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Outline

1. Electronphonon interaction andeierlstransition
(not in the text, for undergraduate)

2. Orbitally inducedPeierlstransition: Case study on Cufy; (section 2.1)

3. Toy models on square/triangular lattice (sections 2.2 and 2.3)

4. Application to Spinel and Pyrochlore materials (sections 3.1 and 3.2)
5. Application to triangular/honeyconiagomédattice systems (3.3/3.4/3.5)

6. Summary



Electron-phonon interaction
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Electron-phonon interaction
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Pelerlstransition and superstructure

Peierlstransition (2D/3D material with 1D Fermi surface)
Charge density wave is formed by the elecipbionon interaction.

Meanfield approximation

, P s Y g , analogous te@ E JahnTeller effect
0O +— OO FOR{O & ) .
v electronlattice _
interaction elastic energy
One dimensional Fermi surface:
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Meanfield Hamiltonian

O O - Wf OF 0 ﬁ&ﬁ((l')




Pelerlstransition and metal-insulator transition
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Fermi surface nesting andPeierlstransition
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Q=p/a

Half-filled band

Equatorial oxygen
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Quatrter filled band
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Strong electronphonon interaction

interaction gap
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Outline

2. Orbitally inducedPeierlstransition: Case study on Cufy; (section 2.1)



Transition -metal oxides with

Rutile(1D)

VO,: v# d! T,,=340K M-NMI
Hollandite(1D)

K,VgO,e VA4 V3 dld?2 T,,=210K M-NMI
K,CrgO,e Cra,Cr3t d2d® T,,=95K FM-FMI
triangular lattice (2D)

NaTiO, Ti% dt Ty, =260K [-NMI
LiVO, V3 d? Tyw =500K [-NMI
BaV,,O,. V3, V# d2d® T,,=130K M-AFI

Na,CoO, Co*,Co** d°d°

honeycomblattice (2D)

Li,RUO, Ru* d* T,, =540K M-NMI
Na,IrO, Ir% d°
Spinel (3D)

MgTi,0, Ti*  d!
Znv,0, V¥
AlV,0, V3 V2 d2,dd
LiRh,O, Rh* Rh¥* d5dé T,,=170K M-NM|

T, = 260K M-NMI

octahedra

M: (paramagnetic) metal
AFM: antiferromagnetic metal
NMI: nonmagnetic insulator
AFI. antiferromagnetic ins.




Transition-metal chalcogenides/pnictides

g-1D

(TaSe),l Ta**, Ta* d%dt T,,=260K M-NMI
Bavs, V4 dt T, =74K, T,=35K
BaFe,S; Fe* d® T=200K, T,=120K
Ta,NiSe, Ni%, Ta>* di0,d° T,=328K NMI-NMI
g-2D

TiSe, Ti% do T=200K M-M
VSe, \Vas d? T~110K M-M
TaS, Ta* d? T~200350K M-M
LivS, V3 d2 T, =305K M-NMI
CrSe, Cr®* d2  T,,=165180K M-AFI
IrTe, Ir 4+ d® T~180280K  M-M
FeSe Fe** d® T~90K M-M
BaFeAs, Fe*  df T=T,=143K M-AFM
BaNi,As, Niz*  d#8 T.=130K M-M :

M: (paramagnetic) metal
3D AFM: antiferromagnetic metal
RuP Ru> d° Ty =270K  M-NMI | NMI: nonmagnetic insulator
Culr,S, IréIrst dd,d® Ty, =226K  M-NMI | AF|- antiferromagnetic ins.
NIS Ni2* d8 T~T,=200K M-AFM

Many unsolved mysteries!



Without Fermi surface nesting
The phase transitions are always driven by Fermi surface instabil
Fermi surface nesting Peierlstransition
No Fermi surface nestiny ??
(1) Mott/Wigner localization + spin/orbit

(2) Excitonic instability

(3) Orbital instablility Helerls

Y. Wakisakaet al, Phys. Rev. Lettl03 026402 (2009).
K. Sekiet al, Phys. Rev. B 90, 155116 (2014).



Case study : spinetype Culr.S,

Ir3+: Ir4t=1:1 S. Nagateet al, Physica BL94-196, 1077 (1994).

Charge frustration 15t order metal-insulator transition

on a pyrochlore lattice ? at 226 K with tetragonal distortion
(c>a)

P. G.Radaelliet al, Nature416, 155 (2002).
triclinic distortion with octamer charge ordering

Tabile 1 Ir-Ir bond lengths of Culr,S,; at 50K

Dimerimad rings (Ir*)
13 3484
1:4 3.012(5) |r 4+ t 5
2:3 2.058(5) 29
T 5T
3:4 3.490(8)

Mon-dimerized rings (13

1:3 2.478(7)
1:4  3.490(5)
2:4  2.600(5)
2:4 3.487(7)
44 3.470(9)

Ir™ =1 bonds acroes rings (iK1

11 A.5851(7) 24 3.605(7)
11 3.437(7) 31 365805
1:3  2.540(7) a2 A.458(8)
1:4  3.5854(7) 33 3.458(7)
22 3.507(6) 41 348607

Ir 4 octamers 2;2 3:433{51 42 :3:59.1{5]

(four d | merS) Data determined from Fisteld refinaments of X-ray and neutron powder diffraction data. Al bond
angths ana ghen n k.




1D t,,bands in the pyrochlore lattice?

Ir 5d t,, orbitals:
triply degenerate
Xy, zX, andyz

d-d transfer

xy : 1D band along (1,1,0and (1;-1,0)
zx:. 1D band along (1,0,1) and (1,61)
yz:. 1D band along (0,1,1) and (0,11)

C)

(

Ey
Xy, ¥z, 2X
bands




d-d transfer versus d-p-d transfer

d-p-d transfer provides hybridization
between thexy andyzandzxbands.

T1404 or Ir484 cube




3D Fermi surface of Culr,S,

high temperature cubic phase:
Ir 5d t,,and S 3p orbitals
form the 3D Fermi surfaces.

No FS nesting

T. Oda M. Shiral N. Suzuki, K. Mochizuki

J. PhysCondensMatter7, 4433 (1995). T. Sasaket al,
J. Phys. Soclpn 73, 1875 (2004).

low temperature triclinic phase:
LDA calculation predicts
Indirect small band gap

of ~0.03 eV.

Strong electronlattice coupling
The magnitude of band gap

IS underestimated.
Experiment: ~ 0.2 eV

ENERGY (eV)
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Jahn-Teller effectin t,* configuration

d* configuration (4 system)

H elongated compressed
atom octahedron along (001) along (001)

322_ r 2’ X2_y2 i X2_y2 322_ r 2
yZ, 2% Xy
X2_y2




Band Jahn-Teller effect

band JahiTeller effect JahnTeller distortion due to itinerant electrons

In acubiclattice,
thexy, yz,zxorbitalscanform triply degeneratbands

Undertetragonaklongatiomralongthe z-axis,
thexy bandbecomesviderthantheyz,zxbands
Y Theyz,zxbandscanbefully (un)occupiedn orderto gainkinetic energy

Tk Yk Tk

In contrast to the localized electron case, it is not so easy to overcome
the elatic energy loss by the band Jdketier effect alone.



Jahn-Teller effectin t,* configuration

d* configuration (4 system)

elongated compressed
octahedron along (111) along (111)

372-r2, x2-y?
yzzxxy

P

Low @R o = lap 1ok %p clood o |6

Vo

T,x t, JahnTeller effect
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Band Jahn-Teller effect

band JahiTeller effect JahnTeller distortion due to itinerant electrons

In acubiclattice,
thexy, yz,zxorbitalscanform triply degeneratbands

Undertrigonalelongationalongthe 111-axis,

the e, bandsbecomewider thanthea,, band
Y The a,,bandcanbefully (un)occupiedn orderto gainkineticenergy

L AL

e\ ke

In contrast to the localized electron case, it is not so easy to overcome
the elatic energy loss by the band Jdketier effect alone.




Band Jahn-Teller effect and Pelerlsinstability
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One-dimensional character is partially
recovered by the bandJahn-Teller effect.



Orbitally induced Peilerlstransition (dimer)

xy holesY 3/4filled 1D band along (1,1,0) and (11,0)

D. |. Khomskiiand TM,
Phys. RevlLett. 94, 156402 (2005).

= zX.yZ-bands




Ir 5d charge order in Culr,S,

Ir 4f core level XPS Ir 4+ and Ir3+charge modulation
manifests in thelr 4f core level.

o 300k N Ir 4f core level spectrum of insulating

— Fitted curves £ % 4 | phase can be decomposed

. into the Ir3*and Ir4*peaks.
Ir3*t:Ir+=1:1

charge modulation predicted by LDA

Intensity (arb. units)

T. Sasaket al, J. Phys. Sodpn 73, 1875 (2004)



Outline

3. Toy models on square/triangular lattice (sections 2.2 and 2.3)



two-band model on a square lattice

o 1 purely 2D
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top view
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Effect of interlayer coupling

O T quasi2D




Three-band model on a square lattice
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