
ASCE ñOrbital Physicsò September 2, 2023 

Orbitally Induced PeierlsMechanism

for Charge-Orbital Orderings

in Transition -Metal Compounds

Takashi Mizokawa

Department of Applied Physics, WasedaUniversity



Regarding peer review, Mizokawa says, 
"npj Quantum Materialsis one of the 
most exciting journals in my research field. 
I always enjoy serving it as a reviewer."

https://www.nature.com/npjquantmats/

for-authors-and-referees/reviewer-of-

the-year

Interplay between orbital ordering and lattice distortions in LaMnO3, YVO3, and YTiO3

T. Mizokawa, D. I. Khomskii, and G. A. Sawatzky, Phys. Rev. B 60, 7309 (1999) 

Spin and charge ordering in self-doped Mott insulators

T. Mizokawa, D. I. Khomskii, and G. A. Sawatzky, Phys. Rev. B 61, 11263 (2000) 

Orbitally Induced PeierlsState in Spinels

D. I. Khomskii and T. Mizokawa, Phys. Rev. Lett. 94, 156402 (2005) 

VO2PO4

Phys. Rev. B 101, 235159 (2020); Phys. Rev. B 101, 245106 (2020)

Ba3CuSb2O9

Phys. Rev. Materials 5, 075002 (2021); Phys. Rev. B 104, 205110 (2021)

educated by Prof. Khomskiiand Prof. Sawatzky

Ÿ very aggressive, a tough reviewer

graduated from Prof. Fujimoriôs group in Tokyo,   photoemission experiment

XAS + HAXPES

HAXPES + Tr-REXS



Outline

1.  Electron-phonon interaction and Peierlstransition 

(not in the text, for undergraduate) 

2. Orbitally induced Peierlstransition: Case study on CuIr2S4 (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/honeycomb/kagomelattice systems (3.3/3.4/3.5)

6. Summary



Electron-phonon interaction
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Periodic potential ὠᴆὶ ὺᴆὶ Ὑ

Lattice vibration Ὑ Ὑ+ὗ : displacement of the j-th ionὗ

The displacement of the j-th ion can be expressed by phonons. 

G. D. Mahan, Many particle physics
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vq = (1/eÐ-1/e 0) 4pe
2/q2 : screened Coulomb interaction

wq = w0 : optical phonon

longitudinal   ᴆήẗᴆὩ=ƅqƅ,    transverse   ᴆήẗᴆὩ = 0

Electron-phonon interaction term 
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Electron-phonon interaction
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displacement of the j-th ionperiodic potentialj-th ion:

G. D. Mahan, Many particle physics



Peierlstransition and superstructure

Peierlstransition (2D/3Dmaterial with 1D Fermi surface)

Charge density wave is formed by the electron-phonon interaction.

Mean-field approximation
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One dimensional Fermi surface:

perfect nesting with 
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analogous to e E Jahn-Teller effect
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Peierlstransition and metal-insulator transition

Gap equation 
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Fermi surface nesting and Peierlstransition
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Nature Phys. 9, 612 (2013)

EF Q=p/a
p/a-p/a

Half -filled band

dimerization

2a

no charge ordering



Quarter filled band
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Transition-metal oxides with edge-sharing octahedra

Rutile(1D)

VO2: V4+ d1 TMI =340K M-NMI

Hollandite(1D)

K 2V8O16: V4+,V3+ d1,d2 TMI =210K M-NMI

K 2Cr 8O16: Cr 4+,Cr3+ d2,d3 TMI =95 K FM-FMI

triangular lattice (2D)

NaTiO2 Ti 3+ d1 TNM = 260K I-NMI

LiVO 2 V3+ d2 TNM = 500K I-NMI

BaV10O15 V3+ ,V2+ d2,d3 TMI =130K M-AFI

NaxCoO2 Co4+,Co3+ d5,d6

honeycomblattice (2D)

Li 2RuO3 Ru4+ d4 TMI = 540K M-NMI

Na2IrO 3 Ir 4+ d5

Spinel (3D)

MgTi 2O4 Ti 3+ d1 TMI = 260K M-NMI

ZnV2O4 V3+ d2

AlV 2O4 V3+,V2+ d2,d3

LiRh 2O4 Rh4+,Rh3+ d5,d6 TMI =170K M-NMI

M: (paramagnetic) metal

AFM: antiferromagnetic metal

NMI: nonmagnetic insulator

AFI: antiferromagnetic ins.



q-1D

(TaSe4)2I Ta5+, Ta4+ d0, d1 TMI =260K M-NMI

BaVS3 V4+ d1 TMI =74 K, TN=35 K

BaFe2S3 Fe2+ d6 TS=200K, TN=120K

Ta2NiSe5 Ni0+, Ta5+ d10 , d0 TS=328K NMI -NMI

q-2D

TiSe2 Ti 4+ d0 TS=200K M-M

VSe2 V4+ d1 TS=110K M-M

TaS2 Ta4+ d1 TS=200-350K M-M

LiVS2 V3+ d2 TMI =305K M-NMI

CrSe2 Cr 4+ d2 TMI =165-180K M-AFI

IrTe 2 Ir 4+ d5 TS=180-280K M-M

FeSe Fe2+ d6 TS=90K M-M

BaFe2As2 Fe2+ d6 TS=TN=143K M-AFM

BaNi2As2 Ni2+ d8 TS=130K M-M

3D

RuP Ru3+ d5 TMI =270K M-NMI

CuIr 2S4 Ir 4+, Ir 3+ d5, d6 TMI =226K M-NMI

NiS Ni2+ d8 TS=TN=200K M-AFM

Transition-metal chalcogenides/pnictides

Many unsolved mysteries!

M: (paramagnetic) metal

AFM: antiferromagnetic metal

NMI: nonmagnetic insulator

AFI: antiferromagnetic ins.



Without Fermi surface nesting

The phase transitions are always driven by Fermi surface instability?

Fermi surface nesting Ÿ  Peierlstransition

No Fermi surface nesting  Ÿ ?? 

(1) Mott/Wigner localization + spin/orbital 

(2) Excitonic instability

(3) Orbital instability + Peierls

Ta2NiSe5 transition around 328 K
Y. Wakisakaet al., Phys. Rev. Lett. 103, 026402 (2009).

K. Seki et al., Phys. Rev. B 90, 155116 (2014). 
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P. G. Radaelliet al., Nature 416, 155 (2002).

Ir4+

Ir3+

S. Nagata et al, Physica B 194-196, 1077 (1994).Ir 3+ : Ir 4+ = 1:1

Charge frustration 

on a pyrochlore lattice ?

Ir 4+   octamers

(four dimers)

Ir 4+  t2g
5 

1st order metal-insulator transition 

at 226 K with tetragonal distortion

Case study : spinel-type CuIr 2S4

(c > a)

triclinic distortion with octamer charge ordering 



1D t2g bands  in the pyrochlore lattice? 

Ir 5d t2g orbitals: 

triply degenerate 

xy, zx, and yz

xy : 1D band along  (1,1,0)and (1,-1,0)

zx : 1D band along  (1,0,1) and (1,0,-1)

yz: 1D band along  (0,1,1) and (0,1,-1)

d-d transfer



d-p-d mixing

d-p-d transfer  provides hybridization 

between the  xyand yzand zxbands.

d-d transfer versus d-p-d transfer

(0,1,-1)

(0,1,1)



3D Fermi surface of CuIr2S4

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

J. Phys. Condens. Matter 7, 4433 (1995). T. Sasaki et al., 

J. Phys. Soc. Jpn. 73, 1875 (2004).

high temperature cubic phase:

Ir 5d t 2g and S 3p orbitals 

form  the 3D Fermi  surfaces.

No FS nesting

low temperature triclinic phase:

LDA calculation predicts

indirect small band gap 

of  ~ 0.03 eV. 

Strong electron-lattice coupling

The magnitude of band gap

is underestimated.

Experiment: ~ 0.2 eV

(0,1,-1)

(0,1,1)



Jahn-Teller effect in t2g
1 configuration

3z2-r2, x2-y2

xy yz.zx

atom octahedron
elongated

along (001)

d1 configuration (t2g system)

T2×eJahn-Teller effect

compressed

along (001)

3z2-r2, x2-y2 x2-y2 3z2-r2

yz, zx, xy
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Band Jahn-Teller effect

band Jahn-Tellereffect Jahn-Teller distortion due to itinerant electrons

In acubiclattice,

thexy,yz,zxorbitalscanform triply degeneratebands.

Undertetragonalelongationalongthez-axis,

thexybandbecomeswider thantheyz,zxbands.

Ÿ Theyz,zxbandscanbefully (un)occupiedin orderto gainkineticenergy.

In contrast to the localized electron case, it is not so easy to overcome 

the elatic energy loss by the band Jahn-Teller effect alone.
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3z2-r2, x2-y23z2-r2, x2-y2 3z2-r2, x2-y2 3z2-r2, x2-y2

yz, zx, xy

yz, zx, xy

atom octahedron
elongated
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d1 configuration (t2g system)
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Band Jahn-Teller effect

band Jahn-Tellereffect Jahn-Teller distortion due to itinerant electrons

In acubiclattice,

thexy,yz,zxorbitalscanform triply degeneratebands.

Undertrigonalelongationalongthe111-axis,

theeg bandsbecomewider thanthea1g band.

Ÿ Thea1g bandcanbefully (un)occupiedin orderto gainkineticenergy.

In contrast to the localized electron case, it is not so easy to overcome 

the elatic energy loss by the band Jahn-Teller effect alone.

EF
kF

-kF

EF kF-kF



Band Jahn-Teller effect d-p-d mixing

One-dimensional character is partially 

recovered by the band Jahn-Teller effect.

Band Jahn-Teller effect and Peierlsinstability

nesting wave vector Q



Orbitally induced Peierlstransition (dimer)

D. I. Khomskii and TM,

Phys. Rev. Lett. 94, 156402 (2005).

xy holes Ÿ 3/4 filled 1D band along  (1,1,0) and (1,-1,0)

localized picture

band picture

CuIr 2S4



Ir 4+ and Ir 3+ charge modulation 

manifests in the Ir 4f core level.

Ir 4f core level spectrum of insulating 

phase can be decomposed

into  the Ir 3+ and Ir 4+ peaks.

charge modulation predicted by LDA 

Ir 5d charge order in CuIr2S4

Ir 4f core level XPS

K. Takuboet al., Phys. Rev. Lett. 95, 246401 (2005).

T. Sasaki et al.,  J. Phys. Soc. Jpn. 73, 1875 (2004).

Ir 3+ : Ir 4+ = 1 : 1
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two-band model on a square lattice
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Effect of interlayer coupling

ὸ π quasi 2D



Three-band model on a square lattice
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