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Difference between Mott and band insulators

:_Ztu(cm io c}acia)+%2(ni—1)2, <ni>=1.
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Only inthe limit U — oo electrons are localized on sites.
At t/U =0 electrons can hop between sites.
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4t Orbital current
H, =—(s .S, —1/4).



Definition of magnetic states for Hubbard Hamiltonian

H=->t(cic, + Z(n -1)%,  (n)=1
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e U > ground state W, 2" spin-degenerate, S-subspace.
e EXxcited (polar) states are separated by the Hubbard gap, U.

° tij Increases, degeneracy Is adiabatically lifted ==% magnetic states
_ aS(t)
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® Magnetic state energies
(W) [H|P,)=(¥,, |e°He® | ¥, ) =» H;=Pe’He P,
e Any other electron operator <\Pz |O| \Pv> = O = Pe’Qe " P.

e H.,O; are expressed in terms of spin operators ch 0,,G,-



Spin Hamiltonian
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® Only even number of spin operators.

e Some excited magnetic states (collective modes) lay below
the Hubbard gap resulting in low-T thermodynamic and low-
frequency dynamic properties of Mott insulators.



Spin current operator and scalar spin chirality

Bogolyubov, 1949.
® Current operator for Hubbard Hamiltonian on bond ij:
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® Projected current operator: odd # of spin operators, scalar in

spin space. For smallest loop, triangle, 2
. K 24 .. / \
ls1,(3) = Loty [S; xS, 15, 1 A 3

hU° —
® Current via bond 23 2 —y ,
IS,23 = IS,23(1)+ Is,23(4)- / \\ /

o . . 1
® On bipartite nn lattice |5 is absent. — °




Orbital currents in the spin ordered ground state <§,> # 0

® Necessary condition for orbital currents is nonzero average
chirality

Z12,3 :[§1X§2][S>31 <le,k>¢0

® |t may be inherent to spin ordering or induced by magnetic field
' A Triangles with =  chirality

On tetrahedron chirality may
be nonzero but orbital

currents absent.




Chirality in the ground state without magnetic ordering

¢ <le,3> = <[§1 X §2]E§3> # 0, <§|> =0,

e Geometrically frustrated 2d system =——» Mermin-Wagner
theorem =—» <§i>: 0.

® State with maximum entropy may be with broken discrete
symmetry (z,,)#0.

® Example: J,-J, model on kagome lattice:

Hy =3, > S5, +J,Y S5,
(i) ({ii))



Ordering in J, - J, model on kagome lattice at T=0

‘]1 Monte Carlo results by Domenge et al., 2007.
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For S=1/2 for low T cuboc is

chiral with orbital currents b)

and without spin ordering.



Boundary and persistent current
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Boundary current in
gaped 2d insulator



Spin dependent electronic polarization

e Charge operator on site i: Q = eZ CioCir-

2

® Projected charge operator Ng; = PesnieSP,/\
8t,t,.t

s4(2,3) =1-—55 [S.(S, +S;) = 25,(5,]. :

e Polarization on triangle F,; =¢€ Z Nl > ng, =3.
i=1,2,3 i

® Charge on siteiis sum over triangles at site i.



Electronic polarization on triangle
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® Magnitostriction results in similar dependence
of polarization on spins.




Charges on kagome lattice

Charge ordering for
spins 1/2 in magnetic
field at (S,)=S/3.




Low frequency dynamic properties: circular dichroism

@ Responsesto ac electric and ac magnetic field are
comparable for J 1100 K:

g 0o (O P [n)(n|PFs, |0
gik(w)zgoé}k+7ﬂ; O<w2:0_622<+i58k >
ho,=E —E, Hg [n)=E,|n).

® Compare P[0 8eat®*/U?* and MO guS.

® Nonzero orbital moment L, c0/0¢p =»

(0] Px|n>,<0| Py|n>occ:05go,singa¢0 =

® Rotation of electric field polarization in chiral ground
state.



Low frequency dynamic properties: negative
refraction index

® Responsesto ac electric and ac magnetic field are
comparablefor J [1100 K.

8 0o (O Py [n)(n[F, |0
5ik(w):505ik+7ﬂ; 0< wzz_w>2<+i58k >
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® Spin-orbital coupling may lead to common poles In
& (@) and (@) =»

® Negative refraction index if dissipation is weak.



Low frequency dynamic properties of isolated

triang

€S

® Trinuclearspincomplex V15

K6 [V1I5V As;O,,(H,0)]

@ Energylevelsof the Heisenberg Hamiltonian.

H, =J(S,5,+S,5,+S,5,-3/4):

H,0.

Y ground state: quartet S=1/2, y =T, =+1, (pseudospin), S, =+1/2,

Y& quartet S=3/2 separated by 3J/2

® Polarization and orbital current in low-energy subspace:

PS,X :_CTX’ Ps,y — CTy,

C =12+/3ea(t/U)*

E

S=3/2

(ha/U)l, =T,

S=1/2



Isolated triangle: accounting for DM interaction

® DM coupling: Hoy = > D;S; xS
j

e ForVi15 Hou = D,LS,.

e Splits lowest quartet into 2 doublets |+ T),[-{)
and |+V)|-T) separated by energy A=D,.

e Ac electric field induces transitions between y = 1.
e Ac magnetic field induces transitions between
S, =11/2.



Isolated triangle with DM interaction
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® Frequnces of EPR and microwave absorption differ in field.

® Near resonance strong rotation of electric field polarization.

® Below resonance at B=0 both &j (w) and ., ()
are negative if dissipation is low enough.



Conclusions

e Dissipationless orbital microscopic currents,

macroscopic boundary currents,
macroscopic current around the ring like In
superconductor.

® Spin-dependent electronic polarization and
multiferroic behavior.

® Chirality results in circular dichroism, option to
probe chirality when magnetic ordering is absent.

® Crystal with negative refraction index ?
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