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MAGNETIC ORDER IN TRANSITION METAL OXIDESWITH ORBITAL DEGREES OF FREEDOM�Andrzej M. Ole±Institute of Physis, Jagellonian University,Reymonta 4, 30-059 Kraków, Polande-mail: amoles�if.uj.edu.pl(Reeived June 21, 2001)We investigate the frustrated magneti interations in ubi transitionmetal oxides with orbital degeneray. The eg orbitals order easier andtheir ordering explains the A-type antiferromagneti phase in KCuF3 andLaMnO3. In t2g systems the magneti order hanges at a transition froman orbital liquid to orbital ordered states. The �utuations of t2g orbitalsplay a prominent role in LaVO3 and YVO3, where they ompete with theJahn-Teller e�et and trigger the C-type antiferromagneti order.PACS numbers: 75.10.Jm, 71.27.+a, 75.30.Et, 75.30.Vn1. Spin-orbital physis in transition metal oxidesLarge on-site Coulomb interations / U in transition metal oxides sup-press harge �utuations and lead to the (partial) loalization of d eletronswhih onsequently interat by e�etive superexhange interations. Whensuh loalized eletrons oupy degenerate orbital states, one has to on-sider orbital degrees of freedom at equal footing with eletron spins [1℄. Theimportane of the orbital degrees of freedom in suh systems has been em-phasized long ago for uprates [2℄ and for V2O3 [3℄, when it was also realizedthat FerroMagneti (FM) superexhange ould be indued by the Hund's ex-hange interation / JH [4℄, but only reently it has been fully appreiatedthat orbital physis leads to several novel and interesting phenomena.The superexhange whih involves the orbital degrees of freedom is de-sribed by the so-alled spin-orbital models [5℄, and is typially highly frus-trated even on a ubi lattie [6℄. Although this frustration might even leadto the ollapse of magneti (or orbital) long-range order in the limit of weak� Presented at the XII Shool of Modern Physis on Phase Transitions and CritialPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.(3303)



3304 A.M. Ole±JH, in real eg systems it is largely suppressed by JH=U ' 0:12 [7℄, whereU is the intraorbital interation, and strutural phase transitions stabilize apartiular ordering of oupied orbitals, supporting the A-type AntiFerro-magneti (AF) order. Here we show that this happens even in the absene ofthe Jahn-Teller (JT) e�et in the eg systems with degenerate orbitals �lledeither by one hole (KCuF3) [8℄, or by one eletron (LaMnO3) [9℄.The transition metal oxides with partly �lled t2g orbitals are even morefasinating. The quantum phenomena are here more important and stabilizethe oherent orbital liquid ground state in the spin S = 1=2 Mott-insulatorLaTiO3 [10℄, whih preserves the ubi symmetry and explains the observedisotropi G-type AF order [11℄. In vanadium ompounds rather involvedspin�orbital models, whih desribe oexisting AF and FM interation, werereently introdued for LiVO2 [12℄ and V2O3 [13℄. The superexhange isagain frustrated in ubi systems, and C-type AF order, observed both inLaVO3 at T = 0 [14℄ and in YVO3 for 77 < T < 114 K [15℄, an be explainedas supported by quantum one-dimensional (Q1D) orbital �utuations [16℄.2. Magneti and orbital order in uprates and manganitesConeptually the simplest realisti spin-orbital model an be derived ford9 ions interating on a ubi lattie, as in KCuF3. The harge exitationsd9i d9j 
 d8i d10j lead to: one high spin 3A2 state, and two low-spin 1E and1A1 states [8℄. The energy spetrum in Fig. 1(a) is obtained from the modelHamiltonian whih inludes the on-site U and JH interations for degenerated orbitals [17℄, and reprodues the exat spetrum [18℄. The superexhange
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Fig. 1. Exitation spetra in ubi transition metal oxides for: (a) eg systems:Cu3+ (d8) and Mn2+ (d5) ions; (b) t2g systems: Ti2+ (d2) and V2+ (d3) ions.



Magneti Order in Transition Metal Oxides : : : 3305is / Je = t2�=U , where t� is the largest hopping element between two 3z2�r2orbitals along the  axis (note that this is a natural unit for the anisotropihopping between eg orbitals [5℄), and is given byH(d9) = JeX Xhijik h �~Si � ~Sj + 14� Ĵ ()ij (d9) + K̂()ij (d9)i ; (1)where ~Si are spin S = 1=2 operators. The operator expressions:Ĵ ()ij (d9) = (2 + �p2 � �p3)P��hiji � �(3p1 � p2)P��hiji ; (2)K̂()ij (d9) = � h1 + �2 (3p1 + p2)iP��hiji � h1 + �2 (p2 � p3)iP��hiji ; (3)desribe spin and orbital superexhange, with � = JH=U , p1 = 1=(1 � 3�),p2 = 1=(1 � �), and p3 = 1=(1 + �). It depends on orbital operators:P��hiji = (12 + �i )(12 � �j ) + (12 � �i )(12 + �j ) ; (4)P��hiji = 2(12 � �i )(12 � �j ) ; (5)whih projet on the orbital states, being either parallel to the bond hijidiretion on one site (Pi� = 12 � �i ) and perpendiular on the other (Pj� =12 + �j ), or parallel on both sites. They are represented by the orbitaloperators ��i assoiated with the three ubi axes ( = a, b, or ),�a(b)i = �14�zi � p34 �xi ; � i = 12�zi ; (6)where the �'s are Pauli matries ating on: jxi =  10 !; jzi =  01 !,whih transform as jxi / x2 � y2 and jzi / (3z2 � r2)=p3.In LaMnO3 the superexhange ouples total spins S = 2 at the d4 Mn3+ions and originates from the harge exitations, d4i d4j 
 d3i d5j [9℄. The egpart, following from d4i d4j 
 d3i (t32g)d5j (t32ge2g) proesses, involves FM termsdue to the high-spin 6A1 state, and AF terms due to the low-spin states:4A1, 4E, and 4A2 [Fig. 1(a)℄, and is orbital dependent. By ontrast, the t2gpart / jt ' 0:09, whih follows from d4i d4j 
 d3i (t32g)d5j (t42geg) exitations, ispurely AF and nearly orbital independent. Both terms together giveH(d4) = JeX Xhijik h(~Si � ~Sj + 4)Ĵ ()ij (d4) + K̂()ij (d4)i; (7)



3306 A.M. Ole±where the exhange interations depend on the multiplet struture,Ĵ ()ij (d4) = 18h1� 43�(q3 +2q4)iP��hiji � 130��9q1 + 94q2 +5q3�P��hiji + jt; (8)with q1 = 1=(1 � 3�), q2 = 1=(1 + 2�), q3 ' 1=(1 + 8�=3), and q4 '1=(1 + 16�=3) [18℄. The orbital part K̂()ij (d4) is given in Ref. [9℄.Both d9 model and d4 model at jt = 0 desribe strongly frustratedsuperexhange in the limit of JH ! 0, whih takes a universal form,H(0)e = JeX Xhijik h� 1S2 ~Si � ~Sj + 1�(12 � �i )(12 � �j )� 1i: (9)Several lassial phases have the same energy of �3Je per site at this point[6℄: the G-AF phases with arbitrary oupation of orbitals, and A-AF phaseswith h(12 � �i )(12 � �j )i = 0, as obtained for staggered planar orbitals alongtwo ubi diretions, e.g. for x2� y2=y2� z2 along a and b axes. The model(9) is qualitatively di�erent from the idealized SU(4)-symmetri ase [19℄due to the diretionality of eg orbitals.At �nite JH the degeneray of lassial phases is removed, and the A-AF phase is stable, with two-sublattie alternating orbital order in bothuprate (1) and manganite (7) model, ji��i = os �ijiz�i�sin �ijix�i, where� refers to i 2 A(B) sublattie. In the uprates the orbital order, givenby os 2� = (1 � �=2)=(2 + 3�), indues FM interations Jab within the(a; b) planes, and AF interations J between them [5℄. The AF interations
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Fig. 2. Exhange onstants FM Jab (solid lines) and AF J (dashed lines) in A-AFphase of eg systems as funtions of JH=U for: (a) uprates (KCuF3); (b) manganites(LaMnO3), for: jt = 0 (thin lines) and jt = 0:09 (heavy lines).



Magneti Order in Transition Metal Oxides : : : 3307determined in mean �eld derease with inreasing JH=U [Fig. 2(a)℄, but stilldominate at realisti JH=U ' 0:12 [7℄, explaining why the exitation spetraof KCuF3 are dominated by Q1D spin exitations of S = 1=2 spin hains [20℄.Although the orbital order found in the manganite model (7) at JH=U =0 is again x2 � z2=y2 � z2, and the A-AF phase is stable, the situation ishere qualitatively di�erent as Jab and J hange muh faster with inreasingJH=U [Fig. 2(b)℄, and have similar values in LaMnO3 (JH=U ' 0:117 [7℄),demonstrating the proximity to ferromagnetism whih is indeed observed indoped manganites [1, 5℄. Inluding the (smaller) t2g interations one �ndsa somewhat enhaned tendeny towards antiferromagnetism, with the G-AF (A-AF) phase stable for JH=U < 0:05 (JH=U > 0:05). In order toexplain quantitatively the experimental ratio J=Jab ' 0:7 in LaMnO3, onehas to inlude also the JT e�et whih stabilizes the orbital order loser to(jxi+jzi)=(jxi�jzi) alternation [9℄. This modi�ation of the orbital orderinghanges not only the e�etive magneti interations, but also onsiderablyredues the sattering of a hole on spin exitations in LaMnO3 [21℄.3. Orbital �utuations in t2g systemsAs in the d9 ase, the exitation spetra of d2 and d3 ions in the t2g sub-spae [18℄, shown in Fig. 1(b), may be faithfully reprodued with a modelHamiltonian [17℄ ontaining only two parameters: U and JH, with JH stand-ing now for the Hund's element between two t2g orbitals (whih is somewhatsmaller than that between two eg orbitals [18℄). As usually, the exitationenergy to high-spin (3A2 and 4A2) states is U �3JH, while the energy of thenext (low-spin) exited states is either U �JH for d2 ions (1T2, 1E), or U ford3 ions (2T1, 2E), respetively. The highest exitation energy of U + 2JH isthe same for d2 (1T1) and d3 (2T2) ions.Eah t2g orbital is orthogonal to one of the ubi axes, so we label them asa, b , and  (for instane, xy orbitals are labelled as ). The superexhangeinterations / J = 4t2=U follow from the hopping between two orbitalsative along a given diretion , for instane between the pairs of a and borbitals along the  axis. Therefore, it is onvenient to de�ne pseudospinoperators, ~�i = f�xi ; �yi ; � zi g, whih at in the subspae spanned by two ativeorbital �avors [10,16℄. For instane, for a bond hiji k , these operators are:�+i = ayi bi, ��i = byiai, � zi = 12(nia� nib), and n()i = nia +nib, where fayi ; byigare Shwinger bosons for a and b orbitals, respetively.The model for titanates follows from the d1i d1j 
 d0i d2j proesses,H(d1) = JX Xhijik h �~Si � ~Sj + 14� Ĵ ()ij (d1) + K̂()ij (d1)i; (10)



3308 A.M. Ole±with the exhange onstants between S = 1=2 spins,Ĵ ()ij (d1) = 2 �~�i � ~�j + 14ninj�()+ 12�h(�3r1 + r2)(nianjb + nibnja + ni + nj � ninj)+ (3r1 + r2)(�+i ��j + ��i �+j ) + 83(r2 � r3)�� zi � zj + 14ninj�i();(11)depending on: r1 = 1 � 3�, r2 = 1 � �, r3 = 1 + 2�, while K̂()ij (d1)stands for purely orbital interations. A priori, the magneti interationsare anisotropi, and may be either AF or FM, depending on the orbitalorrelations. In the limit of JH=U = 0 the Hamiltonian (10) takes the form,H(0) = 12JX Xhijik �� 1S2 ~Si � ~Sj + 1� �~�i �~�j + 14ninj�() � 43S� ; (12)and shows again a strong frustration of superexhange interations [10℄. Al-though formally it resembles the SU(4)-symmetri spin-orbital models [19℄even more than Eq. (9), the pseudospin operators ~�i have here a di�erentmeaning and refer to di�erent orbital �avors for eah ubi diretion . Onemay also notie a ertain analogy with the models of valene bond solids [22℄,but this analogy is again only partial, as the formation of orbital singlets inall diretions simultaneously is impossible.In the Mean Field Approah (MFA) the G-AF phase is degenerate withFM phases, if h~�i �~�j + 14ninji() = 0, as realized for alternating orbitals(e.g. for staggered a=b orbitals). Suh FM states, with anisotropi exhangeonstants: JFa and JF along a (b) and  axis [Fig. 3(a)℄, respetively, wouldbe favored lassially at �nite JH. However, the quantum �utuations takeover, remove the anisotropy, and stabilize the orbital liquid state, if the JTinterations are weak [10℄. Indeed, the spin-wave spetrum of LaTiO3 isnearly isotropi [11℄, showing that the orbital moments of t2g ions are fullyquenhed [10℄. Inreasing JH almost does not hange the exhange onstantsJAF evaluated using the MFA in this state [Fig. 3(a)℄.The superexhange interations between S = 1 spins in LaVO3 [16℄,H �d2� = JX Xhijik h �~Si � ~Sj + 1� Ĵ ()ij �d2�+ K̂()ij �d2� i ; (13)follow from the d2i d2j 
 d1i d3j proesses ative on the bonds, withĴ ()ij (d2) = 12h(1 + 2�R)�~�i � ~�j + 14ninj���r�� zi � zj + 14ninj�� 12�R(ni + nj)i(); (14)
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� zi � zj + 14�() � �Ri ; (16)are given by orbital orrelations. Their values at � = 0 were obtainedfrom the Bethe Ansatz for a Q1D Heisenberg hain, while the orbital wavespetrum, !Ck = [�2 +R2(1� os2 k)℄1=2, with a gap� = f�(R + r)[2R+ �(R + r)℄g1=2; (17)was used at �nite JH [16℄. As a result, one �nds inreasing FM (J) anddereasing AF (Jab) exhange onstants with inreasing JH [Fig. 3(b)℄, andboth interations have similar values in LaVO3 at JH=U ' 0:15 [7℄.While the ubi struture of LaVO3 is almost undistorted [14℄, YVO3has a distorted struture, and a and b orbitals stagger in the (a; b) planesand repeat themselves along the  axis [15℄. Suh ordering an be promotedby the JT e�et term whih lowers the energy by �2V on the bonds along
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