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   In low-d and in frustrated systems often novel spin states are 

formed instead of the usual long-range ordering. Especially strong 

can be these effects in the vicinity of localized-itinerant crossover. 

   Often valence-bond states can be formed; typically singlet 

bonds, but not only. 

   Orbital ordering may strongly facilitate their formation, due to 

directional character of orbital and the resulting reduction of 

effective dimensionality. 

   Molecular ("metallic") clusters of different types can be formed: 

dimers; trimers; tetramers; heptamers, etc. 

   Also some other novel states can be formed close to Mott 

transitions, e.g. spontaneous charge disproportionation. 

   Low-dimensionality and frustrations, often enhanced by orbital 

ordering, strongly facilitate these phenomena 



Orbitals, reduced dimensionality and spin gaps in correlated systems 

close to Mott transitions 

 

1d                        0d:   NaTiSi2O6  (singlet dimers)            PRL 96, 249701 (2006)  

1d                        0d:  TiOCl  (spin-Peierls --- Peierls)        PRL 102, 056406 (2009) 

2d square           0d :  La4Ru2O10  (singlet dimers)           PRL 96, 256402 (2006)  

2d honeycomb   0d :  Li2RuO3  (singlet dimers)                PRL  100, 147203 (2008) 

                                    Na2IrO3  (molecular orbitals on hexagons)    PRL  109,                       

                                                                                                      197201 (2012) 

2d triangular     0d:  LiVO2 (singlets on triangles)            PRL 78, 1323 (1997) 

3d  spinel           1d:  MgTi2O4 (Peierls transition)            PRL 94, 156402 (2005) 

                                   CuIr2O4                                                     

3d  spinel           1d:  MgV2O4  (triplet dimers)                   PRL 101, 256403 (2008) 

3d  pyrochlore  1d: Tl2Ru2O7 (Haldane chain)           Nature Materials  5, 471 (2006) 

 

                          

                            D.Kh. Physica Scripta (Comments Cond.Mat.Phys.) 72, CC8 (2005) 



Jade:  
NaAlSi2O6  

Spodumene:  

LiAlSi2O6 

Aegirine:  

NaFeSi2O6 

Diopside:  

CaMgSi2O6 

Kosmochlore:  

NaCrSi2O6 
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Spin gap in NaTiSi2O6 
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M. Isobe et al., 
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71, 1423 (2002).
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Bonner-Fisher curve for the 

S=1/2 Heisenberg linear AFM 

chain J/kB = 295 K 

Natural explanation  - formation of Ti-Ti singlet dimers! 



Exchange in a dimer   Jintra 

= 396 K (AFM)          

Between dimers   Jinter = -5 

K    (FM) 

Udd = 3.3 eV, JH= 0.8 eV 

 

 

NaTiSi2O6 – chain consisting of dimers ! 

 

Orbital ordering reduces dimensionality from 1-d to 0-d 

 

Jintra 

Jinter 

Energy gap: 1.8 eV 

S. Streltsov, O. Popova, D. 

Khomskii  PRL 96, 249701 (2006) 



ATiO2,  AV2O4 Spinels 



M.Schmidt et al., PRL 92, 056402 

(2004) 





   



MgTi2O4 D.Kh. & T.Mizokawa, PRL 94, 

156402 (2005) 



       Metallic bonding vs bond-charge repulsion  

         and Jahn-Teller effect (LiVO2 vs NaVO2) 

 

Suppose I make orbital ordering with orbitals on two sites 

directed towards one another 

 

 

A question: will this bond become shorter or longer? 

Hua Wu and D.Kh., to be published 



       Metallic bonding vs bond-charge repulsion  

         and Jahn-Teller effect (LiVO2 vs NaVO2) 

 

Suppose I make orbital ordering with orbitals on two sites 

directed towards one another 

 

 

A question: will this bond become shorter or longer? 

a) Shorter: to enhance the covalency on this bond and to gain 

corresponding energy  

 



       Metallic bonding vs bond-charge repulsion  

         and Jahn-Teller effect (LiVO2 vs NaVO2) 

 

Suppose I make orbital ordering with orbitals on two sites 

directed towards one another 

 

 
A question: will this bond become shorter or longer? 

a) Shorter: to enhance the covalency on this bond and to gain 

corresponding energy  

b) Longer: there is bond-charge repulsion of electronic clouds on 

these orbitals, and to reduce it one better moves these ions 

further apart 

 



   



H.Pen, G.Sawatzky, D.Kh. et al., 

PRL 78, 1323 (1997) 

Same in TiI2 (G.Meyer); in LiVS2 (H.Takagi) 

And the bonds in shaded (singlet) triangles become much shorter! 

Average V-V distance is 2.84Å  is shorter than Rc
Goodenough ~ 2.94Å; 

after trimerization V-Vshort=2.56Å; V-Vlong=3.02Å (V-Vmetal=2.62Å!) 





- Phase diagram of LiVO2, LiVS2 and LiVSe2, which consists  

   of a frustrated 3d2 lattice. 

- The formation of pseudogap in metallic phase close to the  

   critical boundary of the metal to Valence Bond Solid 

   insulator transition. 

Li 

V 

O (S, Se) 

2D-triangular lattice 

Valence Bond Solid 

(V “trimer” cluster) 

N. Katayama, M. Nohara, H. Takagi 



Orbital ordering in NaVO2   (T.M.McQueen, R.J.Cava et al, PRL 

101, 166402 (2008)) Here ''red'' and ''blue'' occupied bonds become 

longer! (V-Vave=2.996Å, V-Vshort=2.977Å, V-Vlong=3.015Å - all 

bigger than Rc
Goodenough ~ 2.94Å) 



Why such a difference? 

      Li is smaller, the average V-V distance (2.84Å) is smaller,                                    

the system is closer to the crossover to itinerant behavior. The 

covalency wins, bonds become shorter. 

      Na, and V-V distances are larger (3.00Å) - electrons are 

more localized, at larger distances orbital overlap decays 

rapidly and is less important, and bond-charge repulsion starts 

to dominate - bonds become longer. 

      Another factor acting in the same direction in NaVO2  -  

local Jahn-Teller effect. Orbital occupation in  NaVO2 

correspond to local contraction of VO6 octahedra along the 

bond not containing occupied orbitals - and as a result the 

occupied bonds become longer.  Local JT effect operates for 

localized electrons (NaVO2 ), and weakens and disappears 

closer to itinerant regime (LiVO2 ) 

 



AlV2O4 

Horibe et al., PRL 96, 086406 

(2006) 

Molecular superstructures  
in the solid? 

V-Vmetal=2.62Å 



General systematics: 

                                               long-range         valence-bond             RVB, 

                                                     magnetic order        crystal                 spin liquid 

                      symmetric, 

                           large  #  nn          +                 --             -- 

Type of lattice    low-d                          --                +              + 
                          

                          frustrated                     --               + ?            + 
 

                            nd = 1, S=1/2               --                +             + 

# of d-electrons    large n,                    +                --              --  

                               large S 

Orbital freedom                                   +/--              +            -- ? 
 

Proximity to itinerant state                 --                 +             + ? 
 

Strength of lattice   coupling            + ?               +              --  



         Orbitally-selective Peierls transition 
 

Orbitals play significant role in formation of “molecular clusters”. 

Often one orbital has strong overlap and gives e.g. dimer, and the other orbitals 

are “spectators”. 

 

Can one have the situation when one electron, in one orbital, gives a singlet 

bond, and other electrons of the same ions are “decoupled” and live their own 

life? 

 

 

 

 

 

nd=1, S=1/2 :  usual Peierls dimerization 

                                             

 

 

Strong overlap in a dimer; forms  

molecular (or Heitler-London) orbital 

 

What if there is a second electron ? 



   H = - Σ tαc
†
αcα + U nn – JH SαSβ 

 

 

Parameters: hoppings tα large for one orbital and small for the 

other 

                     Hubbard repulsion U (U<t  or   U>t) 

                     Hund’s rule coupling JH 

 
1) U small, but t1<< JH . Electrons at each cite combine into S=1, and only 

then “try to form”  bonding molecular orbitals or  magretic  LRO  

 

2) U<<t, t1>> JH  (t2 =0)    One electron forms molecular orbitals with its 

neighbour (MO LCAO); second electron is decoupled. 

 

                                         

                                 

 

 

Energy gain is ~ t                              

 Second electron – decoupled, 1’σ 2’ σ’ 

 It is against Hund’s rule,  we lose JH, but gain t  

 

tc>>tb 

tb 

tc 



3)  U >> t, JH   
Form Heitler-London orbitals, in which the second spin is coupled to the first 

one, forming S=1 

 

 

 

Here we gain full Hund (and Hubbard) energy, but lose the covalency (bonding) 

energy. 

 Interpolate between these two limits. Variational procedure  

 

 

Can describe the general case. The result indeed reproduces MO state for one 

orbital with other orbitals decoupled (t > JH, U), and coupled spins in the 

opposite limit. 

 

In the first case the “decoupled” orbitals can form  both ferro. or antiferro. 

arrangements 



 Orbital-selective Peierls transition:  

 

             E = -2t           E = - 2JH 

MO state of a dimer with 4 

electrons, with t>J(Hund) 

State  of a dimer with 4 

electrons, with J>t 

For large hopping one orbital forms singlet bonding 

molecular orbital, at the expence of the Hund’s coupling. 

Second electron is decoupled and does what it wants. 

S.V.Streltsov and D.I.Khomskii 

Phys. Rev. B 89, 161112(R) (2014) 







Orbital-assisted metal-insulator 

transition in VO$_{2}$ M. W. 

Haverkort D. I. Khomskii, L. H. Tjeng 

et al.  Phys. Rev. Lett. 95, 196404 

(2005) 

VO2;      metal-insulator transition, dimers 

http://arxiv.org/find/cond-mat/1/au:+Haverkort_M/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Haverkort_M/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Khomskii_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Tjeng_L/0/1/0/all/0/1


VO2: one d-electron, singlet dimers below metal-insulator transition 

 

MoO2: two d-electrons per site. Metal, but with dimers! I.e. one d-electron 

forms singlet MO (metal-metal bond), and the second electron forms a 

conduction band 



 Orbitally-selective Peierls transition:  

 molecular orbitals vs double exchange 

             E = -2t           E = -t - JH 

MO state of a dimer with 3 

electrons 

DE state of a dimer with 3 

electrons 

      Hopping t>JH: singlet MO instead of double exchange ! 



Actually this may be seen as a spin-state crossover, but    

on a dimer instead of an ion: 

 

For J>t the state of a dimer is the high-spin state,  with 

maximum spin (here S=3/2), due to double exchange 

mechanism. 

 

For J<t the low-spin state is realized, with two electrons 

forming singlet state, dimer remaining in low-spin state with 

S=1/2 

 

First case is realised e.g. in CMR manganites. 

 

Second case (dimers with total sp[in S=1/2 – e.g. in 

Y5Re2O12 (J.Greedan et al. (2003) ) 





                              Conclusions 

     On several examples we see that there may appear quite 

novel unusual states close to Mott transition (if it is not 

strongly I-order) 

     In particular, there may appear partial delocalization of 

electrons on certain clusters (dimers; trimers, heptamers, …) 

     There may appear competition between the tendency to 

form short strong covalent ("metallic") bonds and bond-

charge repulsion or local Jahn-Teller effect 

      Orbitally-selective Peierls transition is in principle 

possible, especially in 4d and t5d-systems 

      Singlet molecular orbital formation can counteract the 

double-exchange mechanism of ferromagnetism 

      In general, there appears a rather general possibility of 

novel states in the crossover region! 


