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When correlation meets with spin-orbit coupling
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“Spin-orbit coupled” Mott insulator is a relatively unexplored region.

Witczak-Krempa, Gang Chen, YB Kim, Balents (Annu. Rev. CMP 2014)



Why do we care about this”? Firstitis real !
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Heavy elements have stronger spin-orbit couplings.
For 4d, 5d, 4f, 5f electrons, even for 3d electrons (when the orbitals are
degenerate), SOC needs to be seriously considered.
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Why Ir ion behaves as a spin-1/2 ?

Gang Chen, Leon Balents, PRB 2008
Yi Zhou (E%R), Fuchun Zhang (3K &%), PA Lee, PRL 2008



tog orbitals in octahedral crystal field: J=1/2
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Ir** : 5d° H H ‘ . 3/
t20: xV,X7Z, . . . . J =
IrO6 octahedron §: R ELTE
Crystal electric field Spin-orbit coupling

({t2grLi{teg}) = =1, Hsoe = —Al-S, j=1+S

It is interesting to look at how the magnetic moment M = L+2S = -1+2S varies.

BTW, SOC is quenched for eg orbitals.

Gang Chen, Balents PRB 2008,
B.J. Kim etc, Science 2008,
G. Jackeli, G. Khaliullin PRL 2009.



Exchange interaction: direct

Spin-orbit entangled j=1/2 doublet
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Gang Chen, Balents PRB 2008 Na2IrO3: Jackeli, Khaliullin PRL 2009

Surprisingly, direct hopping gives us a Heisenberg model !
This is very special especially since orbitals have orientations.



Exchange interaction: indirect, iridate as Kitaev material

Remark: almost all iridates have the same local structure,
- IrO6 form an octahedron,
- Neighboring IrO6 octahedra share 2 oxygens,
Ir-O-Ir bond angle is close to be 90 degrees.
The microscopic analysis may apply to many other iridate families.
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after Jackeli, Khaliullin’s proposal, [g3k =4 T hyperhoneycomb, harmonic-honeycomb,
RuCI3 (Shiyan Li, Weiqiang Yu, Jinsheng Wen, Liling Sun, Jianxin Li)
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Spin-1 Pyrochlore Antiferromagnet

FY Li, Gang Chen, 2017




(Topological) Flavor wave theory

3ER 16 PHYSICAL REVIEW LETTERS
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topological flavor wave

triply degenerate band touching:
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Candidate spin-1 pyrochlore

materials magnetic ions Ocw magnetic transitions magnetic structure refs
NaCaNixF~ Ni* (3d®) —129K  glassy transition at 3.6K spin glass 66
Y>Ru207 Ru®* (4d*) —1250K  AFM transition at 76K canted AFM Q =0 78
T12Ru2O7 Ru** (4d4) —956K structure transition at 120K gapped paramagnet 79
EuzRu0O7 Ru** (4d*) - Ru order at 118K Ru order 80
ProRu2O7; Ru*'(4d*), Pri*t(4f?) —224K  Ru AFM order at 162K Ru AFM order 81 and 82

Nd2Ru207 Ru't(4d*), Nd**(4f%) —168K  Ru AFM order at 143K Ru AFM order 83
GdzRuz07 Ru*t(4d*), Gd*T(4f") —10K  Ru AFM order at 114K Ru AFM order Q =0 84
ThoRu207 Ru**(4d*), Th3T(4f%) —16K Ru AFM order at 110K Ru AFM order Q =0 85
DysRu2O7 Ru't(4d*), Dy**(4f°) —10K  Ru AFM order at 100K Ru AFM order 86
HooRu207 Ru't (4d%), Ho*t(4f'%) —4K Ru AFM order at 95K Ru FM order @ =0 87 and 88
EroRu2Or *(4d"), Er*t(4f1) —16K Ru AFM order at 92K Ru AFM order Q = 0 89 and 90
Yb2Ru207 Ru 4+ (4d*), YB3T(4f1%) - Ru AFM order at 83K Ru AFM order 88
Y2Mo2Or Mo** (4d?) —200K Mo spin glass at 22K Mo spin glass 91-94
Lu2Mo2Or Mo*™ (4d?) —160K Mo spin glass at 16K Mo spin glass 95
ThboMo2O7 Mo*T (4d?), Th3T(4f%) 20K spin glass at 25K spin glass 96-98

TABLE I. A list of candidate spin-one pyrochlore materials. The null entry means that the data is not available.
R R GIER AT AWIS - KB RAHRE 1 B A NI 5%

FY Li, Gang Chen, 2017




Symmetry Enriched U(1) Topological orders / spin liquids

Gang Chen*, Phys. Rev. B 96, 085136, 2017
Gang Chen*, Phys. Rev. B 96, 195127, 2017

The field is not only about finding spin liquid,
IS more about confirming spin liquid!



Pyrochlore ice U(1) spin liguid

Hxxz =% J..978; — J (S8, +5757),
(i)

3rd order degenerate perturbation
(Hermele, Fisher, Balents 2004)
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inserting spinon matter (Savary Balents 2012)
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Transverse J1
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Related by unitary transformation (Hermele, Fisher, Balents PRB 2004)

Energy ,

Jz22 Spinon
Besides the quantitative differences,

are there sharp distinctions between

U(1)pi QSL on the left and U(1)o QSL
J3 on the right?

“Magnetic” monopoles

with modern understanding of
\/ gapless topological phase,
gauge photon
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Pi flux and the spinon translation
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Aharonov-Bohm flux experienced by spinon via the 4 translation
is identical to the flux in the hexagon.



Pi flux means crystal symmetry fractionalization  wmsemise romen

quantum number

It is like symmetry breaki

T5TS = ~T3T¢

2-spinon scattering state in an inelastic

neutron scattering measurement ]a} i ’qa3 Za>a

construct another 3 equal-energy states by translating one spinon by 3 lattice vectors

b) =T (D]a), o) =T5(1)]a), |d) =T5(1)]a)

Ty|b) = TP ()TP ()T (1)]a) = +T5(1)[Ty]a)),
Tylb) = T3 (T3 (2)TF(1)]a) = T3 (1)[Ty|a)]. dv — 9o = 27(100)
Tylb) = T3 (1)T5 (2)T3 (1) |a) = —T5(1)[Ty]a)],

Xiao-Gang Wen, 2001, 2002, Essin, Hermele, 2014
Gang Chen, PRB 2017



Calculation to demonstrate the above prediction

Hxxz =Y J..5787 —J (SFS: +575)),
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FIG. 3. (Color online.) The lower excitation edge of the v4 == ;% =]
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Lower excitation edge of spinon continuum



Lots of pyrochlore materials

1. rare-earth pyrochlores: Ho2Ti20O7, Dy2Ti207, Ho25n207, Dy25n207,
EroTi2oO7, Yb2Ti207, Th2Ti207, EreSn207, ThaoSn207, PreSn207,

Nd2Sn207, Gd2Sn207, ...

2. rare-earth B-site spinel: CdEr2S4,CdEraSes, CdYb2S4, CdYbaSes,
MgYb2oS4, MgYb2S4, MnYb2S4, MnYb2Ses, FeYbaS4, CdTmaS4
CdH02S4, FelLu2S4, MnLu2S4, MnLu2Ses, ....
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