

✓ loss of intensity for ν < 17 GHz

Povarov et al, 2011



Cs2CuCl4 ESR data

•  General orientation of H and D 
• 4 sites/chains in unit cell

Dc/(4h̄) = 11 GHz

Da/(4h̄) = 8 GHz 0.3 Tesla 
0.4 Tesla

a-b plane

b-c plane

• for H along b-axis only: the “gap” is determined 
by the DM interaction strength

D =
p
2

q
D2

a +D2
c! (2ph̄)13.6 GHz

D ~ J/10

Linear in T line width 
S. C. Furuya Phys. Rev. B 95, 014416 (2017)



Zero-field absorption:  
1)  ESR absorption in the absence of H 

2) strong polarization dependence in zero field

H

The largest absorption  occurs when microwave field h(t) 
is lined along crystal b-axis, h || b [so that it is 
perpendicular to the D vector in a-c plane] 

⌫ ⇠
p
D2

a +D2
c

Povarov et al, PRL 2011



J = 20 K, D = 0.27 K



“This could be the discovery of the century. Depending, 
of course, on how far down it goes”

Two-dimensional spin liquids with fractionalized excitations



Two (and three) dimensional spin liquids

No magnetic order

Significant spin-orbit interaction


Fractionalized excitations

Kitaev materials

Pyrochlores


Iridates

YbMgGaO4

interesting

promising 


simple lattice

Yb3+

Spinon Fermi surface 
state suggested by  
early neutron exps!



Higher dimensional extension (weak Mott insulators)
• origin of DM: spin-orbit tunneling in Hubbard model 

• 2D square lattice with uniform spin-orbit interaction (YBa2 Cu3 O6+x ) 

• (Lattice) spin-orbit interaction of Rashba type 

• Transition to spinons via slave-rotor formulation 

• (mean-field) Rashba Hamiltonian for free spinons (fr,s) 

Glenn, OS, Raikh, PRB 2012

cr,� = fr,�e
i✓r

Ĥf =
X

i,j

f+
i,↵(�t�↵� + i~�e↵

ij · ~s↵�)fj,� � ~H · f+
i,↵~s↵�fj,�

~�ij = �ẑ ⇥ (~ri � ~rj)
Coffey, Rice, Zhang 1991 
Shekhtman, Entin-Wolhman, Aharony 1992 
Bonesteel 1993

Florens and Georges 2004 
S.-S. Lee and P. A. Lee 2005



Estimates for 2d spinon gas using Rashba model as an example

in-plane H

q=0 transitions
at single ω = gμh

no DM

DM

ω = gμH

the width of the line ~ min( H, αR kF)  
line shape is strongly polarization-dependent:

ESR signal

q
D2

SO +D2
Z +2DSODZ sinfsplitting of Fermi surfaces

Glenn, OS, Raikh 2012

[w�w
min/max

]�1/2

[w�w
min/max

]1/2

for h(t) perpendicular to H

for h(t) parallel to H

ESR signal
χ’’

ωmin ωmax

D

in-plane H

ωmin

ωmax

a
R

(p

x

s
y

� p

y

s
x

)
in-plane H

μ

μ

Energy absorption
due to microwave h(t)



2D spin liquid: YbMgGaO4

Figure from: Nature 540, pp 559–562 (2016).

Strong spin-orbit coupling 



Spinon continuum?

Sign of spinon 

Fermi surface?

Broad signal

in polarized phase?

very  
disordered



Spinon hypothesis

Spinon mean-field Hamiltonian 

derived with the help of 


Projective Symmetry Group (PSG) analysis

Basic idea: physical spin S is bilinear of spinons f,

spinons have bigger symmetry group than spins,


this leads to gauge freedom and

different classes of possible mean-fields.


These classes describe the same spin problem.

X G Wen

Dirac spectrum!

Sa
r =

1

2
f†
r↵�

a
↵�fr�



Mean-field Hamiltonians

U1A00, U1A01, U1A10, U1A11; U1Bxx 
SU(2) trivial π-fluxOur focus

Eight types:

Accidental Symmetry

= ideal ESR



Spinon magnetic resonance

AC magnetic field couples to the total spin Sa
r =

1

2
f†
r↵�

a
↵�fr�

Rate of energy absorption

Dynamic susceptibility at q=0

θ=0

θ=π/4

θ=π/2

van Hove

singularities

n

Absorption without  
external static field!



Additional extremum in the spinon spectrum

due to symmetry-enforced Dirac touching


at K point

With magnetic field along Z
U1A11

θ=π/4

θ=π/2

θ=0

U1A00

Spinon Fermi 

surface state,


accidental SU(2)

Absorption without  
external static field!

threshold frequency

is determined by Bz

additional

singularity

sin2 ✓ �(! �Bz)



Existing ESR in YbMgGaO4
Y. Li, G. Chen, W. Tong et al,  

Phys. Rev. Lett. 115, 167203 (2015).

Minimum temperature: 1.8 K

X. Zhang, F. Mahmood, M. Daum et al,  
arXiv: 1708.07503.

Lower the temperature to 

see the spinon effect!


T ~ 0.1 K



Linewidth vs line shape

• Spinon band structure determines line shape of 
absorption (discussed previously).


• Interactions determine h,T-dependent line width !

Lu(1) =  †
↵

⇣
@t � iA0 + ✏(r� i ~A)

⌘
 ↵

�L
R

= ↵
R

 †
↵

⇣
(p

x

+A
x

)�y � (p
y

+A
y

)�x

⌘
 
↵

Ideal U(1) 

spin liquid

Rashba-like

perturbation


due to spin orbit

interaction



Mori-Kawasaki formalism

GR
S+S�(!) / 1/(! � h� ⌃(!))

⌘(! = h) = Im⌃(! = h) = �
Im{GR

AA†(!)}
2hSzi

A = [�H
R

, S+] = �2i↵
R

X

p,q

 †
p+q

�z 
p

(A
x,q

� iA
y,q

)

Line width

Retarded spin GF

⌘(h) ⇠ ↵2
R

Z
d✏[1 + nB(✏) + nB(h� ✏)]ImGR

Sz
qS

z
�q
(✏)ImGR

A�
q A+

q
(h� ✏)

ImGR
A�

q A+
q
(⌫) =

�q⌫

�2⌫2 + �2q6

ImGR
Sz
qS

z
�q
(✏) =

m

2⇡

✏p
v2q2 � ✏2

⇥(vq � |✏|)

Gauge field propagator

`Particle-hole’

spinon continuum

Perturbation is encoded in the composite operator 

(depends on polarization of microwave radiation!)



Preliminary results for perturbed U(1) spin liquid

T = 0,

h>> T ⌘ ⇠ ↵2

R!
5/3/h ⇠ h2/3, h > 0

⌘ ⇠ !2/3, h = 0

T > 0,

h<< T

f(x) ! �4.4x for x ⌧ 1; f(x) ! 0.75x

5/3
for x � 1

⌘ =
1

2�uh

⇣mT

8⇡�
+ c̃0T

5/3f(
h

T
)
⌘
⇠ T

h
+ T 2/3

OS, Balents, in progress…

��������
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x = h/T



Conclusion: 
Spinon magnetic resonance is generic 
feature of spin liquids with significant 
spin-orbit interaction and fractionalized 
excitations 

Main features: 
• broad continuum response 
• zero-field absorption (polarized 

terahertz spectroscopy) 
• strong polarization dependence 
• van Hove singularities of spinon 

spectrum 
• interesting and varying h,T 

dependence of the resonance line 
width



Kitaev model and α-RuCl3





200 cm-1 = 6 THz

4 meV = 1 THz

Spinons?

Examples of  
current literature


