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DIMER STATES IN THE SPIN�ORBITAL MODEL FORCUBIC VANADATES �Andrzej M. Ole±a;b, Peter Horshb and Giniyat KhaliullinbaMarian Smoluhowski Institute of Physis, Jagellonian UniversityReymonta 4, 30-059 Kraków, PolandbMax-Plank-Institut für FestkörperforshungHeisenbergstrasse 1, D-70569 Stuttgart, Germany(Reeived July 10, 2002)We investigate the ground state of the spin-orbital superexhange modelfor ubi vanadates. For small Hund's oupling JH strong �utuations of t2gorbitals stabilize a dimerized state with orbital valene bond orrelations,while for realisti values of JH either a C-type or G-type antiferromagnetiphase is found, depending on the strength of the Jahn-Teller interation.PACS numbers: 75.10.Jm, 71.27.+a, 75.30.Et1. Spin-orbital model and orbital �utuationsThe superexhange interations in the strongly orrelated transitionmetal oxides involve both spin and orbital degrees of freedom, leading tothe so-alled spin-orbital models [1, 2℄. A remarkable feature of these sys-tems is that the superexhange interations are highly frustrated , whih wasreognized as the origin of novel quantum e�ets [3℄. Reently we derived thespin-orbital model for ubi vanadates: LaVO3 and YVO3, and investigatedthe stability of C-type antiferromagneti (AF) phase [4℄.Cubi vanadates are Mott insulators due to large on-site intraorbitalCoulomb element U ' 5:5 eV [5℄. The Hund's oupling JH = 0:64 eV [5℄stabilizes the triplet on�guration 3T2 at V3+ ions. Unlike for eg orbitals, thehopping t onserves the orbital �avor, and the Jahn�Teller (JT) oupling tothe lattie is muh weaker. Eah t2g orbital is orthogonal to one ubi axis,so we label it by this axis index, e.g., xy is labelled as . The superexhangeH = JX Xhijik h(~Si � ~Sj + 1)Ĵ ()ij + K̂()ij i ; J = 4t2=U; (1)� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(857)
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Fig. 1. Shemati piture of the virtual proesses d2i d2j ! d3i d1j ! d2i d2j ontributingto the superexhange on the bond hiji along  axis, for the high-spin (S = 3=2)state. Next to the (usual) retraeable transitions (a), the orbital �utuations (b)happen and trigger the FM interation even at JH = 0 [4℄.follows from the virtual harge exitations whih lead either to high-spin(S = 3=2) (Fig. 1), or to low-spin (S = 1=2) V2+ states [4℄. The orbitaloperators in Eq. (1) are summed over bonds hiji k  = a; b; :Ĵ ()ij = 12 h(1+2�R)�~�i � ~�j+ 14ninj���r �� zi � zj + 14ninj�� 12�Rniji(); (2)K̂()ij = h�R�~�i � ~�j+ 14ninj�+ �r �� zi � zj + 14ninj�� 14(1+�R)niji(); (3)where R=1=(1� 3�), r=1=(1 + 2�), �=JH=U , and n()ij =(ni + nj)(). Fora given diretion, for instane for  = , n()i = nia + nib, and the operators~�i = f�xi ; �yi ; � zi g are de�ned in the orbital pseudospin subspae spannedby two ative orbital �avors represented by Shwinger bosons fayi ; byig:2�~�i � ~�j+ 14ninj�() = (nianja + ayibibyjaj) + (a $ b). The orbital �utu-ations / �+i ��j = ayi bibyjaj are shown in Fig. 1(b).2. Results and disussionThe ground state of the spin-orbital model (1) follows from a ompro-mise between more lassial spin (S = 1) and quantum orbital (� = 1=2)interations. The study below is based on the suggestion that xy orbitalsare oupied in LaVO3 [6℄ and YVO3 [7℄, so we onsider the V3+ ions withloal onstraints: ni = 1, nia + nib = 1. We have analyzed three di�er-ent types of magneti and orbital ordering using the mean-�eld approxima-tion for the spins, and inluding the quantum e�ets in the orbital subspae
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Fig. 2. The mean-�eld phase diagram (a) of the vanadate spin-orbital model in(�; V=J) plane with three phases stable at T = 0: OVB, C-AF, and G-AF. Thesuperexhange interations (b) in the OVB (J1, J2 and Jab) and in the C-AFphase (J and Jab), as funtions of � for V = 0.(Fig. 2): (i) C-AF phase [ferromagneti (FM) hains along -axis and AF or-der within (a; b) planes℄, (ii) G-AF phase (staggered in all three diretions),and (iii) orbital valene bond (OVB) phase desribed below. Consider �rsta single bond along  axis in the JH ! 0 limit. The lowest energy of �J=2is obtained when the spins are FM, and the orbitals a and b form a sin-glet. Then both the retraeable [Fig. 1(a)℄ and �utuating [Fig. 1(b)℄ termsontribute equally to the FM superexhange [4℄. As pointed out by Shen,Xie, and Zhang [8℄, the best energy is obtained when the singlets our atevery seond bond. The system self-organizes into an OVB state, with FMsinglet bonds separated by AF bonds with disordered fa; bg orbitals. Thisdimerized state survives when the quantum orretions due to the ouplingbetween spin and orbital variables are inluded [9℄.In ontrast, in C-AF phase the orbital orrelations follow from the one-dimensional AF Heisenberg hain, weakly oupled to the neighboring hainsat �nite � [4℄. This resonating OVB state is favored only at large Hund'sexhange � > �, where � ' 0:095 [see Fig. 2(a)℄. Indeed, at realisti� = 0:116 the C-AF order ours in LaVO3 [6℄, but G-AF phase is observedinstead in YVO3 at low temperature T < TN1 (TN1 = 77 K) [7℄. It an beexplained by inluding the JT e�et whih favors a distorted struture withorbital ordering [7, 10℄. Suh ordering is promoted by the JT term [4℄,HJT = �2V Xhijik � zi � zj + V Xhijik(a;b) � zi � zj ; (4)and ompetes with the orbital disorder, either in the OVB or in C-AF phase.When � inreases, the orbital �utuations along the  axis are enhaned, anda larger value of V=J is needed to stabilize the G-AF phase [Fig. 2(a)℄.



860 A.M. Ole±, P. Horsh, G. KhaliullinFinally, we evaluated the exhange onstants within (a; b) planes (Jab)and along  axis (J) in various phases, given by the orbital orrelations [4℄:Jab = 14 �1� �(R+r) + (1 + 2�R� �r)hnianjai(b)� ; (5)J = 12h(1+2�R)D~�i � ~�j+ 14E()��rD� zi � zj + 14E()��Ri: (6)In the OVB phase the orbitals are disordered, hnianjai(b) = 14 , and one �nds,J1=�14(1+�)R; J2= 18(1�2�R��r); (7)alternating along  axis [Fig. 2(b)℄. With inreasing �, the FM (AF) inter-ations J1 (J2) on singlet (intersinglet) bonds are enhaned (redued) inthe OVB phase [Fig. 2(b)℄. The in-plane AF interations Jab are stronger(here  orbitals ontribute) than J2, but they are further redued when theorbital ordering (with h� zi i 6= 0 and hnianjai(b) < 14) ours in the C-AFphase. Taking realisti values t ' 0:2 eV and � = 0:116 one �nds similarFM and AF exhange onstants: J ' �6:4 and Jab ' 7:1 meV, the val-ues expeted for LaVO3 [6℄. The magneti properties of YVO3 are morepuzzling [7℄ � they are dominated by the ompetition between the orbitalordering and orbital �utuations at �nite T , as we will disuss elsewhere [9℄.Summarizing, we presented a ompetition between the OVB phase andtwo AF phases: C-AF phase stabilized by inreasing Hund's interation/ JH, and G-AF phase stabilized by the JT term / V . Although the OVBphase is not observed in ubi vanadates, it suggests that the tendenytowards dimerization in the orbital setor is generi and might be expetedto play an important role also in the C-AF phase of YVO3 at T > TN1.This work was supported by the Polish State Committee for Sienti�Researh (KBN), Projet No. 5 P03B 055 20.REFERENCES[1℄ Y. Tokura, N. Nagaosa, Siene 288, 462 (2000).[2℄ A.M. Ole±, Ata Phys. Polon. B 32, 3303 (2001).[3℄ L.F. Feiner, A.M. Ole±, J. Zaanen, Phys. Rev. Lett. 78, 2799 (1997).[4℄ G. Khaliullin, P. Horsh, A.M. Ole±, Phys. Rev. Lett. 86, 3879 (2001).[5℄ J. Zaanen, G.A. Sawatzky, J. Solid State Chem. 88, 8 (1990).[6℄ S. Miyasaka, T. Okuda, Y. Tokura, Phys. Rev. Lett. 85, 5388 (2000).[7℄ Y. Ren et al., Phys. Rev. B62, 6577 (2000).[8℄ S.Q. Shen, X.C. Xie, F.C. Zhang, Phys. Rev. Lett. 88, 027201 (2002).[9℄ P. Horsh, G. Khaliullin, A.M. Ole±, unpublished (2003).[10℄ G.R. Blake et al., Phys. Rev. Lett. 87, 245501 (2001).


