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Quantum Spin Liquid: Frustrated electrons on a triangular lattice

You can’t satisfy all of the electrons all of the time.

The simplest example of frustration: A triangle of three
anti-ferromagnetically interacting Ising spins, each of which
must point up or down.

It is impossible for all three spins to be antiparallel, so 0
instead of two ground states (up and down), there are six @ 0
grounds states (see below) $
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Wannier (1950) and Anderson (1973)
proposed such a spin-disordered quantum l
state. Candidate materials have, however, e e

remained elusive ... until recently. 0
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Quantum Spin Liquid: Mostly known for what is it not!

What are its properties?

* A Quantum Spin Liquid is a system with magnetic moments where there are no broken symmetries.

* ltis a state of matter never seen before yet expected as T-> 0.
-The moments do not break translational symmetries, so they are like a liquid.
-There is no magnetic order, which is suppressed by quantum fluctuations.
-It is not a paramagnet. Interactions lead to long-ranged entanglement of the wave functions.

* The low energy properties of a Quantum Spin Liquid are likely related to phenomena such as:
-Quantum fluctuations (small spins)
-Quantum entanglement (non-local effects)
-Quantum coherence (macroscopic wave function)
-The topology of the quantum wave function (strong SOC)

* The signature properties of a Quantum Spin Liquid are not fully known, but they include:
-Non-local and topological excitations.
-Fractionalized excitations.
-’Nothingness’ (absence of observables, frustration parameter “f’)

* QSL ground states may be topologically protected, suggesting possible role as qubits in quantum
information applications. ;
* Platform to study Majorana fermions as quasiparticle excitations in CM physics Y; = Yis

Los Alamos National Laboratory Motome and Nasu JPSJ 89, 012002 (2020).



QSL state in Kitaev magnets: spin fractionalization

Kitaev model, for a spin 1/2 on a 2D honeycomb

structure with bond-dependent interactions

H=-— ) I, SIs’,

H=X),2 (.0},

Localized Z, fluxes
Alexei Kitaev A, Ann. Phys. 321, 2 (2006).

G. Jackeli and G. Khaliullin
Phys. Rev. Lett. 102, 017205 (2009)
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QSL state in a-RuCl,
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Observable fractionalized thermal properties?

Motome and Nasu JPSJ 89, 012002 (2020) — Finite Temperature
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-T dependences of (b) the specific heat Cv, and (c)
the entropy S per site normalized by In 2 for the
honeycomb Kitaev model with isotropic coupling
Jx=Jy=Jz=J.

-The data are obtained by the Majorana-based QMC
simulations for the clusters with N = 2L2 spins

(L =12 and 20).

-The reddish and bluish shades show the
contributions from the itinerant Majorana fermions
and the localized Z, fluxes, respectively.

-The horizontal dotted line in (c) represents 1/2 In 2.
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QSL state in a-RuCl,
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QSL state in a-RuCl;: many questions — few answers
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Why thermal expansion, magnetocaloric effect?

« Fundamental thermodynamic quantities:
thermal expansion: « = 0%G/dpoT

magnetostriction: 1 = 02G/dpoH

» |dentify states of matter
» Detect and understand phase transitions

Q » Detect additional phase transition above H. = 7T
» Study behavior at temperatures below 2K

Los Alamos National Laboratory 3/23/2021 11



a-RuCl; thermal expansion
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a-RuCl; thermal expansion
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a-RuCl; thermal expansion

I | I I I I I | 1 I I

A= a0+ AHP T A= 14K
_ ‘>{' Al B=29

A A

— _‘_,.'- A —

E e = - == A -1
—_ | A -
¢ i Hcl ]
@ 0 R 1 | | I
o
Z 0 2 6 8 10 12
S 30

Nagai et al. PRB 101, 020414(R) (2020)

Los Alamos National Laboratory 3/23/2021 14



a-RuCl; magnetostriction
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Magnetocaloric measurements in pulsed fields
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a-RuCl; magnetocaloric effect
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a-RuCl; magnetocaloric effect

quasi-isothermal conditions
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a-RuCl; magnetocaloric effect
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Summary

. Confirmed phase diagram and strong magnetoelastic coupling in a-RuCl; with
FBG and MCE measurements

« Thermal expansion coefficient displays a Schottky anomaly revealing an energy
gap consistent with Majorana fermion + Z, flux excitations.

. Isothermal MCE reveals dissipative processes at low temperature indicating first
order behavior. Sign of underlying FM interactions?

. We see very little, if any, entropy associated to the QSL-saturated PM boundary
Rico Schonemann, Shusaku Imajo, Franziska Weickert, Jiaqiang Yan, David G. Mandrus,

Yasumasa Takano, Eric L. Brosha, Priscila F. S. Rosa, Stephen E. Nagler, Koichi Kindo,
and Marcelo Jaime, Phys. Rev. B 102, 214432 (2020)
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FBG measurement technique
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10T anomaly: Phase transition vs crossover

PHYSICAL REVIEW LETTERS 125, 097203 (2020)
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Measurements of the magnetic Griineisen parameter (I'y) and specific heat on the Kitaev material
candidate a-RuCl; are used to access in-plane field and temperature dependence of the entropy up to 12 T
and down to 1 K. No signatures corresponding to phase transitions are detected beyond the boundary of the
magnetically ordered region, but only a shoulderlike anomaly in Iy, involving an entropy increment as
small as 107 R log 2. These observations put into question the presence of a phase transition between the
purported quantum spin liquid and the field-polarized state of a-RuClz. We show theoretically that at low
temperatures 'y is sensitive to crossings in the lowest excitations within gapped phases, and identify the
measured shoulderlike anomaly as being of such origin. Exact diagonalization calculations demonstrate
that the shoulderlike anomaly can be reproduced in extended Kitaev models that gain proximity to an
additional phase at finite field without entering it. We discuss manifestations of this proximity in other
measurements.

DOL: 10.1103/PhysRevLett.125.097203
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