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Abstract: Recently several proposals are made for possible spin liquid and topological insulator phases in frustrated magnets. | will review s
these efforts and present some new results. Implications to real materials will also be made.
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Prelude:
Frustrated Magnets




Mott Insulators

Hubbard Model

qu mqﬂﬁr-[ Z —n)

1] .Cx

Metal Weak Mott  Strong Mott  U/?
Insulator Insulator

Insulators with an odd number of electrons per unit cell
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Mott Insulators

Hubbard Model

H=>Y tjcl cia+UY (nm—n)

1] .Cx

Metal Weak Mott | Strong Mott | U/¢
Insulator Insulator

U/t > 1 He=9% J.S:-S, J ~ 31U
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Geometric Frustration

The arrangement of spins on a
lattice precludes (fully) satisfying
all interactions at the same time

Large degeneracy of the ~ &N
(classical) ground state manifold

Consequence:

No energy scale of its own; any perturbation is strong
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Mott Insulators

Hubbard Model

H = Ztijcjﬂcjﬂ T LTZ(RI' == ﬁ-)z

1] .x t

Weak Mott | Strong Mott  U/?
Insulator Insulator

Virtual charge fluctuations are important !
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Importance of charge fluctuations

Mott
Fermi Liquid transition
|

|
Metal Insulator U/t
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Importance of charge fluctuations

are important near
| the Mott transition

Charge fluctuations - .' t ./ ¥

even in insulating Y \ I
phase :
Mott =y
Fermi Liquid transition | Heisenberg model

: 120° AF order

I
Metal Insulator U/t
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Importance of charge fluctuations

Charge fluctuations t ./ N\
are important near \ [ B\ :
the Mott transition / - \ 4
even in insulating / \ I
phase Y £ \
e Heisenb del
i Liqui transition | gisenberg moae
S — i | 120° AF order
Metal l Insulator Ut
— -
o = ‘-~.
da (2003) | J
trunich (2005) ! 't.
S.Leeand P.A. Lee (2005) " -~ L3 f,}
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Ultimate Frustration

Disorder by Disorder:“Strong” Quantum Fluctuations

Novel Quantum State at T=0 without  P. W. Anderson
a broken symmetry - Quantum Spin Liquid e

1
B -VvB) = 2T —11D)
Superposition of valence bond configurations
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Quantum Spin Liquid




Slave Particle Approach

Fermionic representation of the spin operator

= 2o _ _ 7 S5
S; = = f,.0asfis with the constraint Zf_.._tf.-.--r =1 a8 =111}

'

Mean-Field Theory
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Slave Particle Approach

Fermionic representation of the spin operator

5 3

= ]- - p 5 ? =¥ —— o
Si = ; fia®asfia with the constraint Z,f._“.f:.-. =1 a =1l

i et

Mean-Field Theory

= Z §.-§ _— fermion-fermion interaction
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Slave Particle Approach

Fermionic representation of the spin operator

~ E v = : : ; =
g Fa3fiz with the constraint mefu-. =1 af={11}
Mean-Field Theory
H=.] Z &-5 ; = fermion-fermion interaction
=

Xi; = (f..fin) fermion "kinetic” energy dynamically generated
A

i; = (€asfiaf;3) possible pairing correlation
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Slave Particle Approach

Fermionic representation of the spin operator

- I' > . - ] = T
'Si = ;frlf_';ar.t.j'fij with the constraint Z ft(_:f-'-f" =1 e Jl ’ "}

Mean-Field Theory
=1 Z S.-§  — fermion-fermion interaction
i.J,

Xij = (S ;Tr_.f jo) fermion "kinetic” energy dynamically generated

A;; = (€asfiaf;s) possible pairing correlation

= | . The constraint is
Hyp = J Z | Xij o fia + Dijeasf;5fin + hec ‘ only imposed
i - on average
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Slave Particle Approach

Projected Wave Function Approach

W = PoVyr

Impose the constraint exactly

Project out unphysical Hilbert space in
the mean-field ground states
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Slave Particle Approach

Fermionic representation of the spin operator
3 ]- il i = 5 ol > — & 4
Si = 5 fia®asfiz with the constraint Z,f..tf.-..-. =1 af8={1.l}

Mean-Field Theory
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Slave Particle Approach

Fermionic representation of the spin operator

—= ]' z = ’ - = ) — -
J; = ;ft'”f‘f—--..:—f” with the constraint Zf._(.f.-_,.-. =1 apj={1.1}

Mean-Field Theory

== Z $-5 —_— fermion-fermion interaction
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Slave Particle Approach

Fermionic representation of the spin operator

—

- l % - T = T
j);‘ — ;film :ljf[j WiTh ThE CDI‘ISTT'CIII"IT Z -fﬂ_(_tf"-"' e ]' &, = { ; "}

ol

Mean-Field Theory

H=.] Z S.-S. —_— fermion-fermion interaction

Xij; = f ,i_,_tf jex) fermion "kinetic” energy dynamically generated

A;; = (€asfiaf;s) possible pairing correlation

3 The constraint is
H.“JF — I Z \:;fjirt-, f!:} T ‘lr_; f-.rt.'ij'f!.-,:fz.t-! : = h.{‘ ﬂnfy IlT‘lPESEd
5 on average
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Slave Particle Approach

Projected Wave Function Approach

W = PV yr

Impose the constraint exactly

Project out unphysical Hilbert space in
the mean-field ground states
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X. 6. Wen, S. Sachdeyv,
Gauge Theory M_P. A Fisher. T Senthil,

P. A. Lee, N. Nagaosa .......

In the spin liquid phases, the fermionic spinons are liberated (deconfined)
and become emergent excitations

v When A, =0 H.g4= JZ 1Xs e fi__lfﬁ_, is U(1) gauge invariant

. ij i

The resulting theory is a U(1) gauge theory with fermionic spinons
U(1) Spin Liquid

v When A, #0 Only a;; = (. m is allowed: Z2 gauge theory
Z2 Spin Liquid
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X. 6. Wen, S. Sachdeyv,
M_P. A. Fisher, T. Senthil,

P. A. Lee, N. Nagaosa .......

Gauge Theory

In the spin liquid phases, the fermionic spinons are liberated (deconfined)
and become emergent excitations

v U(1) Spin Liquid

Unpaired spinons - gapped, Dirac or Fermi surface (FS)
Spinons must be gapless in d=2 (to avoid confinement)

= | |
L ~e +cos(V x a) = =

Strongly-coupled gauge theory: o/
FS ind=2: S. S. Lee, M. Metlitski, S. Sachdev, .
J. McGreevy, H. Liu, T. Senthil _......

v Z2 Spin Liquid

Paired spinons
T > 0 Ising transition in d=3
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Race for Spin Liquid




Search for Quantum Spin Liquid (S=1/2)

Herbertsmithite “ldeal” Kagome lattice

ZHCII;;(OH)ECIQ D. G. Nocera.Y.S. Lee

e L L -
Volborthite Distorted Kagome lattice @ _e "o Jo "o
— = : r - e ® - L 2
C‘II.I;;\ J()T(()H}l M _)H_]() Z. Hiori s = Y .r"-: e
L L L
e '_..' cur B - L ]
L - ' i~

k-(BEDT-TTF)2Cus(CN)3  Triangular Lattice;
X Kanods near Mott transition

Hyper-Kagome Naylr;Os
H.Takagi
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Search for Quantum Spin Liquid (S=1/2)

Herbertsmithite “ldeal” Kagome lattice -~ -

ZHCH:j (OH){@CIJ_ D. G. Nocera.Y.S. Lee

Volborthite Distorted Kagome lattice
CuzV20-(OH)s . 2H,O  Z Hiori

e _®
-
s e
o
e o
."
e e
L 3 _
W
-
e ®

ER R
‘epep e
T
EERER

o

k-(BEDT-TTF )2Cuz(CN)3
K.Kanoda

Hyper-Kagome Naylr30Os
H. Takagi

000000000000

Triangular Lattice;
near Mott transition
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Weak Mott Insulator

k-(BEDT-TTF)2Cux(CN)5;  Triangular Lattice;
K Kanoda near Mott transition

metal spin liquid insulator AF

Hyper-Kagome Naylr;Os
H. Takagi

metal spin liquid insulator ?
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Hyper-Kagome Lattice:
Naslr3Og




Three-dimensional Frustrated Magnet

Naslr3Os has a Hyper-Kagome sublattice of Ir ions

3/4Ir. 1/4 Na

Pyrochiore Hyper-Kagome

Ir** (5d°) carries “S=1/2" moment ?

Y. Okamoto, M. Nohara, H. Agura-Katrori, and H.Takagi. PRL 99, 137207 (2007)
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Small spin-orbit coupling limit

Ir = [Xe] 4f'4 5d7 6s?

5>
I = [Xe] 46458  _ —
- = 4>
e 13>
5d orbitais of T — 22 = = ,
Ir on -
Crystal field
splitting s !
Lattice distortion
Without Spin-Orbit Coupling

S=1/2

moment
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5d orbitals of Ir**: large spin-orbit coupling
Ir** = [Xe] 4f'* 5d° B = Aoaloi - Si

eg - tg splitting > A, > splitting within t,

€ mmm——
1
ft‘f:_}'
tZg
2
5
g — —
2
5 - _ :
3y = —=(il=zz, L) + lyz, L) + |zy, 1,
V D
= . |
i) = ——=xz.1s) — Yz, Ts) + |2y, Ls))
. Page 32/104
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5d orbitals of Ir**: large spin-orbit coupling

irsa: 10050085

ll"4+ — [XE] 4f14 Sds I{:ﬂ;r =X *-'ULi ' Sz

eg - tg splitting > A\, > splitting within t,

. Jotr 12
| L Jt“]ff..} 2 Lff.] i
_'_+ Jeff — ; ﬁ f
‘-k*’* T — E E}.‘
S 9
1 :
— —t e + |YZ, ja) T | LY,
V3
1
—_ — — i 4 b P m— | | T~ LY. | s
V3
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5d orbitals of Ir**: large spin-orbit coupling
Ir** = [Xe] 4f'* 5d° B = Xoulis - S

eg - tzg splitting > A., > splitting within tz;
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5d orbitals of Ir**: large spin-orbit coupling
Ir** = [Xe] 4f'* 5d° B = Xolis - S;

eg - tag splitting > \., > splitting within t,

= (2lxz, ls) + lyz, ls) + lxy. Ts))

e (ziz=z.1s) — ly=z. 1s) + iz 1ls))
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5d orbitals of Ir**: large spin-orbit coupling
Ir** = [Xe] 4f' 5d° =N

eg - tg splitting > A\, > splitting within t

Lff]ﬂ

_ 1 Jeff:3/2
-.‘_',* Jeff — ; ﬁ
tzg —:_":::l f' i

= —(#lxz.ls) +lyz. ls) + iz 1
Vv 3
S . . .
i) = ——=xz.1s) — 9= Ts) + 7Y, Ls))
v Page 36/104
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5d orbitals of Ir**: large spin-orbit coupling
Ir** = [Xe] 4" 5d° B = Aol - 5

eg - t2g splitting > A., > splitting within tz,

Cp m—— e
e == =
- el — Joff = 0C
, AN
D | — _; Er

band

, i
Half-filled Jes = -
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5d orbitals of Ir**: large spin-orbit coupling
Ir** = [Xe] 4f'* 5d° Hoo = AsoLi - S;

eg - tzg splitting > \., > splitting within tz,

Spin-orbit coupling enhances the correlation effect
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5d orbitals of Ir**: large spin-orbit coupling
Ir** = [Xe] 4f'* 5d° B = Xk - S

eg - tzg splitting > A., > splitting within tz,

EE -----------
| 1 Jeff 312 LH{'\B ; e
el e = 10 [
-—— o il
—.-.-.-.-— Tl = :; EF

Half-filled /e = ; band

I | P

Spin-orbit coupling enhances the correlation effect
(effective bandwidth reduced)
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Inverse Spin Susceptibility; Strong Spin Frustration

Y. Okamoto, M. Nohara, H. Agura-Katrori, and H.Takagi, PRL 99, 137207 (2007)

2006)
21500 Curie-Weiss fit
é Bcw = —650K
Ell’]ﬂ"\‘
" 500 : - . ‘
o1 1 1o 100 No magnetic ordering
()= . - : . ) | S, | /-
0 50 100 150 200 250 300 down to Scw /300
T(K)
Nal
r Y(T) ~ constant
-
P4,32
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Specific Heat; Low Energy Excitations ?

Y. Okamoto, M. Nohara, H. Agura-Katrori, and H.Takagi, PRL 99, 137207 (2007)

w » » v T T - |
3 (b) S100F  —C, xT-
= 6o} £ ;{\ 1 No Magnetic Ordering
= = WF F- T 7
2 2 [Foory s
= - e LATOI2T
= 20 e T C(T) i T2
= 0 : = Gapless Excitations
- - A
: 3 i in an Insulator ?
L
= 7 -
;"E U _1 L 1 | i
= 0 50 100 150 200 250 300
I'K)

Is the T=0 Ground State a Spin Liquid ?
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. 40F
X .
= Metallic
£ 30} L
e 20t i
- Insulating
kx W (Okamoto)
G i | L i
0 2 4 6 8 10
Temperature (K)
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Xiao-Gang's Notebook in 2020 ...

- NT tjm. 3 k.3

kin.xdé !
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Theory of Spin Liquid with Gapless Fermionic Spinons

Mean field theory + Projection Xij = (fiaSie) Ay; = €apfiafis)

the lowest energy state has uniform Y:ij and A;; =0

The ground state energy after projection = - 0.41 J per site

c.f. exact diagonalizaiton on 12-site cluster = - 0.42 J per site

The resulting spin liquid has a “spinon fermi surface”
(Electron-like and Hole-like Pockets)

C{r)~7T x(T) ~ constant

M.]. Lawler, A Paramekanti. Y. B. Kim and L Balents. PRL 101, 197202 (2008)
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Weak Mottness




p (£dcm)

Itinerancy and stabilization of spin liquid

() | 00 200 300

I'(K)

p decreases rapidly
with pressure

almost metallic
indicative of proximity
to M-I

I‘ l'!..j, ¢im)

U

1 )

I (K)

e d )]



Transition from a Gapless Spin-liquid to a Metal (Half-filling)

Slave-rotor field theory

1 8; .
Cia — f!ftfzf : GO — e'”": rotor field

fic and ©; interacting with a U(1) gauge field
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Transition from a Gapless Spin-liquid to a Metal (Half-filling)

Slave-rotor field theory

i o ;
Cia = mf’* ‘ ©0; = e ': rotor field

Jic and ©; interacting with a U(1) gauge field

In the spin-liquid insulator: The rotor (charge) degree of freedom is gapped

U>U, (6} =0
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Transition from a Gapless Spin-liquid to a Metal (Half-filling)

Slave-rotor field theory

&i .“jf

Cia = ictﬁa G — € . rotor flEid

fiz and ©; interacting with a U(1) gauge field

In the spin-liquid insulator: The rotor (charge) degree of freedom is gapped
U>U. {(@;) =0
In the metal: The rotor (charge) degree of freedom is condensed
U<U (@i) 0

The quasiparticle weight is proportional to |(¢;)
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Transition from a Gapless Spin-liquid to a Metal (Half-filling)
Slave-rotor field theory
Cia = fiae™ ¢; = e'”": rotor field
Jic and ©; interacting with a U(1) gauge field
In the spin-liquid insulator: The rotor (charge) degree of freedom is gapped
>U, (@;) =0
In the metal: The rotor (charge) degree of freedom is condensed
U<U, (d;) #0

The quasiparticle weight is proportional to |(©;) -

Mean-field theory on the hyper-kagome lattice

metal spin-liquid insulator
-_— =

U./t =~ 6 U/t
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Effective field theory

Jic and ©; interacting with a U(1) gauge field

fie — (1) 0; — or)
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Effective field theory

fic and ©; interacting with a U(1) gauge field

Fow — Y {r) @; — o(r)

b

|
p—i
-

Ly = ¢! (0 —tag — pg)¥s + (V —i1a)v,|”
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Mean-Field Insulator-Metal Transition

.

Control Parameter m- x U — U,
In the insulator: The rotor (charge) degree of freedom is gapped
m* >0 (7 >U,) (@) =0
In the metal: The rotor (charge) degree of freedom is condensed

m* <0 (U <U,) (@) #0

The quasiparticle weight is proportional to | () 3

Pirsa: 10050085 Page 53/104



Effective field theory

fic and ©; interacting with a U(1) gauge field

fic — Walr) ©; — olr)

E— Gl il
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Effective field theory

Jic and ©; interacting with a U(1) gauge field

fic — Uolr) ©; — olr)

L = Lo+ Ls+Lg+ Lyy

2 2 2 i

[:.3-. = | ll:)_“ = = ";”,“ 1O — T O — ulo

%

(V — f-ﬂla‘_'r,..

1
Y

21T §

L
|

1’ { {j»—- T r;l'r[” === JII' f K1 *,"' = 5

il

<}

— :\. i) ;i(___}':_

&
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Mean-Field Insulator-Metal Transition

Control Parameter m* oc U — .
In the insulator: The rotor (charge) degree of freedom is gapped
m- >0 (U >U,) (d)y =0
In the metal: The rotor (charge) degree of freedom is condensed

m>- <0 (U <U.) (&) #0

The quasiparticle weight is proportional to (@) %
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Gauge Field Fluctuations

The spinon and rotor fields are interacting with
an overdamped U(1) gauge field.

f ~ee~ + u 'b" The free energy density of "electromagnetic” field

3

1:,3. — E €(1.q)le(iv. q) e - o Yiv. q_}:biﬁ i, q)
t.q

}

—
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Gauge Field Fluctuations

The spinon and rotor fields are interacting with
an overdamped U(1) gauge field.

f ~ee® + u 'b* The free energy density of “electromagnetic” field

g = E elv,q)le(1v. q_}!2 + ;r'il'izf.qubi 778 q_,}i“}
tr.q

. —1y W+ § O o, (12
b= E eliv.q)v” +p (iv.q)g | |al(iv, q)
L.

=

D' = e(iv. @v* + p~ ' (iv. q)¢’
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Gauge Field Fluctuations

The spinon and rotor fields are interacting with
an overdamped U(1) gauge field.

f ~ee® + u 'b* The free energy density of “electromagnetic” field

= Z e{iv. q)le(iv. q_}@l + ,u"rm. q)!b(v. q_;i_'“)
w.q

= E e, q_}u3 + u (i q_}qu|a{_m. q) 2
t.q

D]?l = e(iv.q)v” + u '(iv.q)q”

e(tr.q) = €5(1v. q) + e{1r. q) 'dielectric’ function

ol

p Hiv.q) = y;l{ w.q) + u,  (iv.q) ‘permeability’ function
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Gauge Field Fluctuations

The spinon and rotor fields are interacting with
an overdamped U(1) gauge field.

f ~ ee® + u~'b® The free energy density of “electromagnetic” field

. ;- \ (s \ 12 —1. ks |
£, = E e(iv.q)le(iv.q)|” + = (iv. q) b(irv, q)|
Fl’q

Loy = Z:ﬂ'izz. q)v” + pu ' (iv. q)q’ | |a(iv. g)|°
:'I".q
1 1)"| P

DT‘ZI — E[g'p_q_}pz + (. q_}qj = v— + ;I_lq”
f
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Gauge Field Fluctuations

The spinon and rotor fields are interacting with
an overdamped U(1) gauge field.

f ~ee® + u 'b® The free energy density of “electromagnetic” field

1

= Z e(iv. q)le(iv.q)|* + p~ ' (iv. q)|b(iv, q)|°

w.q

L= Z:E{ 373 q_'}.u: + ,u-l-férf- q_}qj: lalir.q) .

L.

; oy - : 3 L I 9

D;i —elw,q)v” + p l{w.q)q" 2“,—(}4——;1 Lg*
p_l = constant m> >0 (U >U.)
P ,ub'l ~ yIn(1/q) mZ =0 (U=U.)

.

—

= -1 2 - r
p o=, oxl/g m <0 (U<U)
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Finite Temperature Phase Diagram

e
gy = =
— Quantum Critical 5%
EN
S ’
Renormalized “ "' Renormalized
T*: Metal N P Spin Liquid
S hY £ -
-~ % - & _w -
Metal arr e Spin Liquid
*
U./t U/t
ol crossover in charge transport (rotor)
z=1

T ~x |U —U_,|*? crossover in entropy (spinon + gauge field system);
z=3
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Finite Temperature Phase Diagram

T* - - - -
e Quantum Critical >
- »
S e
Renormalized % "' Renormalized
! g = Metal s ’ Spin Liquld =
- e * s - -
- -
= Y ¥ o -
~ ; ==
- «* 7,7 Spin Liquid
U/t U/t
Spin Liquid Phase
¥ ~wln L = 5%;_,_; Im ¥ ¢ oc jw

il —

Spinons are not so well defined ...
Page 63/104
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Finite Temperature Phase Diagram

T#
® - = -
e Quantum Critical =

» -
- P
Renormalized “ "' Renormalized
¢ s = Metal N P Spin quu:-d'
- - ‘ 7 - =
~ -
- = 4 4 =

-
o~ “«v',” Spin Liquid
U./t

Li

Spin Liquid Phase

C(T) ~ Tn(1/T)
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Finite Temperature Phase Diagram

T'#
L | - - -
s Quantum Critical s
~ >
“» ¥
Renormalized “‘ "' Renormalized
T o E Metal s ’ Spin L:qu;d .
- m = By 4 -
: s
Metal a2 5N g Spin Liquid

*
QCP U/t
Quantum Critical Point

Yr~whin —+i——— Im ¥X§ x .
| N, 2 In = In =

e i

- &
s }
= i

Spinons are better defined at the critical point !
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Finite Temperature Phase Diagram

E w

~ « Quantum Critical .-~
B S & -

- ‘ ' -
Re.normahzeﬂ‘ 'Renormalnzed
g . ¢ Spin Liqus

- .A&etal . 2 p' ; Liquid
~ = ‘ ' - -
Metal pe BN Spin Liquid

*

QCP U/t
C(T) ~ Tlnln(1/T)

Possibly more relevant to experiments
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Finite Temperature Phase Diagram

¥
¥ - = -
i = Quantum Critical L -

N -
Renormalized “ "' Renormalized
{ el = Metal s ’ Spin quu;d -
- - h s - -

-~ -

ﬁr‘ A 'Y r 4

-
-
comeao “«v',”  Spin Liquid
U/t U/t

=y

Spin Liquid Phase

C(T) ~Thn(1/T)
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Finite Temperature Phase Diagram

g — =
~ o Quantum Critical .-
R o
> * 4 S
Renormalized, 'Re.normalnzed
. ¢ Spin Liqué
< -&3101 s ’ p = "M
W & __@ -
Metal e Spin Liquid

*

QCP U/t
C(T) ~ Tnln(1/T)

Possibly more relevant to experiments
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Topological Insulator




Topological Insulator

2D time reversal invariant band structure have
a Z2 topological invariant

v=0 : Conventional Insulator v=1 : Topological Insulator

E Edge States =
Kramers degenerate at =

I time reversal invariant momenta
/' k‘ = _k. + G

L o
X =x'a 8 =T'a

version (P) Symmetry : determined by Parity of occupied 2D Bloch states atl', , 5,

3 =
Buik Pq*_il":}=._ft["}q'_i[‘l 1 | Il I
Brillouin « — ; G }

Bl L2 & (L) .

Zone

L i
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3D Topological Insulator

In 3D there are 4 Z, invariants: (v, v,v,v;) characterizing
the bulk. These determine how surface states connect.

v, = 1 : Strong Topological Insulator = E-
Fermi surface encloses odd number of Dirac points = -2
v, =0 : Weak Topological Insulator

Fermi surface encloses even number of Dirac points

L. Fu, C. L. Kane
J. E. Moore, L. Balents
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Towards
Topological Mott Insulator
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What about interaction effect ?

Assume strong spin-orbit coupling )\ leads to a
topological insulator in the absence of U

Metal TBI
_—_m————
A/t
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What about interaction effect ?

Effect of interaction U in with A = ()

Gapless
Spin Liquid

Metal



What about interaction effect ?

Effect of interaction U ?

3
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A
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Spin Liquid




Slave Rotor Field Theory
Ciae = fmfig‘ OD; = e*? . rotor field
Jic and ©; interacting with a U(1) gauge field
For sufficiently large A/t

Topological Insulator: The rotor (charge) degree of freedom coherent

U<l {@;) #0
Topological Mott Insuator: The rotor (charge) degree of freedom is gapped
U > U. ‘$:) =0
The spinon band structure is topological; interacting with U(1) gauge field

Such phases are unstable in 2D, but possible in 3D
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What about interaction effect ?

Effect of interaction U ?

1“
Gapless . Topological
\ Mott Insulator

Spin Liquid

f
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)d transition metal (Ir) oxides
as a playground for SO physics

argey  3d U~2-10eV

amil U

iysics of correlated electrons
transition metal oxides

hd U ~05 eV
U too weak to eniov LU??
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)d transition metal (Ir) oxides
as a playground for SO physics

=]

Weak spin-ortut coupling

arge U 3d U~2-10eV

Strong spin-
. Aso ~0.5eV  orbit coupling
P Of corr'eia‘red_elecfr'ons - fransition metal oxides d-only
transition metal oxides
character
5d U ~05 eV - interplay of U and A,

U too weak to eniov LUU?? MIEEElaT e e A SRR <~



Pyrochlore Iridates:
A2|r207
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Pyrochlore Iridates Azlr,O7

A=Ln and Ir reside in the inter-penetrating two
pyrochlore lattices (cubic, FCC Bavais lattice)

A=Ln local moments may be important
only at low temperatures

D. Yanagishima and Y. Maeno, JPSJ 70, 2880 (2001)
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Metal-Insulator Transition

K. Matsuhira et al
JPSJ 76, 043706 2007

l

Sermi-meary Mearai
Ho
: Eu Sm
. § PM
e T Metal
x .
e
— : Ir AFM
60 F Insulator \
3 \ Nd
o« - .
R Pr
a O

1.02 1.0 108 108 1 112 1.14
Ln3+ ionic radius (A)
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5d orbitals of Ir**: large spin-orbit coupling
Ir** = [Xe] 4f' 5d° Hoo = Xoolsi - Si

eg - tg splitting > A, > splitting within t

O m—
= J_. = -
. l thf,f. 3 2 L.f.f.] e
-i_',+ Jeff — '_; ﬁ '
g , Cﬁ_
‘#“*** Yok = E Ef-‘
Jer 2
_ 1
Half-filled Je« = ; band
. S :
) = —— (eSS ls) T IUE, L s) T XY, | s
. = 3
=N . :
= — == \}EZ, |s) — Y=, |s} T |TY.1s)})
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