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Abstract: The Kitaev model with anisotropic interactions on the bonds of a honeycomb lattice is a paradigmatic model for quantum spin liquids.
Despite the simplicity of the model, a rich phase diagram with gapless and gapped quantum spin liquid phases, with abelian and non-abelian
excitations, are revealed as a function of a magnetic field and bond couplings. Our results of the entanglement entropy, topological entanglement
entropy, and the dynamical spin excitation spectrum, are obtained using exact diagonalization and density matrix renormalization group (DMRG)
methods. We provide insightsinto the phases from the underlying effective field theories.

In collaboration with Shi Feng, Cullen Gantenberg, Adhip Agarwala, Subhro Bhattacharjee

[1] Signatures of magnetic-field-driven quantum phase transitions in the entanglement entropy and spin dynamics of the Kitaev honeycomb model,
David C. Ronquillo, Adu Vengal, Nandini Trivedi, Phys. Rev. B 99, 140413 (2019)

[2] Magnetic field induced intermediate quantum spin-liquid with a spinon Fermi surface, Niravkumar D. Patel and Nandini Trivedi, Proceedings of
the National Academy of Sciences 116, 12199 (2019).

[3] Two-Magnon Bound States in the Kitaev Model in a[111]-Field, Subhasree Pradhan, Niravkumar D. Patel, Nandini Trivedi, Phys. Rev. B 101,
180401 (2020)

[4] Symmetry Analysis of Tensors in the Honeycomb L attice of Edge-Sharing Octahedra, Franz G. Utermohlen, Nandini Trivedi, Phys. Rev. B 103,
155124 (2021)

Pirsa: 22050034 Page 1/36



Pirsa: 22050034

New topological phases in the Kitaev model
as a function of magnetic field

Nandini Trivedi
Physics Department
The Ohio State University

trivedi.15@osu.edu

http://trivediresearch.org.ohio-state.edu/

-

PIT&?%TTEJ?E Quantum Criticality: Gauge Fields and Matter

16-20 May 2022 Center of Emergent Materials
AmerlcaToronto tmezone NSF MRSEC " DM R

Page 2/36



Subhro Bhattacharya,

Oosu ICTS Bangalore

David Adu Vengal lan Osborne. Nirav Patel Subhasree Franz Gonzalo
Ronquillo Pradhan Utermohlen Alvarez

Pirsa: 22050034 Page 3/36



Field-orientation-dependent spin dynamics of the
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liquid phase with a spinon Fermi surface

PNAS 116, 12199 (2019)

: . \ Related work:

Two-M?gnon Bound States in the Kitaev Model in a Z. Zhu, Kimchi, D.N. Sheng, L. Fu,
[111]-Field; PRB 101, 180401 (2020); PRB 97, 241110 (2018)
Symmetry Analysis of Tensors in the Honeycomb Gohlke, Moessner, Pollmann,
Lattice of Edge-Sharing Octahedra, PRB 98, 014418 (2018)
PRB 103, 155124 (2021). C. Hickey and S. Trebst,
Gapless to gapless phase transitions in quantum spin H.C. Jiana. C.Y. YaI:IIat.Bc;:oHTJ?H 10"Y§/IBOL(L|201 %
chains, PRB 105, 014435 (2022) h a0 e
Orbital Frustration and Topological Flatbands, ' Y. Motome and J. Nasu,

(2021) J. Phys. Soc. Jpn. 89, 012002 (2020)

@700 » Wenjuan Zhang Zachary Addison

Pirsa: 22050034 Page 4/36



Kitaev Model: bond-dependent interactions

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

o

(2+1)D Quantum spin model:
Exact solution
No magnetic long range order
Topological order
- Quantun spin liquid with
long range entanglement
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Jackeli and KhaIiIIin,
PRL 102, 017205 (2009)
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Kitaev Model: bond-dependent interactions
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Link Operators (vector potential) and Plaquette operators (flux)

- A SR Lo LT
link operator: ij; = ibj b

y @ Ujj is conserved: [ily, H] = 0.

C.
J . S
/\ ) uj-zk = 1, hence its eigen values are +1.
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Link Operators (vector potential) and Plaquette operators (flux)

i = sralzz=ral=> i — 1b%bH<
Wp = 610,0304050¢ Ui sz b;,-

€/

Pirsa: 22050034

[d;j, H] = 0
[WpaH] =0
l

Extensive # of conserved quantites
{Wp} and {uj}
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Ground State:

All plaquettes have zero flux

L PAGIST
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C- Majoronas
<+

I

c-majorana fermions
have a Dirac dispersion

Page 11/36



Excitations:

(1)Gapped flux excitation (visons) (2) Gapless majorana fermions

Gapless Z, Quantum Spin Liquid

€«/00D
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Non-abelian Z, gapped chiral spin liquid:

* Majorana fermions get gapped
* Chern insulator
* Chiral edge mode with thermal Hall conductance

Kyy/ T=(1/2) (m/ 6)(kg2/h)

L3
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Known results (Kitaev):
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Gapless Z, QSL Gapped Z, Chiral QSL
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Known results (Kitaev): -3 ko000
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Our Main Results:

Toric Code
K - / K T QSL

~ Nematic*

z-Nematic

Gapless Z, QSL

Spinon Fermi
Surface

polarized
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k
0

24 sites exact diagonalization
160 sites density matrix renormalization group

h/K (field)
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Perturbation theory
Mean field theory
Variational approach
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Phases at the Isotropic point as a function of field
(5 IR e
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Kitaev Model + Magnetic field:  h||[111]

magnetization
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Kitaev Model + Magnetic field 7||[111]
Evidence for Two Tranitions
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Spin-Spin Correlations in Intermediate phase
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Topological Entanglement Entropy

Sy = Tr(palogy pa)

pa = Trp(p)
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Predictions for Kitaev

ok 3L

GaplessZ, QSL  Gapped Z, QSL
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Frustration from h=0
bond-dependent .
: g k2D — l Ek_BT
Interactions xy 5|6 7
Kitaev (2006) i
Jackeli, Khaliullin (2009) 1 2
cf: FQHE Ogy = §ﬁ

Chiral spinon edge mode = Quantized
thermal Hall conductance
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hey he, h/K (field)

Fermi surface of

neutral, gapless spinons
in an insulator!

Ronquillo, Vengal, Trivedi, PRB 99, 140413 (2019)
Patel & Trivedi, PNAS 116,12199 (2019)
Pradhan, Patel, Trivedi, PRB 101, 180401 (2020)
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Phases at as a function of bond anisotropy
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Large Anisotropy-> Toric Code

KL 1R
Low energy manifold
(AF exchange) A
dy Y dy
Define a new spin 7 % Y B
on every z-bond: 7" = (0} —0})/2
Effective Hamiltonian (a)

(after a unitary transformation):

Z A Z B,
m

Heff = - Jrc
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Large Anisotropy-> Toric Code

[ 11 1)
Low energy manifold
(AF exchange)
dy Y dy
Define a new spin @ : Y
on every z-bond: 7" = (0} —0})/2
Effective Hamiltonian (a)

(after a unitary transformation):

Z A Z B,
=

Heff = —Jrc
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3.9 Bipartite Entanglement
3.0 Entropy
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1.2 ’Y Topological Entanglement

Entropy
0.4 S\.-N — CY O(l/L)
0.0 g

A7 a
23

Kitaev-Preskill construction

. h Stopo = Sa+Sp+Sc—Sap—Spc—Sca+Sapc
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Gapped non abelian Chiral QSL | Toric Code (abelian)
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Matter and Gauge Sectors

In the majorana basis ¢¢* = ibi*¢;: Excitations:
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One- and Two-Magnon DOS Gaps
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Gauge + Matter coupling> bound state
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Our Main Results:

Toric Code
K - / K T QSL

~ Nematic*

z-Nematic

Gapless Z, QSL

Spinon Fermi
Surface

polarized

>@,§1J /&N Chiral QSL
k
0

24 sites exact diagonalization
160 sites density matrix renormalization group

h/K (field)

Pirsa: 22050034

Perturbation theory
Mean field theory
Variational approach
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Nematic Order Parameter
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