Some Frontier Topics in Frustrated Magnets
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Table 2.1 List of materials hosting skyrmion spin texture. Magnetic ordering temperature 7. and
spin modulation period A, are also indicated

Category VMutcrial W\ > | TL (_K) 'Am (nm) VConductivity Ref.
Chiral-lattice ferromagnets, MnSi 30 18 Metal [6, 10]
' Fe,_,Co,Si <36 40 ~ 230! Semiconductor [11, 12]
MnGe 170 |3 'Metal (18]
FeGe 278 70 Metal (15]
 Cuy0Se04 59 62 Insulator [19, 22
Centrosymmetric FY3Fe50|2 560 >500 Insulator [32]
ferromagnets | RFeO; >600 | >100,000 Insulator [32]
BaFe;;79S¢o.16Mg0.05019/ >300 | 200 Insulator [40]
LLa; 3781 3Mny 0O 100 160 Insulator [41]
Interface Fe/lr(111) (>300) 1 Metal [43]
FePd/Ir(111) (>3()())‘ 7 ' Metal [44]
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Unoccupied surface state Unoccupied surface state

Magnetic impurity
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FH#MMEEIEA -> non-collinearfy Blie 4544 -> FESENAIBerry48 -> JL{AI/FRFME RN
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AHE in Nd2Mo207

Taguchi et al

N ImEZFIAFspin chirality (Berry phase)
EHIRIES: Jinwu Ye, etc PRL 1999



ZEMEL BIEXTE

N
5}

A=Al

(@) y‘ i

'x 1) ' (ﬂ‘ﬂ‘ml@ /A
d- orbltals ﬁ_> d-orbitals °0°f

. . (C)®-'®g@t®>®
) G O N RSN

eVIé)lz X (é)l X 22)

Inverse Dzyaloshinskii-Moriya p=—
effect 3A | 003912 |

Nagaosa, etc PRL 2006

PH#EMEEER -> IEHLEN#HAF > BIRLRE




THYTTR A

S MRERALAS T ZEE

W
=
F
Cot
L
o
IS

il
i

I~
ey

AR » BFAS—RAEREER, BEE2ESHE
WA RFSHEA A AIEEERNRF e S -

T

Lattice structure
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Symmetry d=0 d=1 d=2 d=3
U(1) x z} 7 Z, Z, Z5
Z Z, Z, Z, Z,
U(1) Z L, Z Zq
SO(3) Zq L Z Z1
S0(3) x Z} Z, Z5 Z, Z3
Zn Zn Zl Zn Zl
Z} x D; = Dy 14; Z; Z8 Z3
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MEHER

2D triangular and Kagome lattice

organics: kappa-(BEDT-TTF)2Cu2(CN)3, EtMe3Sb[Pd(dmit)2]2, kappa-H3(Cat-EDT-TTF)2
herbertsmithite (ZnCu3(OH)eCl2), BasaNiSb209, BasCuSb20g9, LiZn2Mo30s, ZnCu3(OH)eCl2
volborthite (CusV207(0OH)2), BaCus3V203(0OH)2, [NH4]2[C7H14N][V70sF1s], Naz2lrO3, CsCu2Cl4,

CsCu2Br4, NiGa2S4, He-3 layers on graphite, YoMgGaO04 (3508 » iLIE)

3D pyrochlore, hyperkagome, FCC lattice, diamond lattice, etc
Naslr30s, IrO2, Ba2YMoOs, Yb2oTi2O7, ProZr207, ProSn207, Th2Ti2O7, Nd2Zr207, FeSc2Sa4, etc

* Ultracold atom and molecules on optical lattices: temperature is too high now.
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2 FHIEKEER (tons of these materials )

1. rare-earth pyrochlores: Ho2Ti207, Dy2Ti207, Ho2Sn207, Dy2Sn207,
EroTioO7, YboTi207, Th2oTi207, EraSn207, Th2Sn207, ProaSn207,
Nd2Sn207, Gd2Sn207, ...

2. rare-earth B-site spinel: CdEraS4,CdEraSes, CdYbas4, CdYbaSes,
MgYb2S4, MgYb2aSa, MNYb2S4, MnYb2Ses, FeYbaSa, CdTmaS4
CdHo02S4, FelLu2S4, MnLu2S4, MnlLu2Ses, .. ..

Many have not been carefully explored.
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PRL 115, 097202 (2015)
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Candidate Quantum Spin Liquid in the Ce3" Pyrochlore Stannate Ce,Sn,0,

Romain Sibille,l’* Elsa Lhotel,2 Vladimir Pomjakushin,3 Chris Baines,4 Tom Fennell,S‘T and Michel Kenzelmann'
1Laboratory for Scientific Developments and Novel Materials, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
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FIG. 1. The electron configuration and the Dsq crystal elec-
tric field (CEF) splitting of the Ce®* ion in Ce2SnaO7. The
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Quantum
critical regime
(r) =
U(1) quantum spinliquid QCP Ising order g

Pr2ir207 Y23 FHE], Gang Chen, PRB 2016
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Any guiding rule to find QSL?  Not really.

Frustrated lattice” Honeycomb Kitaev model.

Frustrated interaction? We do not really know unless we identify the interaction.
Low dimensionality? 3D lattice also has QSL.

Odd electrons per cell? Many QSLs have even electrons per cell.

Lieb Oshikawa Hastings Vishwanath

e Hastings-Oshikawa-Lieb-Shultz-Mattis theorem.

e Recent extension to spin-orbit coupled insulators (Watanabe, Po, Vishwanath, Zaletel, PNAS 2016).




A rare-earth triangular lattice guantum spin liguid: YbMgGaOa

This part is in collaboration with experimentalists

Dr. Yuesheng Li (Renmin Univ, Beijing)

Prof. Qingming Zhang (Renmin Univ, Beijing)

Wei Tong (High Magnetic field Lab, Hefei)

Pi Li (High Magnetic field Lab, Hefei)

Juanjuan Liu (Renmin Univ, Beijing)

Zhaorong Yang (Institute of Solid-State Physics, Hefei)
Xiaogun Wang (Renmin, Shanghai Jiaotong)

Dr. Yuesheng Li
Renmin Univ -> MPI, Germany

YS Li, GC*,...., QM Zhang”
PhysRevlLett 2015




A rare-earth triangular lattice quantum spin liguid: YbMgGaOa

e This is the first strong spin-orbit coupled QSL with odd number of electrons and effective spin-1/2.
e |tis the first clear observation of T2/ heat capacity.

e \We understand the microscopic Hamiltonian and the physical mechanism.




YbMgGaOs

0.1 T T T T T T T T T

- YbMgGaO, Q@ 16
‘ ~ —0T 'R
i 4 = - —1T e
= il 0 > -—ZT 8
3 “ // g & 8 —— 4 T =
W o = —oT v
[/ s @) i
;- s~ @ 6T 0.01 @
e L. B4 - 0.0

0.1 1 10
T (K)
e observation of T2/3 heat capacity e Entropy: effective spin-1/2 local moments

My proposal for ground state: spinon Fermi surface U(1) QSL.
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(a)

A Triangular layers
of YbOs octahedra

Mg?*/Ga’*

Inversion center 7 .

01> : ; B

Double layers
of Mg/GaOs
C triangular bipyramids

—._? S 3 Inversion center
|
N
[ ]

Microscopics

(b)

Yb3+ ion: 4f13has J=7/2 due to SOC.

=
J=7/2 JAN

At T < A, the only active DOF is the ground state
doublet that gives rise to an effective spin-1/2.




Can this kind of system support a QSL ground state”? Yes.

Filling constraints for spin-orbit coupled insulators in symmorphic and
non-symmorphic crystals

Haruki Watanabe,! Hoi Chun Po,! Ashvin Vishwanath,!>? and Michael P. Zaletel?

and a crystalline lattice or a magnetic field. Mott in-
sulators are a particularly interesting class, with an odd
number of electrons in each unit cell. Their low energy
physics is captured by a spin model with an odd number
of § = 1/2 moments in the unit cell. A powerful result
due to Lieb, Schultz, and Mattis in 1D', later extended
to higher dimensions by Hastings and Oshikawa??, holds
that if all symmetries remain unbroken, the ground state
must be ‘exotic’ - such as a Luttinger liquid in 1D, or
a quantum spin liquid in higher dimensions, with frac-
tional ‘spinon’ excitations. These exotic states cannot be
represented as simple product states, as a consequence
of long ranged quantum entanglement. This general re-

May 2015

tirely different theoretical approaches are needed. We
argue that if a spin-orbit coupled insulator at odd fill-

ing is time-reversal symmetric, its ground state must, in

a precise sense, be exotic. We introduce two theoreti-




What is the physical origin of the QSL?

4f electron is very localized, and dipolar interactions weak.

¥ v (3) YbMgGaO, H=> |J..S57SF+JL(S;S; + 57 5)
é}ijkﬁé§e3* a~34i (i4)
9 9 9~— g a o
R Samyelly f +Jax (75 S5 ST + 75557 S7)
‘ c/3~844 % ! S - - __“Z

=5 (7555785 =1 ST85 # o D] (1)

where S = S? + iSY, and the phase factor v;; =
4>—~x 1,e27/3 ¢=127/3 for the bond ij along the aq,as,as di-
rection (see Fig. 1), respectively. This generic Hamil-

PhysRevlLett, 2015

The spin-1/2 XXZ model supports conventional order.

(Yamamoto, etc, PRL 2014)




Anisotropic spin interaction

could potentially stabilize QSL.

a T = 0 phase diagram
10_ ......................
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Yao-Dong Li
Dept of Computer Sciences
Fudan University
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(emu/mol)

Susceptibility X

Spinon Fermi surface U(1) QSL
iNn organic magnets?

(0) Kanoda
é@’ @ kappa-(BEDT-TTF)2Cu2(CN)3,
9 Qég EtMe3Sb[Pd(dmit)2]2,

kappa-H3(Cat-EDT-TTF)2 a new one!

0.0007 ———4m™@ @ F—————————————————

(a) ) (ET CUACND,

NMR

—_—j\/\—w‘_m * No magnetic order down to 32mK

* Constant spin susceptibility at zero temperature

0.0006 -

K-(ET)QCUZ(CN):;

[m] : \
] 32 mK
: /A AN 56.mK

0.0005 - &

0.0004 - "" ',,...ui"!”ﬂ""WIm . i
" (ET)CuzN(CN)eICI | g
0.0002 _ E 0.0004 — oooo? _ .
5 i ._/m 11 Other experiments: transport,
SO N T _ heat capacity, optical absorption, etc,
| S ‘ A Unfortunately, no neutron scattering so far.
oo 0 50 100 150 200 250 300 M4 S e w7

Temperature (K) Frequency (MHz)



 Theoretical understanding: expected phase diagram

H=—t Z Cip JU—I—hc —I—UZnZan
(1j),0

Sung-Sik Lee T Senthil Patrick Lee

Senthil’s cartoon

th © bs‘b ¢

& < o &h ‘«r‘ ’ ,lr
O O@ G Mott "’ Q ‘*
transition
Fermi liquid weak Mott regime ' strong Mott regime U/t
metal U(1) QSL with spinon Fermi surface

120-degree order
supported by various different numerics

 Physical mechanism for weak Mott insulator spin liquids: perturbation in t/U

17 1234 T

A 4-site ring exchange
(S1-S2)(S3 - S4)
1 3 +(S1 - S4)(S2 - S3)
_(Sl ) S3>(SZ ) S4)

Motrunich




Low energy property of spinon Fermi surface U(1) QSL.:
spinon non-Fermi liquid

S = J d3X|:\;[f;<(0')0 - iClO /.LF)‘P + _\P (_ 1V - a)ij + _f,uuf,uv:|

Ve ROk

gauge photon is overly Landau-damped.

Spinon Fermi surface coupled
with dynamical U(1) gauge field:

instanton eventiis suppressed. 1

—FIP:\IZ r Re> ~ Im> Nw2/3

dual to extremal/charged black hole? k k-—gq

Hermele et al., PRB 70, 214437 (04)

TR ﬁg ? Sung-Sik Lee, PRB 78, 085129(08).
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E(meV) E(meV)

E(meV)

E(meV)

Spin wave vs (fractionalized) spinon continuum
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spin wave in Yb2Ti207
L Savary, et al, PRX 2011
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spinon continuum in Cs2CuCl4
Masanori, etc NatPhys 2009
but these are 1d spinons !

broad peak with
w=e(k")+e(k-k’)
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Huge spinon continuum at all energies
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