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QSL?

Q =2 quantum fluctuations
S = spin (or J) = strong correlations = Mott insulator

L = liquid = linear superposition of many configurations
(not solid, no disorder, not spin glass, not spin ice)



Very first signatures of a QSL: local moments exist; they interact strongly

But interaction and geometric frustration do

4 not allow the spins to order
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Large f = very first
signatures of a QSL



Landau paradigm

spontaneously
broken symmetry

—>local order

parameter
- bosonic
excitations

Quantum Matter
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Topological Paradigm
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Topological Bands Topological order

= Ground state degeneracy
" Longrange entanglement
® Fractionalized Excitations

Important for storing information non-locally;
robust against decoherence



Topological Order

¢ Ground state of gapped many body system is degenerate
** Degeneracy depends on genus of Riemann surface

¢ Topological degeneracy cannot be lifted by any local perturbation
(different from symmetry)



Fractionalized Excitations

Experimental significance of topological order:
(different from any symmetry breaking states)

1. Finite-energy quasiparticles of topological ordered systems carry
fractional charges and fractional statistics

2. Topological ordered states can have gapless boundary excitations
—> topologically protected (against local perturbations)
- perfect conducting boundary channels = device applications.

3. Emergent gauge theories

4. Building block for topological qubits = robust quantum computation
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Today’s Focus:

1. Rich phase diagram of Kitaev model as a function
of magnetic field
-- new intermediate gapless QSL phase

2. Proposal for how to see sharp signatures of
fractionalized excitations in experiments



Kitaev Model: bond-dependent interactions between qubits

1 x x y Y ?
H= KXo o +209 +2009
Liy> et L)>€y G|V €2

A. Kitaev, Annals of Physics 321,
2-111 (2006)

Exact solution
No magnetic long range order

Topological order

= Quantun spin liquid with
long range entanglement
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Frustration Fractionalization Emergence
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Kitaev honeycomb model + [111] field
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Kitaev honeycomb model + [111] field

H=K 2 aj“a,‘f—hzaj“
j.a

<jk>gq

Third order perturbation leads
to a topological gap
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Kitaev honeycomb model + [111] field

Hsz:aak hz

<jk>gq

Third order perturbation leads
to a topological gap
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Intermediate
gapless phase
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Exact diagonalization

24 sites
Ronquillo, Vengal, Trivedi, PRB 99, 140413 (2019}5



Evidence for Two Transitions

H=Hg+h) 8¢
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Patel & Trivedi, PNAS 116,12199 (2019) pir1s



Spin-Spin Correlations in Intermediate phase

IGP
= appe apless
Slome Cge g CRI = Y (8:8) - (8- (S))
§0 ~ 0.2 ~0.35 H|/K Ng , ’ :

Distinct power law decay
of real- space spin-spin
correlations!

| il DMRG: 160 sites
100 100.4 100.8 101.2

R=li—j
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Rich Phase Diagram
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Today’s Focus:

1. Rich phase diagram of Kitaev model as a function
of magnetic field
-- new intermediate gapless QSL phase

[

2. Proposal for how to see sharp signatures of
fractionalized excitations in experiments
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Inelastic neutron scattering

K, Q
neutron

K-k Q—w
neutron

magnon (s=1)

La,CuQ,: Mott Insulator Antiferromagnet

350 I I I I

50¢

(3/3,1/4)W (1/2,0) (3/4,1/4) (1,0) (1/2,0)

(TC,TC) k 9

Long range antiferromagnetic order

Sharp peaks in inelastic neutron scattering
structure factor S(q,»)

- Magnon modes with dispersion E(k)

Coldea, Hayden, Aeppli, Perring, Frost, Mason, Cheong,

Fisk, PRL 86, 5377 (2001) 20



6 QSL Kitaev Model:
St 1  Local moments exist,
e * they interact strongly,
= e BUT there are no well-
3 3} 1 defined modes
2 . Theory: Knolle, Kovrizhin, Chalker, Moessner PRL
112,207203 (2014)

M [ K M
q
Oew| = 40K
o-RuCl;: Mott Insulator s - Fe
Quantum Spin Liquid c
candidate f~6
Experiment: Banerjee, Yan, Knolle, Bridges, Stone, Lumsden, Mandrus, Tennant, Moessner, and Nagler, Science 356, 21

1055 (2017)



Fractionalization

K,Q K—kQ—uw

VO

Sk, ®) ~ F.T.[6()5_(0)]

Inelastic neutron scattering
mixes fluxes and majorana
fermions

Local spin excitation
fractionalizes into
majorana + Z, fluxes



Prediction for a sharp signature in a QSL

Excitation Kitaev Heisenberg
R
Ol = g 1 spin flip EIITOP?(TE Sharp
3 _ Igh ENergy Strong
S1(g. ) = (o7 (1)o7 (0) )
FT(i-j)
02 = J:_CF?—_'_E 2 spin flip Eharp; directional Broad
. OW energy Weak
b?(q t) — < i 3—|—z( ) j—|—z( ) } e
FT(i-j)

Feng, Agarwala, Bhattacharjee, Trivedi, PRB 108, 035149 (2023) 23



Dynamical spin-spin correlations

S¢(k,w) = » (0log|m) (m|o®|0) 6(w — En, + Ey)
m=#0

Dynamical dimer-dimer correlations

S5 (k,w) = ) _(0|Dg[m) (m|D2|0) d(w — E, + Eo)




Anisotropy + Field = sharp signature of anyons
in the flux sector

Toric Code

A e, m charges
condensed
(polarized)
K. [Kqyy

Chiral QSL

perturbative

h/K (field)
[111] direction
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Toric Code in large K, limit

T H=K ), SIS+K ) SIS/+K. ) S5
+ | §i + x bond y bond z bond
Pttt = e — 7 = o — o)/
| | 1 spin flip—=> high energy sector

2 spin flips = returns to the low energy sector

Fourth order perturbation theory:

Heg ~ — Z Ag — Z By, Excitations of gauge field:
S p e, m (bosons)
A, = HTZ?C B, = HTZ'Z e xm (fermions)

1€S 1ED




Magnetic-field induces anyon dynamics

H=K Y SIST+K Y SUSY+K. Y S8 -h) §

x bond y bond z bond 1

. Second order perturbation theory:

HeﬁN—ZAS—ZBp—i—Z[h(—QTgJ
S P ) &
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g-integrated 2 Spin Flip Spectrum
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g-integrated 2 Spin Flip Spectrum
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Two-spin flip spectral function:

S5 (k,w) = Y _{0[DR|m) (m|D2y|0) §(w — Enm + Eo)
m=#£0

(6 Zp— (87 (87

0.5 1.0




Constrained anyon dispersion

W — Wpeak
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Magnetic-field-induced anyon dynamics
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Magnetic-field-induced an
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Magnetic-field-induced anvon dvnamics
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1D transport of composite anyon in a 2D model!



2-spin flip response

Toric Code
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How can we see the statistics of
the fractionalized anyons?



Dynamics of Toric Code

Hy=-Ja) A,—Jp)» B,

v p
H=Hy—hx» X;—hz) Z
J J

Z, Abelian anyons: Y l l
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Linear response

N
t=0 : PROBE M = ZJ;‘ (a € {z,y,2})
j=1
t : MEASURE Mﬁ(t)

Xh(0) = — - (01[M(t), M*(0)]0)

Toric Code b
D (t) ~ - x sin(At)

\ ] | J
! !

each Mz can either excite a pair of e anyons with
agapA=4)

Decreasing probability to find
the two anyons at the same
location to be annihilated
together at time t

Fava, Gopalakrishnan, Vasseur, Essler, Parameswaran, PRL 131, 256505 (2023)

McGinley, Fava, Parameswaran, PRL 132, 066702 (2024) 38



NON-Linear response

Wan, Armitage PRL 122, 257401 (2019);

Wonjune Choi, Ki Hoon Lee, Yong Baek Kim,

124,117205 (2020)
S. Mukamel, Principles of Nonlinear Optical
Spectroscopy (Oxford 1995).

| | | >

=O t=t1 t=t2 (T =1 tn_l,tO—O)
PUMP PROBE MEAS
M* MPB M7

700 = - _<o | [M%(0), MP(9)]]0)

“apy

=PE (t, 1) = —ﬁ((o|e""M“[Mﬁ(tl),M”(tz)]e"’”M“IO) - (OI[Mﬁ(ﬁ)aMy(tz)]lo))

#0in pumped state

2

= ﬂ)(f; [t 1) + —)( © Sl ) + O

»in g.s.
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Braiding
7O, 1) ~ (0| MXO)M(t,)M(t,)M*(0) | 0)
t (bra)
VAR SR ) ¥ ) M *(0)

anyons created by the first
pulse can braid with those
created by the second pulse

Tyt To
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Braiding iDMRG simulations
+ ED (test)

* XZZresponse creates e-m-e-m
excitations that braid
* does not quickly decay

* XXX response creates e-e-e-e
excitations; no braiding

* Decays
* contribution from divergent piece of . essentially proportional to linear
IESPONSE response

A, ¢, A, b, c = [3.769, 1.463, 1.958, -0.194, -2.283]

H J/’ = 0. A, 9, A, b = [3.909, 0.032, 23.373, 7.873]
Perturbed Toric Code, h/J = 0.05 Perturbed Toric Code, h/J — 0.05

X}\'ZZX

i
3 x 4 ED —— = (A b/t)sin(AE + )

. : : )
@) 0 1 2 3 4 5 6

L : . ; L ;
0 1 2 3 4 5 6
Ty

b (3) _ _ b .
XS?)ZZ(’H =0,72) = {a + - X sin(ATs) Xxxx(1=0,72) = [a + 7_2] X sin(ATz)

divergent behavior from braiding
(due to increased probability
of braiding at long times)
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Outlook for QSLs

Need more quantum materials

Synthetic platforms for model QSLs

New types of probes of fractionalized

excitations and their statistics = two spin

flips

Braiding signatures in non-linear
susceptibility to distinguish abelian and
non-abelian signatures

Band limit of Kitaev magnets
promising for new design

principle for flat bands -- frustration
kinetic frustration due to

Detection of anyon braiding through pump-
probe spectroscopy, Xu Yang, R. Buechele, N.
Trivedi, arXiv:2503.22792

Anyon dynamics in field-driven phases of the
anisotropic Kitaev model,

S. Feng, A. Agarwala, S. Bhattacharjee, N.
Trivedi, PRB 108, 035149 (2023)

Fractionalization Signatures in the Dynamics
of Quantum Spin Liquids

Kang Wang, Shi Feng, Penghao Zhu, Runze
Chi, Hai-Jun Liao, N. Trivedi, and Tao Xiang,
PRB 111, L100402, (2025)

Emergent Majorana Metal in a Chiral
Quantum Spin Liquid

Penghao Zhu, Shi Feng, Kang Wang, Tao
Xiang, and N. Trivedi, Nature Comm. 16,
2420(2025)

Orbital frustration and topological flat bands
Wenjuan Zhang , Z. Addison, N. Trivedi
PRB 104, 235202 (2021)

Flat bands arising from spin-orbit assisted orbital

interference of pathways

Z. Addison and N. Trivedi PRB 106, 235144 (2022)
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