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OPEN POINTS ON THE NATURE OF THEANTIFERROMAGNETIC GROUND STATE OF V2O3�S. Di Matteoa;b, N.B. Perkinsa; and C.R. NatoliaaINFN Laboratori Nazionali di Frasati, .p. 13, 00044 Frasati, ItalybINFM Udr Roma III, via della Vasa Navale 142, 00100 Roma, ItalyBLTP, Joint Institute for Nulear Researh, Dubna 198160, Russia(Reeived July 10, 2002)In the last three years, various theoretial interpretations have beenproposed on the nature of the ground state in the antiferromagneti (AFI)phase of V2O3. There are two main results on this subjet: the idea ofa orrelated vertial moleule and that of a omplex ground state. In spiteof the results ahieved, we show, with the present work, that the pituresproposed are still laking and more work is needed for a uni�ed desriptionof the AFI phase of V2O3.PACS numbers: 75.10.�b, 71.30.+h, 75.50.Ee1. IntrodutionIn spite of the big theoretial e�ort of the last three years [1�6℄ a uni�edpiture desribing the ground state properties of the AFI phase of V2O3 isstill laking. The new experimental data oming from X-ray non-resonantsattering [7℄ and L2;3-edge linear dihroism [8℄, i.e., showing evidene ofspin S = 1 per vanadium site and an oupation of the a1g orbitals between18% and 25%, ontributed to show the inadequay of the old model byCastellani et al. [9℄ to explain the system. At the moment, there are twomain ideas that seem to be well established and orretly determine two ofthe main features of the AFI ground state of V2O3.The �rst was proposed by Mila et al. [2, 3℄ and, soon afterwards, byDi Matteo et al. [4,5℄: these authors realized that an entangled state for thenearest neighbors vanadium pairs (vertial ouple), with a �nite presene ofa1g eletrons, was by far the most stable, due to the strong orrelations in� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(775)



776 S. Di Matteo, N.B. Perkins, C.R. Natolithe hopping proesses. In this way they were able to exlude the previousmodel by Ezhov et al. [1℄ who supposed that eah atom was populated bytwo eg eletrons in order to redue the trigonal �eld energy.The other important idea to be taken into aount is that the orbital partof the ground state must be omplex. This an be dedued from the non-resonant magneti X-ray sattering experiments of Paolasini et al. [7℄, whomeasured a large orbital angular momentum L = 0:5�B per site, and fromresonant X-ray sattering [7, 10℄. This was pointed out by Tanaka [6℄, whointrodued a spin-orbit interation in suh a way as to split the moleularorbital degeneray obtained for the ground stated in Refs. [2�5℄. However,he did not develop a formalism to treat the whole rystal, but simply solvedthe moleule and stated that the experimentally observed magneti struture(RS) is the one to be onsidered. But this poses some oneptual problems,beause the energies negleted by Tanaka are the hopping terms, whosemagnitude, ' t2=(U2 � J) ' 20 � 40meV, is of the same order, and evenbigger than that of the spin-orbit term, that determines energy splittings ofthe order of 10� 20meV.These onsiderations led us to re-examine the e�etive Hamiltonian de-rived from the Hubbard degenerate model in the atomi limit [4℄ when aspin-orbit interation is added. We �rst evaluated exatly the ation of thespin-orbit on the vertial moleule and then looked for a global desriptionof the rystal ground state, using a variational proedure, in a similar wayas done in our previous work [4℄.If we inlude the spin�orbit interation, the e�etive spin S = 1 Hamil-tonian He� an be written asHe� = �13 1U2 � J Xij h2+~Si � ~SjiO(1)ij � 14 1U2 + 4J Xij h1�~Si � ~Sji O(2)ij� 112 1U2 + 2J Xij h1�~Si � ~Sji O(3)ij +Htrig +HLS : (1)The O(k)ij desribe the orbital dependent exhange oupling and are given inthe Appendix C of Ref. [4℄. Htrig is the trigonal rystal �eld already takeninto aount in Ref. [4℄ and HLS = �Pi;� ~l�i ~s�i is the spin-orbit interationwith oupling onstant �. The terms l�i and s�i orrespond to the orbitaland the spin angular momentum of the eletron at site i and orbital �.As a �rst step, we solve exatlyHe� for the vertial moleule. In doing so,we follow the same proedure already used in Setion V of Ref. [4℄. The maindi�erene lies in the presene ofHLS , whih fores the eigenstates to be om-plex. We onsider the Coulomb on-site inter-orbital repulsion U2 and Hund'sonstant J in the same range as inRef. [4℄ (U2 ' 2:5 eV, J 2 [0:7; 1:0℄ eV).



Open Points on the Nature of the Antiferromagneti . . . 777Beause of the high value of J the moleular states with global spin SM = 2beome by far favourable. Their expliit expression isjS = 2; Sziab �p2(j	�iab � {j	+iab) ; (2)where j	�iab = 1p2 �jea1gea2geb1gab1gi+ jea1gaa1geb1geb2gi�and j	+iab = 1p2 �jea1gea2geb2gab1gi+ jea2gaa1geb1geb2gi�are the orbital part (a and b refer to the two di�erent sites of the vertialpair). The ten states (2) are degenerate in absene of spin�orbit interation.Atually they form the degenerate manifold from whih the rystal groundstate is found in Refs. [2�5℄. But the spin-orbit interation splits this 10-folddegeneray into �ve magneti doublets, with a global splitting of the orderof � � 25meV.We follow Tanaka's idea and onsider only the lowest magneti doubletjg+in = {=p2(j	�in + {j	+in)� jSz = 2in ;jg�in = {=p2(j	�in + {j	+in)� jSz = �2in : (3)Note that the degeneray does not involve anymore orbital degrees offreedom, as it was before taking into aount the spin�orbit interation,but it has now a pure magneti origin. We used as a trial wave funtiona linear ombination of jg+in and jg�in with a variational oe�ient. Thenwe performed the numerial minimization of He� , as in Ref. [4℄, for variousspin on�gurations. The results are presented in Fig. 1 where we have drawnthe phase diagram in the plane �=� versus J=U2, where � is the hoppingintegral between the e(1)g orbitals on the two vanadium ions along the in-plane ferromagneti bond and � is the hopping integral between the e2g anda1g orbitals along that same bond (Ref. [4℄).With respet to the minimization performed in the whole 10-fold degen-erate spae, without spin-orbit interation (ompare Setion VI of Ref. [4℄),in this ase the RS phase disappears from the phase diagram and the tran-sition ours diretly between the antiferromagneti (AFM) and the ferro-magneti (FM) phases.This means that, in order to retain the RS phase, it is not possible toonsider only the lowest magneti doublet (3), as Tanaka suggested. Theminimization must be performed on the whole 10-fold subspae (2), and thespin-orbit interation and the hopping terms must be treated on an equalfooting, as was qualitatively dedued before.
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Fig. 1. Phase diagram in the (�=� , J=U2) parameter plane. Here AFM and FMdenote the orresponding type of magneti order. The solid lines indiate the phaseboundaries.In onlusion, we stressed the importane of the vertial entangled mole-ule and of the omplex ground state to desribe the properties of V2O3in the AFI phase. Nonetheless, our alulations show that the magnetidoublet proposed by Tanaka [6℄ as a ground state for the vertial moleuleis insu�ient to explain the RS magneti struture of the rystal. This, inturn, implies that the solution to the problem must be probably looked forwithin the whole 10-fold subspae, as the seond order hopping proessesand the spin-orbit splittings in the moleular spetrum have a omparablemagnitude. REFERENCES[1℄ S.Y. Ezhov, V.I. Anisimov, D.I. Khomskii, G.A. Sawatzky, Phys. Rev. Lett.83, 4136 (1999).[2℄ F. Mila, R. Shiina, F.-C. Zhang et al., Phys. Rev. Lett. 85, 1714 (2000).[3℄ R. Shiina, F. Mila, F.-C. Zhang, T.M. Rie, Phys. Rev. B63, 144422 (2001).[4℄ S. Di Matteo, N.B. Perkins, C.R. Natoli, Phys. Rev. B65, 054413 (2002).[5℄ S. Di Matteo, N.B. Perkins, C.R. Natoli, J. Phys. Condens. Matter 14, L37(2002).[6℄ A. Tanaka, J. Phys. So. Jpn. 71, 1091 (2002).[7℄ L. Paolasini, C. Vettier, F. de Bergevin et al., Phys. Rev. Lett. 82, 4719 (1999).[8℄ J.-H. Park, L.H. Tjeng, A. Tanaka et al., Phys Rev. B61, 11506 (2000).[9℄ C. Castellani, C.R. Natoli, J. Ranninger, Phys. Rev. B18, 4945 (1978).[10℄ L. Paolasini, S. Di Matteo, C. Vettier et al., J. Eletron Spetros. Relat.Phenom. 120, 1 (2001).


