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ORIGIN OF THE ORBITAL ORDERING IN LaMnO3�Olga Sikora and Andrzej M. Ole±Marian Smolu
howski Institute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Kraków, Poland(Re
eived July 10, 2002)We use the temperature of the stru
tural phase transition to determinethe Jahn-Teller (JT) 
oupling 
onstant in the model derived for LaMnO3whi
h in
ludes both the superex
hange between S = 2 spins and the JTe�e
t. We also investigate the dependen
e of the ex
hange 
onstants onthe value of the on-site Coulomb element U , and on the orbital ordering.PACS numbers: 75.47.Lx, 75.30.Et, 75.50.EeFor degenerate eg orbitals the superex
hange (SE) intera
tions involveboth spin and orbital degrees of freedom. Therefore, these intera
tions alone
ould stabilize the orbital ordering, either in 
uprates [1℄, or in manganites[2℄. However, large latti
e distortions observed in LaMnO3 suggest thatthe Jahn�Teller (JT) e�e
t also plays an important role in indu
ing thestaggered orbital ordering. In parti
ular, if the SE intera
tions are ignored,the observed temperature of the stru
tural transition Ts = 780 K leads to alarge JT 
oupling 
onstant [3℄. We show that the orbital intera
tions whi
horiginate either from the SE or from the JT e�e
t support ea
h other, soone 
an dedu
e the JT 
oupling 
onstant only by analyzing all the termsresponsible for the orbital ordering [4℄.We 
onsider a model Hamiltonian for LaMnO3 [2℄:H = He +Ht +HJT; (1)whi
h in
ludes the SE due to eg (He) and t2g (Ht) ele
trons, and the JT term(HJT). The term He originates from the virtual hopping to four t32ge2g ex
itedstates: one high-spin 6A1 state and three low-spin 4A1, 4E, 4A2 states, with theex
itation energies: "(6A1) = U � 3JH, "(4A1) = U +2JH, "(4E ) = U + 83JH,� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(861)



862 O. Sikora, A.M. Ole±"(4A2) = U + 163 JH [2℄. The Coulomb and ex
hange elements are: U ' 5:9eV and JH = 0:69 eV [5℄. One �ndsHe = 116Xhiji ��85 t2"(6A1) �~Si � ~Sj + 6�P��hiji + �~Si � ~Sj � 4�� �� t2"(4E) + 35 t2"(4A1)�P��hiji +� t2"(4E) + t2"(4A2)�P��hiji�� ; (2)for the SE between S = 2 spins, where t is the hopping element betweentwo dire
tional 3z2 � r2 orbitals along the 
-axis (here we take t = 0:48 eVwhi
h is 
onsistent with the experimental ex
hange 
onstants [6℄), and theoperators P��hiji = P�i P �j + P �i P�j 
onsist of the orbital proje
tions at bothsites, P�i and P �j [2℄. Virtual hopping of t2g ele
trons gives the se
ond SE
ontribution, Ht = 14JtPhiji(~Si � ~Sj�4), with an average ex
hange 
onstantJt ' 2:9 meV. The JT term indu
ed by the oxygen distortions [3℄:HJT = �Xhiji �P��hiji � 2P��hiji + P��hiji� ; (3)favors alternating ordering of orbitals parallel (j�i) and perpendi
ular (j�i)to the bond dire
tion, su
h as jzi = 3z2� r2 and jxi = x2� y2 along 
-axis.We assume the A-AF spin stru
ture [spins parallel in (a; b) plane andstaggered along 
 axis℄, and C-type orbital ordering, with the orbital statej�i = 
os �2 jzi+ sin �2 jxi; (4)alternating (j � �i) in (a; b) plane and repeating itself along 
 dire
tion. Byaveraging the orbital operators one 
an derive an e�e
tive Heisenberg modelwith intraplanar (Jab) and interplanar (J
) ex
hange 
onstants, whi
h givethe Néel temperature TN in the mean-�eld approximation (MFA).The ex
hange 
onstants Jab and J
 depend strongly on the orbital or-dering (4), and the A-AF phase is stable for �=� < 0:65, while G-AF ordero

urs for �=� > 0:65 [Fig. 1(a)℄. The values obtained for the optimal or-bital state j�optj whi
h gives the lowest energy at T = 0, agree well with theexperimental data [6℄ (Table I). From the dependen
e of Jab and J
 on thevalue of U we 
on
lude that only values of U � 6 eV are able to explain theexperimental result jJabj > J
 [Fig. 1(b)℄. Moreover, Jab and J
 obtainedfor � = 2�=3, often assumed for LaMnO3, are never 
lose to experiment.Now we turn to the stru
tural transition. Using realisti
 parameters one�nds that Ts ' 380 K, 
al
ulated in the MFA with only the SE terms 
onsid-ered, is mu
h lower than observed (the MFA value was redu
ed by a fa
tor
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Fig. 1. Ex
hange 
onstants Jab (solid lines) and J
 (dashed lines) as fun
tions of:(a) orbital angle �=� for U = 5:9 eV, (b) U for the optimal orbital angle �opt (higherlines) shown in the inset, and for a �xed ordering with � = 2�=3 (lower lines).TABLE IEx
hange 
onstants Jab and J
 and eg 
ontributions Jab(eg) and J
(eg) (all in meV)obtained with U = 5:9 eV, 
ompared with experimental values.� orbital state Jab(eg) J
(eg) Jab J
�=3 jy2 � z2i=jx2 � z2i �2:23 2:67 �1:50 3.40�=2 (jxi+ jzi)=(jxi � jzi)i �2:18 0:20 �1:45 0.922�=3 j3x2 � r2i=j3y2 � r2i �0:54 �0:69 0:18 0.03� 83Æ j+ �opti=j � �opti �2:33 0:62 �1:60 1.34� exp [6℄ � � �1:66 1.16fs = 0:629 adequate for pseudospins 1/2). This proves that the JT term (3)
annot be ignored. Considering the full Hamiltonian (1) we obtained the JT
oupling 
onstant � ' 9:1 meV. We veri�ed that 12� 
orresponds to g2JT=Kin the JT Hamiltonian derived by Okamoto et al. [4℄. This allows us to de-termine EJT ' 320 meV whi
h turns out to be signi�
antly higher than thevalue 50 < EJT < 100 meV estimated before. Note however that a di�erentredu
tion fa
tor f 0s = 0:75 used in Ref. [4℄ would result in a somewhat lowervalue EJT ' 270 meV also in our model [Fig. 2(a)℄.The values of � depend strongly on U as the energies of ex
itated stateswhi
h 
ontribute to the SE (2) be
ome higher, and the JT term has to
ompensate for the redu
ed SE 
ontribution [see Fig. 2(a)℄. Although wedid not perform a self-
onsistent 
al
ulation of the orbital ordering as afun
tion of T , we emphasize that the values of TN obtained for the orbitalordering given either by �opt (at T = 0), or by � = �=2 (at T = TN), agreewell with the experimental T expN = 136 K [6℄ for U ' 5:9 eV [Fig. 2(b)℄.
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Fig. 2. Values of: (a) JT intera
tion �, and (b) the Néel temperature TN (obtainedby redu
ing the value found in the MFA by a fa
tor fN = 0:705), for in
reasing U ,and for fs = 0:629 (solid lines) and f 0s = 0:75 (dashed lines). The values of TN forthe orbital ordering given by � = �=2 are shown in (b) by dot-dashed lines.Summarizing, we have found that the SE and the JT terms 
ontributeabout equally to the stru
tural transition, and the JT 
oupling 
onstant inLaMnO3, EJT ' 300 meV, is at least three times larger than found using asimpli�ed model of the SE [4℄. In addition, we argue that the orbital statein LaMnO3 has to be signi�
antly di�erent from � = 2�=3, an angle whi
hwould give almost vanishing and AF ex
hange 
onstants in all dire
tions.We thank L.F. Feiner and S. Okamoto for valuable dis
ussions. Thiswork was supported by the Polish State Committee for S
ienti�
 Resear
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