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Correlated system with multi-degrees

Superconductivity Metal-Insulator

CMR Transition

\ Stripe

Spin liquid
Multiferroics




Orbital Physics

Superconductivity Metal-Insulator

CMR Transition

\ Stripe

Spin liquid
Multiferroics

Kurogo ‘ Main actor, Hidden Boss



Orbital degree of freedom
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Electron transfer

Through O2p orbital

NN €y orbital
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Geometrical frustration Intrinsic orbital frustration
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Even without geometrical
frustration
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Spin-Orbital model 1

) Pseudo-spin (S=1/2)
Kugel-Khomskii model for doubly degenerate orbital
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Orbital only model

120° model
H=2J Z 7-l7-l 7} = cos (—nl) T;, + sin (—nl) T,
7) ‘7 1 1z 1T Z
(i7)
Orbital compass model X y

H=2J> TiT, |
(i) X




2 2
frz-l = COS (?ﬂm) T;, + sin (gnl) T
(= x,vy,z) :bond direction

(nil?? nyanz) — (17 27 3)

(T, T, =2
_%Tz’z + @Tm E%sz + gTjw] ==

1, V3, _
—gT:,z—Tij} =y

1
_jTiz - @Tix

\

Interaction explicitly depends
on bond direction

eg orbitals in a cubic lattice
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Interaction in momentum space

e, orbital model Heisenberg model
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Orbital configuration is not determined uniquely in classical ground state
(like frustrated spin systems)




A macroscopic degeneracy in classical GS

Feiner et al PRL(97)
[1] continuous staggered states Khaliullin et al. PRB(97)
Ishihara et al. PRB (00)
Kubo et al. JPSJ (02)
Nussinov et al. EPL(04)
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[2] staking degenerate states
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Classical Monte Carlo Mean-field

T. Tanaka & SI, PRB (‘09) free energy
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Long-range orbital order
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“Orbital compass model” in a 2-dim. square lattice

zZ
— T Z 1+z
JZ (T 'a-l—x +7; ‘E+2’:)
Kugel-Khomskii JETP (73), Ty
Khomskii-Mostovoy J. Phys (03)
Oles Gr.

Momentum dependence of
orbital interaction

J(k)

T T
T; it

Continuous classical
GS degeneracy
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Hamiltonian is invariant
under the transformation of 7% — —7% in each column

Mishra et al PRL(04), Nussinov et al. EPL(04),
Dorier et al. PRB(‘05), Doucot et al. PRB(05)

Conventional orbital order does not appear
(generalized Elitzur’'s theorem)
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Directional order

. T* (T?) correlation along x (z) direction
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Mishra et al PRL(04) Classical
Dorier et al. PRB(‘05) T=0
Doucot et al. PRB(05) T=0



Present talk
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Ring exchange interaction

in orbital 120 °model
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Orbital 120°model
in a cubic lattice

Classical GS degeneracy
Order by disorder
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Orbital 120 °model

4 )

in honeycomb lattice
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[ Orbital excitation ]
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Effect of
dynamical Jahn-Teller

and spin liquid
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Ring-exchange interaction

In orbital 120 mode




25 orbital model
In a cubic lattice

a macroscopic number of degeneracy

!
LRO by fluctuation

Ring exchange Interaction

Long range interaction

3He
High-Tc cuprates
Spin ladder
Triangular magnet
SU(4) model
Deconfined criticality

Close to MIT
(Nickelates
Manganite with pressure)



Spin-less e, orbital Hubbard model
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4th order term
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c.f. f-electron system (Kuramoto, Shiba)
doped manganite (Khomskii, Shiba, Nagaosa)

Ring exchange Interaction T & LIl A29 Magnetic octupole
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Phase diagram (classical)

Hopg=Hy + Hy Classical Monte Carlo
Mean field

10*10*10 cluster
Wang-Landau method

Antiferro Quadrupole

Octupole
+

Qudrupole

.

e

T, ) Ring exchange
lifts the degeneracy

in a different way
from NN exchanae

Cant Quadrupole
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.Extended Bethe method Extended Bethe approximation

- ExaCt diagonalization Mean filed ................................................ Self—ConSiStentl)
(Lanczos)

-Spin wave
(zero-point energy)

Exact
diagonalization
in 2*2%2

At a corner In a bond,
4-body — 1-body 4-body — 2-body

7177 = (TY(TY (T) T TTTT — (TT)TT



Extended Bethe method
Quadrupole (Tx,Tz) ordered moment Octupole (Ty) ordered moment  (T=0)
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Mn-O Bond Length (A)

LA . . 0.25
R, at 0.6 eV
Mott insulator without
JT distortion (orbital order)
P.=38 & (ﬁ%;‘:’a‘zi
.
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I. Loa, et.al., Phys. Rev. Lett. 87, 125501 (2001)

4 0.15

<4 0.05
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LaMnO,

(a parent of CMR material)

=
S Orbital order with
g JT distortion
i T(00) >> Ty
Pressure effect
Enhancement of Ring Ex.
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Orbital 120 mode

on a honeycomb lattice
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Interaction explicitly depends
on bond direction

A kind of frustration



Doubly-degenerate orbital on a honeycomb lattice
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Interaction in momentum space =S (k)" (k)U(k)

N
RN

—

. N
An intrinsic frustration 0.2 04

for orbital pseudo-spin g 0.4
Flat dispersion
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l o “t=t1 rule”
T, . a projection component along |

1

Classical ground states:
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Orbital Model
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A peak in specific heat
atvery low T << T,,=3J/4
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cubic orbital model
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Multi-Canonical MC (Classical)

Order Parameter (?) (cos 30)

sqrt<q”>

(cos® 30) = \/{(% > ; COS 393:)2)

Orbital angle is fixed
at cos38=1 or cosdf=-—1
below T,

0.3F
Specific heat

L o vl L T B | L
0'30'3 107 10
T/




(cos 36)

OR

cos 3@ = 1 at all sites cos 30 = —1 at all sites
# =0 or2r/3 or 47/3 6 = rorlm/3 or 5w/3

cos3f =1

A macroscopic number of degenerate configurations still remain



Fluctuation with keeping

[

a condition T; =

(@)

cos 38 = &1

low-lying fluctuation around

cos 36 = 41

—

(b)

l

7. rule

J

cos 38 £ +1

entropy gain in finite T



0.7

o Disorder

C(T)

a5

A\ |
VAN N

Tﬁ() TO T/J

large degenerate states

cos 30 — +1 for all sites

still large degeneracy
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Lanczos method
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site clusters

A = E(1st) — E(GS)

Gapless or degenerate state
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Honeycomb lattice is covered by NN bonds
with the minimum bond energy

trial wave function @

W) =N S A1) + i)
[

iy = TT U @)l - 1.
(i)
U(¢y) gy, = exp [—ign (TY +T7)]

(b)

Quantum Resonance

Resonance energy:

~10% of energy gain
of quantum effect




Overlap between the trial w.f. and GS w.f. by Lanczos

1
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0.6
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for Ai=1

)

| A is optimized



Dynamical JT effect on

Honeycomb lattice spin-orbital model




Quantum Spin Liquid State

No long range magnetic order

down to low temperatures

* One-dimensional spin chain
No LRO at finite Temperature
S=1/2 S=1(Haldane)

» Geometrical Frustration
e.g. 2dim. triangular lattice

A possibility of spin liquid in
Spin-Orbital system
with Dynamical Jahn-Teller effect

Susceptibility % (emu/mol)

k-(BEDT-TTF),Cu,(CN),

0.0007

0.0006 -

k~(ET);Cu(CN);

T T uANON Il

0.0006

0 g
g T T
= 0000
gn.ntm _/n 1 ]
5

= 0.0002 |
<

a.0000 Lt
0 10 20 30
T (K}
| |

1 1
0 50 100 150 200 250 300

Temperature (K) Kanoda Gr



Ba,CuSb,0,

Spin liquid state in the S=1/2 triangular lattice Ba;CuSb,0O,
No LRO T>0.2K

6 = 5[ Ba,CuSb,0,
= 2
S z
E4b =
£ =
g 2R :
2 (@) %S0 100 130 200 250 300
_ Temperature (K)
OF = ¢ = S CrE———
; 0 50 100 150 200 250 300
(a) @Ba  OcCu k Temperature (K)
PO H. D. Zhou et al. PRL106, 147204 (2011
Orbital degeneracy @
2+( A9 Nakatsuiji et al.
E ——— Cu™(d) Science 336, 559 (2012)

A1 C3v



Ba,CuSb,0,

Nakatsuji, Sawa, Hagiwara, Wakabayashi et al. Science 336, 559 (2012)

triangle honeycomb

(Spin liquid w/o frustration ?)
A X-ray diffraction
b D —— — e

¢ ~94% {0300 K |
" Ortho. {e 20 K|

Intensity [a. u.]

J() ~J(2)>>J(3)

S
(4-h, 2k, 3) [r.lu.]



Ba,CuSb,0,

ESR
Nearly isotropic g-factor

mK
No/weak static JT distortion
pient (~50K) (Dynamical JT ?)
BT | ¥ |2.3 ‘ ) !I
% g I 1 .\ga
. fé‘* . 8079 -E" ga.b.e
C Ba}f.?quz'li)9 g | 78(5) % Hex. Za,.
B ¥ 1 = 2.1
15 v Polycrystal - E
> T y  Hexagonal 78(5) % g
=) -
5 :
o =
E <
g z
= b T
I : ' | L1 . 1]
0.7 0.8 0.9 1.0 1.1
poH (T)
But.

orbital freezing in EXAFS
Nakatsuji, Sawa, Hagiwara, Wakabayashi et al. Science 336, 559 (2012)



Orbital —Spin + Dynamical JT system

, j v Inter-site Exchange Interaction
change type interaction V.S

Local Dynamical JT Effect

-
.

JT coupling v A possible scenario for

spin liquid in Ba;CuSb,0,

Lattice dynamics

H = Hexen + HyT



Spin-orbital Superexchange

Bonding 2p
O 2p A,
Non-bonding
A
_Cue, Hole picture

dp type model Hamiltonian
H = Z d;-rpj + h.c. —|—A2np+ UdZn‘%n‘f + U J,J +---
<ij>

Perturabation for electron transfer

>  Kugel-Khomskii type Hamiltonian




Super-exchange interaction

Kugel-Khomskii type Hamiltonian
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Spin: AF Orbital : F
In @ wide region

Consistent with
positive Weiss constant

3

Spin: F Orbital : AF
in a usual corner share bond
(e.g. Perovskite)

:CT gap between p-d [eV]
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E X e Jahn-Teller effect
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Kinetic Linear potential Lipear JT
+B (@2 —3Q.Q.) Anharmonic potential ¥\ @
Ejr ~ Mwp§/2 JT energy gain (0.1-1eV)
s T T s - = ===-=-=-=-=-========== - T T T T s 5T T -~
U J Ay ~ Bpg Anharmonic potential energy | 1JsE ~ O(t;dtgzap/(UA4))\l
; (1-10meV) | :
: 5,5 Inter-site exchange |
| Jpjr ~ (hw) /EJT dJT energy gain (1-10meV), l (1-10meV) ’l



Dynamic Jahn-Teller effect

Lower adiabatic potential with anisotropy

Rotational Mode

Hyot = —(2Mpj) 107 /(067) + Bp} cos 30 Tunnel between
3-potential minima



Hamiltonian for low-lying vibronic states

Effective Hamiltonian for the lowest 6 vibronic states

1
Hjr = 50?’ (JpjTA+ JapgB)
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Superexchange v.s. dJT

H = Hexch + HJT
Anharmonic
potential

JAH . «.... Vibronic
“.motion

s Jpgr

Superexchange
S; Q interaction S, T; Q,
Site | JSE Site |

Local v.s. Inter-site

c.f. Kondo v.s. RKKY



Method

Exact-diagonalization
+

Mean field (MF) approx.

H = Hexch + HJT

Mean field approx.
Si-S; — Si- (S;)

S; - SjTiTj — 7;5; - (SjTj)etC
/

/

/
>

Exact diagonalization

lllll

\
\

Also \ / Mean fields

QMC+MF method

-— ar e eo» on e o)

Further
Hxch -is analyzed by Exact Dagonalization, & MF method



Jsp/Jag = 0.15: fix

Spin & Orbital State

Neel-type spin moment

3-hold orbital ordered moment (+)
3-hold orbital ordered moment (-)

M, = Z( 1)'S;
M,y = ——('rz + 75 +TE+ T + T+ TE)
M, _

=—6(TA+‘TB+TC +1H+ 1%+ 1)

0.5 (==,

Orbital pseudospin

0.4 L M1 " configuration
03[ = |
o2 il
o1l (+)
0.1
02| e
N i N
0 /_ ,2 0.4 0.8 \l (—)
= Jpyt/ J AH
(+)-type 3-hold Vibronic Motion Superposition of

orbital order

(+) & (-) orbital orders



Spin & Orbital State

Bond correlation function Kij.xr = ((Si - Sj)(Sk - S1))

E D
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/c{ 02 04 06 08
ip = Jpir/Jan
Resonant

Localized <:>
singlet pairs




Spin & Orbital State

Z Gyl?
(S.?}:
Géj = 16[((Si - S3)(7i73)) — (Si - Sj)(7i73)]

3-hold orbital order parameter Mps = (M, — M, _)

Spin-orbital entanglement

0.06

i

> 0.4/ %% Iﬂjﬁf —T 0.03
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ip = Jpar/JanH
Spin-orbital disentangled Spin-orbital entangled quantum state
orbital order
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Superexchage v.s. dJT

Spin-orbital

— - & resonant )
Q-G

07 r

0.6

Jpir/Jan
Dynamical JT effect

Orbital ordered phase
05 r

Spin-orbital system
: : decoupled
0 0.5 1 1.5 2 from lattice vibration

¢ Jsg/Jan Superexchange interaction

0.4

Spin-orbital system
with reduced orbital moments

Competition between Dynamical JT and superexchange interaction

A

Spin-orbital resonant state




Connection

hy = FH) oo B
> o $2hM
=2 e U U
e 3} S Apjt -
Artificial external 5 Ao 4
2
Hir = —hy oz | Aagr
Z ‘ 4
: As
hy - 00 AFM ho = IADJT B
"'.'.. ::: -------- rth —
: I E(L) ...... E(L)
+

I without orl;ital
degree of freedom

Magnetic order

Spin-orbital
resonant phase

I Orbital order

0 [ | . | . | P

0 02 04 0.6 0.8 Original model

JD = JDJT/JAH (spin-orbital-lattice)




Doubly-degenerate orbital on a honeycomb lattice

d;@y

3
H o= -J), (Z + s, + 7l Tf+5§ + 7 Tgﬁ—a,y)
7 J <0

; 2ngm N T T 4 2ngm n 0 T
T = COS — ; — :
ﬁ 3 g TP\ T3T Ty )

(na’a nﬂvn’)/) — (17 29 3)




Honeycomb lattice is covered by NN bonds
with the minimum bond energy

trial wave function @

W) =N S A1) + i)
[

iy = TT U @)l - 1.
(i)
U(¢y) gy, = exp [—ign (TY +T7)]

(b)

Quantum Resonance

Resonance energy:

~10% of energy gain
of quantum effect




Connection to orbital-only model

Generalization of electron transfer tpa = tpa(n)
Staggered magnetic field Hp=—hY (—1)'S}

Original model
(spin-orbital-JT)
(T?: h) = (7{;350

Spin-orbital
resonant state

5 1
=08

S 0.6

]

™ 0.4 Orbital ordered phase
| g S

502

) 0.4

n/m
Orbital only model

(m, k) = (7/2,00)
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Discussion for Ba;CuSb,0O,

Low energy excitation + Gapped excitation
» Susceptibility

* Specific heat * Inelastic Neutron scattering
% ~ x(free)+ y (gap)

low energy + gapped parts  Gapped excitation

B U U U
20 [ T T |;||||| T T T T1rrr T T ] L : f:"{ Hex. 78(5)% I::I
] ) 2] F L
s« BaCusho | SRS R BN
. 3 20 ] g A~ - - ; Bk

15 v Polycrystal - 520-5' g i E |
- y  Hexagonal 78(5)% = . —
2 v ] ") s = GF
S : g g |

10 o -] E He
2 - b = mli\J 8 4}
5 = o
£ i L -'..'. : B
= b RS

s Ty, 05 A 2t

% rﬁ,ﬁﬁl__ - P &
| "Curie" Ty, ms;;;;;w Ortho. 95(5)% =, °
Oy I‘I - 1 t ]
- M BaCusb 0, B=0T
oo I RN HH
0 & i Nakatsuiji et al.
2 4 6 8 10
T(K) IR

Spin-orbital resonance

Gapped spin liquid

$i-i}

Science 336, 559 (2012)

J(1) ~J(2)>>J3)




Orbital Excitation “Orbiton”
&

INS as an experimental probe




Orbiton

Orbital wave (orbiton)

Collective excitation in orbital ordered state
_ 3d transition-metal compounds
light Quadrupole order in 4f electron systems

M. Cyrot and C. Lyon-Caen, J.
Phys. (Paris) 36, 253 (1975)




Spin-orbitla model 1
3 = —y ]. I I UI + J
H = _QJIZ(1+ i j) (Z‘ﬂ'"’j)
(i7}
l & & 3 L ! !
—QJzz Z—Si'Sj g Trntnt Ut —J
)
Horstein-Primakoff trans. magnon sl s;
1 g : + 5 3
Ty = 7~ tit;
1/2 orbiton ¢, —f— —_
T+ = (1 —t,}tf) t; ” 0 -
172
= = i) (1 —t;[t,-) /
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Orbiton dispersion relation

LaMnO;,
-a mother compound of CMR material -

4-modes
(4-inequivalent Mn sites)

: Gap-full excitation
_ (No SU(2) or O(2))

<2
3< §
5
~ oL | ]
W — =)
— u=(--)
1k —— u=(+)
— p=(+-)

Q02 000 (00) (W2r20) (0.0.0) (d2502/2)

S. Ishihara, J. Inoue, S. Maekawa
Phys. Rev. B 55, 8280 (‘97).



Theory

| IS T AT

30 35 40 45 50
Raman shift (units of J,)

)

Intensity (arb. units)

o

Experiment

(@xX)
(X,y)

:(lb:)()l(,:’)l(,:) —

| (lC) &zzl) B
(z,x)

120Rarr1lthoshi1% ?r%eV)

Orbiton by Ramman scattering

LaMnO,

4< |
<><

Q072000 (00) 220 (0.00) (F2m2.112)

E. Saitoh et al.
Nature 410 180 ('01)

(Multi-phonon ?)



5 Spa] AT_X ET A = .
TETOTETTIKESS al + Dynamical
ez ksl -
25F || a@y/e=D =< [N =
O T .
S kK> "fl gim=05] ||g/w=05
Dsp g ?f w/0=0| ||o/m=005 Effects of
] ‘ S ecls O
1 e Sl = —— =]
[ — = sl ] "
05k NN e JT cou pllng Photon Energy (eV)
(] — = = 1 1 FIG. 2. Optical conductivity of LaMnOs;. The points are the
A A LT A A XL A MICS (Dynamlcal JT, lowest Lorentzian oscillator fit by Jing et al. [16] to their data.
FIG. 2. Orbiton and phonon dispersion, neglecting dynamical The dashed curve is a T — 0 sum of convelved Lorentzians
effects due to the e-p coupling; (a) without e-p coupling g centered at the vibrational replicas shown as verfical bars; the
and without bare phonon dispersion, (b} g/wy — 1/2, no bare solid curves are 7 — 0 (lower) and T — 300 K (upper) sums of
phonon dispersion, and (c) g/ay — 1/2, finite bare phonon dis- convolved Gaussians, also shown in the mnset on a logarithmic
persion. The points of high symmetry in the Brillouin zone scale. Tick marks in the inset denote decades.
correspond to those of Ref. [13].

Vvibronic excitation (cooperative JT problem)

Sl et al. Phys. Rev. B 62, 2338 (‘00)
Frozen JT distortion
(OK for w(orbiton) > o(phonon) )
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V.Pere ew 18 (01)
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Orbital — Lattice coupling

Hy = _QJIZ (% +5 . -*j) (% _T!Té) Exchange interaction
(i)
1 s .3 3 i i I
_2‘]22(1— i :f) (1"‘%’%"‘7’5"‘7’3’)
) Si - S5 = (Si - S5)

o 7\ M, ., i .

Kinetic Lattice potential JT interaction

¢3z2—~r2




Dynamic Jahn—Teller effect




Vibronic collective mode

i-1-site I-site i+1-site



“Orbital-Frustration-Entanglement”

Ring exchange interaction in cubic orbital 120models

Magnetic quadrupole order

Honeycomb lattice orbital 120models

Possibility of quantum orbital state

|-i- e

DJT effect in honeycomb lattice spin-orbitai model

Spin-Orbital resonant state
Implication to Ba3Sb2CuO9

Orbital excitation

Low energy collective
vibronic mode




