Part 2:
3d transition metal oxides
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Spin-orbital physics in
3d transition metal oxides

Orbital degrees of freedom should incorporated in the
super-exchange theory and the systems are described by
means of effective Kugel-Khomskii spin-orbital models.

In these models, magnetic and orbital orders are usually

con
of or
INnte

nected. The orbital order might be stabilized by lifting
bital degeneracy either by lattice distortions, orbital

ractions or spin orbit coupling.

Giniyat Khaliullin, Prog. Theor. Phys. Suppl. 160, 155 (2005)




Family of AV204
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Spinels: | |
7nV->04 Calcium-ferrite structure:

MnV20O4 CaV->0q4



Vanadium spinel: ZnV20O4
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Structural (cubic-tetragonal): Ts=52K
Temperature-induced change in dimensionality,

PerCh Iore Iattice because of orbital degrees of freedom

H. Mamiya et al, JAP 1997

M. Reehuis et al, EPJB 2003 Magnetic (para-antiferro): Tn=44K
S.-H. L t al, PRL 2004 ) ) .
E. M. Vfﬁe;ear et al, PRB 2010 AFM 1D order, consistent with a set of spin

S.-H. Lee et al, PRL 2005 chains



Single-ion properties of V3+

Acub ~2eV

to, states: L = —all (a = 1).

J =S+L' withS=1,L"=1
= Ground state J' = 2.

Tetragonal crystal field
A ~ 200 meV

Ac:’u,b : : :
/ Spin-orbit coupling
S = A ~ 20meV

3d




Interactions between tag-orbitals in AV204

*Octahedra are edge-sharing Static Potts-like orbital interactions

- N o > (only ddo overlap)
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S IN N,
Only direct hopping, % it

only diagonal hopping, K @8*@ No exchange
and only along “good” bond ¢V




Magnetic order in ZnV204

Structural (cubic-tetragonal): Ts=52K

+

xy orbital is occupied

+

AFM chains along (1,1,0)cub.

Intensity (arb. units)

Olr=15K
Energy transfer=10 meV, 1.25

2 1 0 1
QA"

From E. M. Wheeler et al/, PRB 2010



Orbital order in ZnV20O4

Real Orbital Order
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Y.Motome and H.Tsunetsugu

PRB 70, 184427

Complex Orbital Order
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O.Tchernyshyov
PRL 93 157206

Dimerized state

P4,2,2,
V. Pardo et al. PRL 101, 256403

S. Di Matteo, G.Jackeli, NP,

PRB 72 020408(R)

supported by SOC



Zigzag vanadium chains in CaV204

Ox1 Ox4 Oxz VZOx1 Ox1 Ox4

Zigzag spin-1 chain with comparable Chiral spin liquid: a long-range
nn and nnn interactions + an easy-plane chiral order + short range spin
anisotropy of V3* ions correlations



Magnetic order in CaV204

chain 1 chain 2

(a)

Two collinear antiferromagnetic spin chains canted
on 19 degrees with respect to each other.

Pieper et al, PRB 2009, Niazi et al, PRB 2009



Spin-orbital zigzag chain

n

n+1

Degrees of freedom: strong AFM coupling of spins along blue
rails. Interaction between spin chains is

Vv3+ (d?, S=1) along zigzag bonds.
an Y4
+ — ZX Orbital degrees of freedom are Ising
29 1 Xy variables. Orbital interaction is along red-

green zigzag chain.

Chern, Perkins, PRB 2009



Motivations for the simplified description

Zn\VV204 and CaVV204 are Mott insulators.

Kugel-Khomskii-type spin-orbital Hamiltonian is a
natural approach for describing magnetic and electronic
properties.

The orbital-dependent super-exchange and tetragonal

crystal field (xy is always occupied) lead to a formation

of 1D orthogonal single chains in ZnV204 and zigzag
chains CaV204.

Couplings between these spin-orbital chains are weak,

but also geometrically frustrated. Thus, ZnV204 and
CaV204 are essentially quasi-1D systems.

A common feature shared by AV204 compounds is the

presence of a relativistic spin-orbit interaction.

Simple toy model: a S=1 Haldane chain and a AFM (FM)

Ising chain locally coupled by spin-orbit coupling.



Toy model for quasi 1D vanadates

CaVz204 ZnV204 CaVz204 ZnV204
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Symmefr'y: U( 1) X ZQ X ZQ

Reduction of SU(2) to U(1)xZ2




A=0 limit

Spin-1 chain: asinglet ground state with triply degenerate magnon

excitations
O tical triplet magnon F. D. M. Haldane,
S =15+ 15, ore VI | P plet mag Phys. Lett. 93A, 464 (1983)
\i_/ S.R. White and D. A. Huse ,
_________________________ PRB 48,3844 (1993)
i I. Affleck ,
- PRB 41, 6697 (1990)

Ising orbital chain: ferromagnetically ordered ground state with
non-dispersive domain wall excitations .

r% = i T Y
‘'n — H (2( mEm — 1) (('n + (-n) m — 1 2(-71(-72.

m<n

Jordan-Wigner transformation




Finite A — Perturbation theory

Jordan-Wigner fermions

magnons

//
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The one-loop corrections to the magnon self-energy

o - 2 -VQIA
i’ )\2

w <L K Be ™ B0~ N K

Magnon gap is renormalized

The one-loop corrections to the domain-wall self-energy

Eqg ~ 2K — 21(q>
Domain-walls become mobile




Order parameters
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physics of vanadium oxides on
frustrated lattices

Entanglement of orbital and spin degrees ...

Reduction of dimensionality due to orbital
anisotropy...

Possibility for spin, orbital and spin-orbital
liquids...

New models...



More detalls In
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Magnetic excitations in vanadivm spinels
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Quantum phase tramsitions in a strengly entangled spin-orbital chain: A ficld-theorctical approach
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Quantum criticality of vanadium chains with strong relativistic spin-orbit interaction

Giia-Weeh Chern,' Natalia Perking,! and George 1, )
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We stody quastern phase tramitions inducod by the cnaite spinorbit imtcraction AL S & 2 toy model of
vanadum chaiss o Be A <0 limi the decouplod spin and erbial sectons are describod by & Hablane and s
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Model for frustrated spin-orbital chains as applied to CaV,0,

Gia-Wei Chern and Natalia Perkins
Department of Physics. University of Wisconsin. Madisow, Wisconsin 53706, USA
(Received 28 July 2009; published 10 December 2009)

Maotivated by recent interest i quasi-onc-dimensional compound CaV, 0y, we study the grownd states of &
spin-onbital chain charactenzed by an lsiag-like orbital Hamiltonkan and frestrated interactions between Sw |
spins. The on-site spin-orbit imceaction and the Jahn-Teller cffect compete with intersite superexchange leading
10 & rich phase diagram in whch s antiferro-ortetal phase is separsied from the orbital pasamagnct by a
contimmous Ising transition. Two distinct spin Bguids depending on the usderlying orbital order ase found in the
Hmit of small spin-ordst coupling. In the opposite limit, the zigzag chain bedaves as & spin-2 chuin with king
anisotropy. The implications for CaV 0, are discussed.

PRL 108, 247215 (2012) PHYSICAL REVIEW LETTERS |M3

Orbital Disorder Induced by Charge Fluctuations in Vanadium Spinels

Yasuyuki Kato,' Gia-Wei Chern ™ K. A, Al-Hassasseh, ™ Natalia B, Perkins,” and C. D. Batista'
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Maotrvated by recent experiments on vasadium spinels, AV,0,, that show am increasing dogree of
clectronic delocalizsion for smaller cation sires, we stody the cvolation of orbital ondering (00O) between
the srong and imbermediate-coupling segimes of a msltioshital Hebbard Hamiltosian. The wnderlying
magncte ordering of the Mot insslating state leads 0o 8 raped suppeession of 00 dee 10 endbanced chasge
Bectuations alomg formomagmetic bonds. Orbital double eccupancy is rather low at the ransition point
mdicating that the systom u-!tncmmqmb«mmndmmﬂlnnlm
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Orbital order in vanadium spinels

S. Di Mamteo,'? G, Jackeli,™ and N. B. Perkins'**
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Motivated by recent theceeticall and experi 1 ¥, Wo e ath ical sudy o claify the
orital symmetry of the ground state of vamadiom spinel oxides AV 0, (A=Zn, Mg, Cd). The stdy is based
on s effective Hamiliomas with spen-orbital supereschange imeraction asd a local spinoeba cospling term.
We comarmct a chussical phase disgram asd prove the comples orbetal smture of the grosed stste. Remarkably,
with our analysis we peedict commectly also the cohereat ictragonal flattoning of cxygen octahodes. Finally,
Srough analytical comiderations as well 3 nemencal ab mitio imulations, we peopose how 1o detect the
producied complex orbital ondering through vanadmm K.odge resonant x-ray scumenng
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Part 3:
4d and 5d transition metal oxides

spin-orbit assisted Mott insulator
Kitaev Interaction in real material
Naz|I’O3

K1-Ko model



charge densily

0.75

0.25

0.00

Is Mott insulating state possible
for Sd-compounds?

|

Sd orbitals are extended

Coulomb repulsion is screened
U:05-25¢eV

The Mott criteria
U =W
1s difficult to satisty

U

Iridates should be metals
or band 1nsulators




Iridates: spin-orbit assisted Mott insulator

Sr2lrQy

H . a
SO
two splited bands

-----------

t,, band

wide ¢, ~band Metal

(b)

UHB
) Unrealistically
Uz €
l large U (~ 8-10 eV)
LHB

S = 1/2 Mott ground state

——~
\1J

CsoI :

Jer=1/2 band

J,.,,: 3/2 band

J .y band split due to SO

(e)

Crystal Field SO coupling

B U~ W:
= 1/2 UHB ool
Ul &—— cllectively
Cso Jeoy =12 LHB enhanced
J o= 3/2 band correlation
J.;= 1/2 Mott ground state etfect
i J 52 54
T

Crystal Field SO coupling

B. J. Kim et al., PRL 101 (2008) 076402



Pseudospins instead of spins in systems with strong SOC

. A, =0.4eV
Ir4+ - 5d° 8 B J=L+S
Rh#+ - 4d> eV O
Ru’* - 4d> 1, = b 3i2n
g — %0
2 Jo=3/2 %
i = 1/2) =|yz,71/2) + 1] zx,51/2))

1
Xy,x
G. Jackeli and G. Khaliullin,
* PRL 102, 017205 (2009)

isospin up spin up, 1,=0 spin down, |,=1

Why Jets= 1/2 magnets are interesting?

1) Complex phase i, coming from the contribution of orbital angular
momentum 1nto J, will manifest itself 1n magnetic coupling.

2) The form of magnetic interactions 1s no longer dictated by spin symmetry
alone but 1s determined by the combination of spin and lattice symmetries.



The form of the anisotropy term depends on the lattice.

Dipole-dipole interaction Kitaev interaction

J (S; rij)(rij ' Sj)

—JS]S?

@ 1. :
R BN T S i E
g — Lo | :
=" s SN 2 | :
(o} (o]
0 o pz
Py Xy
SI’2|I’O4 e N82|I’O3
LiolrO3
) XZ
XZ p, XZ
(0]} (o]

P,

G. Jackeli and G. Khaliullin,
PRL 102, 017205 (2009)



"Emulating” High-Tc in iridates

Sr,IrO, (n=1) Sr3Ir,0; (n=2)

same crystal ;%';:%3/ . §§ % similar crystal
. © i o

structur¢ as ANDY V& § . structurc¢ as
La,CuQ, 40-?'%,*' %o{o Bi,Sr,CaCu,O4

- o'.o./ o g oo
O...OO..O/V
O .O B

b . O
B °. ./v

Any chance for superconductivity?
B.J. Kim group (2008-)



Low-temperature nodal Fermi surface and
high-temperature Fermi arcs (ARPES)
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Kitaev model on the honeycomb lattice

H = —Z Jo 05 0] = — Z Z Ja0y Orha,
(Tk)

rcA a=x,y,z

Exactly solvable 2D model

Spin liquid ground state

P g— Fractionalized excitations
oY 07 —
o% o7 — O‘? p— Zb?Cz

Y NOY NS
A. Kitaev, Annals of Physics 321, 2 (2006)



| et's derive Kitaev interaction
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Upper path 1
1 1, .., . 1 1 2

T,. T, = ——¢7
(5 =5 Tl (i Ta 5, —5) = =3
Lower path 2
1 1 . .1 1 2
Ta:z s y 1 z 9 — _t2

Upper path 1 + Lower path 2=0

. 1 1 .

if only states |§, ::§>are taken into account

Upper path 1 + Lower path 2

1 3 3 1 3 3 21
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same for spin down



Next step is a usual perturbation theory.

For the total exchange one gets:

() ()
K —_—
foo — bopy - Bio — By

~ By — By~ Jn

This Is the essence of the derivation
of the Kitaev interaction



A bit more general approach...

Step 1: find single particle states from diagonalization of the
single-ion Hamiltonian H=S0OC + CF

H)\ A —_— )\S L —I- AL[I].I]

(1—2)A (1+2)A A /2
A 0 376 0 W 3 3
1A /2 (1—2)A (1+2)A
0 U \/; =L 0 +)
X (1+2)A 1A /2 A (1+2)A A 0
H — 3v6 3 3 2 3v3 3v3
3v/2 3V/3 K 3v/3
(1—2)A 0 1A 0 A (1+z)A
3v2 3vV3 2 3v3
_A /2 (1—)A 0 1A (1—2)A A
3 3 36 33 33 2




Diagonalization of single-ion Hamiltonian leads to three
doublets at energies, corresponding to a single-hole states

|P5) and |Pg)

A A
E(5>6) — |
3 2
AN 1 \ |P3) and |Dy)
$,) and |P,)
A A1 \ 1
E12) — ¢%2 A— —)2
6 4 2 + 2)

Since the Hamiltonian is time-reversal invariant, the
ground-state of the single-ion single-hole is a Kramer's
doublet, which can be described by a pseudospin-1/2.



Step 2: find two-hole states in the presence of
Interactions,spin-orbit coupling and crystal field interaction.

There are 15 partly degenerate two-hole states, which can be
obtained by diagonalization of the full Hamiltonian:

Hint—{—)\,A — H’int + H)\,A

H’int — Ul Z NiatNial + = (UQ — JH) Z NiaoNia' o

zaayéa

+ Us Z NiatNia’] + JH Z me ot dia’ | dia’t
i, aFa i, aFa!



For the basis we can use the product of single-hole states
states:

B, 1) )
BP,2) = |P1P3)
DD, 3) = |[P1Dy)
&Ph,4) = )
®®P,5) = |P1Ps)
bD,6) = )
DD, 7) )
@6}9,8) = @2‘1’5)
)
)
)
)
)
)
)

|
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=
o

I
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=
o

tdiagonalization!
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Step 3: strong coupling approach. For nearest neighbor

coupling,

it Is a second order perturbation theory expansion

in the effective hopping parameters .

1
Hex,n,n’ — E G_PHt,n,n’Qﬁ,n’Ht,n’,nP
§
§

P= Y [1/2,00/2;n)(n;1/2,0,/2

Oy —C

The

-1

Qe = |D, &) (s D,E| = DL De

The projection operators onto
two-hole intermediate states

projection operators onto

one-hole ground states



Step 4: write the super-exchange Hamiltonian can be written
INn terms of the magnetic degrees of freedom

Hexe Z::;fi oSy,

Jr Ty JrZ
En,n’ — JIJYJYE
JFr  Jry  JZ

Goal achieved:

we find how the exchange coupling tensor depends on the
microscopic parameters - CF distortion, Hund's coupling,
Coulomb interaction and SO coupling.




Super-exchange in A,IrQ,

(7)a (i7)
Neel ZZWA?’ Spin
AFM | liquid
: e @) E——
P, 0 04 05 0.8 1
yzZ XZ
XZ z

5 Kitaev spin liquid is stable

G. Jackeli and G. Khaliullin, against Heisenberg perturbations!
PRL 102, 017205 (2009)



NazlrOs orders in AFM zigzag structure

Singh and Gegenwart, PRB 82, 064412 (2010);
Singh et al, PRL 108, 127203 (2012)
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_ocking of the spin direction to the spatial
orientation of the zigzag in NazlrOs

Spin-component-resolved
equal-time correlations

x-bond

Diffuse magnetic x-ray scattering

S.H.Chun et al, Nature Physics 2015



Revision of the super-exchange model for
NaolrOs

t1o = 230 meV
t10 = 67 meV

too = 94.7 meV

Kateryna Foyevtsova et al, PRB 2013



Revision of the super-exchange model for
NaolrOs

t1o = 230 meV
t10 = 67 meV

Path 1: Ir (V) — O (p,) — Na(s) = O (p,) — Ir (X) '

Path 2: Ir (Y) = O (p,) — Ne¢ _ _ _

Path 3 : Ir (v)— 0 (p:) = {_ Kitaev interaction to, = 94.7 meV
Path4: Ir (YY) — O (pz) — Na(s _— y

GX} = |y;> |Y> = ;;J,‘) and |Z> = |-‘l;y> Kateryna Foyevtsova et al, PRB 2013




J,-K,-J,-K,, model

Na,IrOQ,
A=01eV,A=04eV
- H;HS nSnet (nznjh o T =036V, Uy =18¢V
t1o = 230 meV, t; = 67 meV
Z S. S, + K, Z 157, to, = 95 meV
m o J1 =5.1meV, K1 = —14.8meV|
),55 + K55 Jo = —4.5meV, K9 = 9meV
J;;:%yy
1,58 + K55 .
1,88 4 K,5%5* Z|gzag
1,88 + K,SvSY

Ocw=-98 K

1,88 + K, 5257

Y.Sizyuk, C.Price, P. Wolfle, N.B.P., PRB 2014



Locking of the spin direction to the spatial
orientation of the zigzag in NazlrOs

S = So+ Sa(b, ¢)
2
Sa==D ) D AgTraetet

q kK.K'=A.Buu =0

( C11 C12 C13 1/(.]';)‘ () U \
~ C12 Co2 Cao3 () 1/(.]3)’ U
Aq - €13 €23 €33 0 0 1/(J3)*
1/]"; 0 O C11 12 13
y 0 1/J73 0 12 C22 23
\ 0 0 1/-15 €13 €23 €33 /

sﬂ(qs),.
()

spin fluctuations select one of

Y.Sizyuk, N.B.P, P. Wolfle 2015 the diagonals in xy-plane
| |




Importance of Kitaev interactions for NazlrOs
— the dominant interaction is nearest neighbor FM K1 interaction;

—AFM second neighbor Kz coupling is the largest energy scale Ki;
— interplay of K1 and Kz stabilize the zigzag AFM state;
— K> provides a natural basis to account for the large and AFM

Curie-Weiss temperature and also explains correct orientation of
the spatial spin direction.



K1-K2 model on the honeycomb lattice

H=K» S79819 +Ky Yy S8
(i7) Lij>

Talk by loannis Rousochatzakis on Saturday
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