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In the last three years, various theoreti al interpretations have been
proposed on the nature of the ground state in the antiferromagneti (AFI)
phase of V2 O3 . There are two main results on this subje t: the idea of
a orrelated verti al mole ule and that of a omplex ground state. In spite
of the results a hieved, we show, with the present work, that the pi tures
proposed are still la king and more work is needed for a unied des ription
of the AFI phase of V2 O3 .
PACS numbers: 75.10.b, 71.30.+h, 75.50.Ee

1. Introdu tion

In spite of the big theoreti al eort of the last three years [16℄ a unied
pi ture des ribing the ground state properties of the AFI phase of V2 O3 is
still la king. The new experimental data oming from X-ray non-resonant
s attering [7℄ and L2;3 -edge linear di hroism [8℄, i.e., showing eviden e of
spin S = 1 per vanadium site and an o upation of the a1g orbitals between
18% and 25%, ontributed to show the inadequa y of the old model by
Castellani et al. [9℄ to explain the system. At the moment, there are two
main ideas that seem to be well established and orre tly determine two of
the main features of the AFI ground state of V2 O3 .
The rst was proposed by Mila et al. [2, 3℄ and, soon afterwards, by
Di Matteo et al. [4, 5℄: these authors realized that an entangled state for the
nearest neighbors vanadium pairs (verti al ouple), with a nite presen e of
a1g ele trons, was by far the most stable, due to the strong orrelations in
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the hopping pro esses. In this way they were able to ex lude the previous
model by Ezhov et al. [1℄ who supposed that ea h atom was populated by
two eg ele trons in order to redu e the trigonal eld energy.
The other important idea to be taken into a ount is that the orbital part
of the ground state must be omplex. This an be dedu ed from the nonresonant magneti X-ray s attering experiments of Paolasini et al. [7℄, who
measured a large orbital angular momentum L = 0:5B per site, and from
resonant X-ray s attering [7, 10℄. This was pointed out by Tanaka [6℄, who
introdu ed a spin-orbit intera tion in su h a way as to split the mole ular
orbital degenera y obtained for the ground stated in Refs. [25℄. However,
he did not develop a formalism to treat the whole rystal, but simply solved
the mole ule and stated that the experimentally observed magneti stru ture
(RS) is the one to be onsidered. But this poses some on eptual problems,
be ause the energies negle ted by Tanaka are the hopping terms, whose
magnitude, ' t2 =(U2 J ) ' 20  40 meV, is of the same order, and even
bigger than that of the spin-orbit term, that determines energy splittings of
the order of 10  20 meV.
These onsiderations led us to re-examine the ee tive Hamiltonian derived from the Hubbard degenerate model in the atomi limit [4℄ when a
spin-orbit intera tion is added. We rst evaluated exa tly the a tion of the
spin-orbit on the verti al mole ule and then looked for a global des ription
of the rystal ground state, using a variational pro edure, in a similar way
as done in our previous work [4℄.
If we in lude the spinorbit intera tion, the ee tive spin S = 1 Hamiltonian He an be written as
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The Oij des ribe the orbital dependent ex hange oupling and are given in
the Appendix C of Ref. [4℄. Htrig is the trigonal rystal eld already taken
P
into a ount in Ref. [4℄ and HLS =  i; l~i s~i is the spin-orbit intera tion
with oupling onstant  . The terms li and si orrespond to the orbital
and the spin angular momentum of the ele tron at site i and orbital .
As a rst step, we solve exa tly He for the verti al mole ule. In doing so,
we follow the same pro edure already used in Se tion V of Ref. [4℄. The main
dieren e lies in the presen e of HLS , whi h for es the eigenstates to be omplex. We onsider the Coulomb on-site inter-orbital repulsion U2 and Hund's
onstant J in the same range as in Ref. [4℄ (U2 ' 2:5 eV, J 2 [0:7; 1:0℄ eV).
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Be ause of the high value of J the mole ular states with global spin S M
be ome by far favourable. Their expli it expression is

=2

jS = 2; Sz iab 
where
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j iab = p1 jea1g ea2g eb1g ab1g i + jea1g aa1g eb1g eb2g i
2

and

j +iab = p1 jea1g ea2g eb2g ab1g i + jea2g aa1g eb1g eb2g i
2

are the orbital part (a and b refer to the two dierent sites of the verti al
pair). The ten states (2) are degenerate in absen e of spinorbit intera tion.
A tually they form the degenerate manifold from whi h the rystal ground
state is found in Refs. [25℄. But the spin-orbit intera tion splits this 10-fold
degenera y into ve magneti doublets, with a global splitting of the order
of   25meV.
We follow Tanaka's idea and onsider only the lowest magneti doublet

jg+ in
jg in

=
=
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Note that the degenera y does not involve anymore orbital degrees of
freedom, as it was before taking into a ount the spinorbit intera tion,
but it has now a pure magneti origin. We used as a trial wave fun tion
a linear ombination of jg + in and jg in with a variational oe ient. Then
we performed the numeri al minimization of He , as in Ref. [4℄, for various
spin ongurations. The results are presented in Fig. 1 where we have drawn
the phase diagram in the plane = versus J=U2 , where is the hopping
(1)
integral between the eg orbitals on the two vanadium ions along the inplane ferromagneti bond and  is the hopping integral between the e2g and
a1g orbitals along that same bond (Ref. [4℄).
With respe t to the minimization performed in the whole 10-fold degenerate spa e, without spin-orbit intera tion ( ompare Se tion VI of Ref. [4℄),
in this ase the RS phase disappears from the phase diagram and the transition o urs dire tly between the antiferromagneti (AFM) and the ferromagneti (FM) phases.
This means that, in order to retain the RS phase, it is not possible to
onsider only the lowest magneti doublet (3), as Tanaka suggested. The
minimization must be performed on the whole 10-fold subspa e (2), and the
spin-orbit intera tion and the hopping terms must be treated on an equal
footing, as was qualitatively dedu ed before.
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Fig. 1. Phase diagram in the ( = , J=U2 ) parameter plane. Here AFM and FM
denote the orresponding type of magneti order. The solid lines indi ate the phase
boundaries.

In on lusion, we stressed the importan e of the verti al entangled moleule and of the omplex ground state to des ribe the properties of V2 O3
in the AFI phase. Nonetheless, our al ulations show that the magneti
doublet proposed by Tanaka [6℄ as a ground state for the verti al mole ule
is insu ient to explain the RS magneti stru ture of the rystal. This, in
turn, implies that the solution to the problem must be probably looked for
within the whole 10-fold subspa e, as the se ond order hopping pro esses
and the spin-orbit splittings in the mole ular spe trum have a omparable
magnitude.
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