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We propose a mechanism fé-type antiferromagnetism in orthorhombic LaMgQompatible with the
large Jahn-Teller splitting inferred from structural data. Orbital ordering resulting from Jahn-Teller distortions
effectively leads to layered orderingntiferromagnetic in th& axis and ferromagnetic in thab plang
provided the in-plane distortio®, is large enough, a condition generally fulfilled in existing data.
[S0163-18298)50410-9

Stoichiometric LaMn@ (LMO) is knowrt to be an In particular, basic ingredients were a strong local electron-
A-type antiferromagnetic insulatoA(AFMI), where ferro-  electron repulsiorJ, the Hund couplingly, between elec-
magnetically ordered Mn{planes(in thexy direction have  trons on the twoey orbitals, and the orbital mixindde-
staggered magnetization along theaxis. Upon increasing scribed by a mixing angle) due to JT distortion. In the
the temperature a paramagnetic insulating ph@dl) is  approach of Ref. 8, onlg, (spin and orbitgl degrees of
reached. On the other hand, sufficient hole dogiag., by freedom were considered, and the spin and orbital order were
substituting La with Sr or Oagives rise via the so-called Self-consistently determined to lowest ordedjf/U. Thee,
double-exchange hopping mechanfism to a low- level degeneracy was lifted by superexchange but the JT
temperature ferromagnetic metallic phageMM) turning  splitting resulting from the lattice distortions induced by or-
into a PMI phase at higher temperature. Not only magnetisnbital ordering was not explicitly considered, only a correc-
determines the main physical properties, in fact bothtion due to a small local JT anharmonicity was introduced.
theoretical® and experimentlevidences emphasize the rel- This point of view, considering magnetic exchange to be the
evance of electron-lattice coupling. Charge and orbital ordermain cause of orbital mixing and/or ordering, but neglecting
ing also occur, showing further the competition betweerthe orbital splitting resulting from JT effect, might be ques-
various physical mechanisms. Notice that the crucial role otioned in LMO where strong JT distortions arise. Moreover,
spin and lattice coupling was repeatedly emphasized to adhagnetic exchange interactions are somewhat modest, e.g.,
count for the properties of the FMM phase and the FMM-the AFM exchange along the axis J' ~0.58 meV and the
PMI transition at finite doping, as well as charge-orderingFM exchange along th&-y planesJ~—0.83 meV from
phenomena. However, thiaison regarded the double- inelastic neutron scattering experimettswhile the KK
exchange mechanism for charge transport, being dynamtheory results inJ|~(Jy/U)J’<J’. Moreover, as pointed
cally dressed by lattice degrees of freedbiNo emphasis  out by KK, the observed orthorhombic distortion witk<a
was put on the role of static cooperative Jahn-Te{lEr) cannot result from orbital ordering only. Therefore, it is not
deformations in stabilizing specific magnetic structures in theobvious, considering the actual distortion, that the magnetic
AFMI phase. A-phase is still the most stable.

Here we investigate an approach to the stoichiometric According to the experimental evidences for the relevance
phase of LMO showing that the layered antiferromagneticof the t,4 (spin degrees of freedom, e.g., in the double ex-
structure may result from the interplay between superexehange hopping processes, and for a strong JT coupling, we
change and JT couplings. Our analysis is alternative to thpropose to reconsider the problem. We take properly into
more qualitative one based on the semicovalent exchangeccount the Hund coupling betweepandt,, electrons, and
mechanisrh and is complementary to the superexchangeassume, contrarily to KK, that the JT splitting is much larger
mechanism investigated by Kugel and KhomgkiK)® for ~ than the exchange energy. This makes the cooperative JT
perovskites with JT ions. This latter analy&ee also Ref.)9  effect the driving mechanism for orbital ordering, which in
focused on the interplay between magnetic and orbital ordetturn controls the magnetic interactions. Hereafterassume
ing within the twoey orbital manifold, assumed degenerate. some staggered orbital ordére., we fix # on the two sub-
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latticeg as determined by the observed strong JT distortionselectrons is so large that the initial and final states always
Given the orbital order and the relatéctlatively large e,  have maximal total spi$yr=2. Moreover, and most impor-
orbital splitting €, we calculate at any order iaandJ,, /U tantly, we also consider a large local repulsionl) be-
the superexchange interactions. Finally, we determine the paween electrons on Mn sites forbidding to two electrons to
rameter ranges which are compatible with the observedeside on the tway levels of the same site. Then we work
A-type AFM phase. on a reduced Hilbert space with only Fhinitial and final
For the sake of simplicity we disregard the oxygen sites irstates->
the perovskite structure, thus focusing on a single-site model. We then carry out a perturbative calculation of both FM
On each site two manganese orbitals,dhe 2 (d,) and the and AFM magnetic couplings between sites 1 and 2 by con-
ds,2_;2 (d,), are available. The real lattice structure is effec-sidering second-order hopping processes from and to the
tively taken into account via the sign and the magnitude ofground state configuration with one electron per Mn site oc-
the intersite hopping along the—y—z directions. Specifi- cupying the lowera orbital. We thus neglect the exchange-
cally, we notice that, for a standard choice of phases, thenduced mixing ofey orbitals, considered by KK. Notice that
hopping between thd, and thed, orbitals on Mn are given this last assumption relies on the JT splittiagbeing sub-
by stantially larger than both the temperature and the superex-
change scale-t?/U. Due to the conditiorb;=2, each site
=30 =4 i=1,2 is five times degeneratgd2m); with m=-2,
. . —1,...,2. Thefirst step consists in forming two-site states
t,=— V3t along X; t,,= 3t along y; with given total spinJ=0, ... ,4from the 25 basis states
, ., |2,m);®|2,m),. The suitable Clebsch-Gordan coefficients
= —4t 4,=1,,=0. (1) are easily obtained. Within each subspacethe hopping
Throughout this paper the primes indicate hoppings inzthe Processes conserve the total gpthe hopping perturbation
direction. The(statig JT distortions! mix the d, and d,

orbital$ into a (lowen andb (uppe) orbitals with €y Sym- H.=— 2 t..(cl ¢ +cb cpoar)
metry split by an energy=2gy/Q?+ Q2 where g is an U ey 4 loerteal D 2oetloa

electron-lattice coupling constant. Specifically, using the ) . _ ) i
same notations of Ref. 5 the uniform distortiqqy (corre- IS applied twice to obtain théJ,M[H{|J,M) matrix ele-
sponding to a uniform variation of the lattice parameterments. The double-hopping processes are of two types:
along thez direction couples to thed,—d, density differ- —a—a anda—b—a depending on whether the initial
encen,—n,. In systems such as LMO, where the lattice €lectron hops on the neighborireg or b orbitals. Accord-
spacing in thez direction is shorter than th@veragg spac- mgly there are two superexchange ghannels, leading to cou-
ing in the xy plane Q,<0), thed, orbitals overlap more pImg; constantﬁaz_i ar_ldJ_ab. The easiest to_b_e_ calculated is
and are pushed at higher energy by the Coulomb interactiodaa Since the Pauli principle forces the two initalelectrons

As pointed out by KK, this favors the FM exchange, thust® have opposite spins. As a consequence only one interme-
making the JT effectompetavith the A-type superexchange diate virtual state ped <.:hanne.l is allowed, with one empty
which alone would imply the opposite distortion. The reverse2nd one doubly occupiea orbital. Both the empty and the

is true in systems such as KCyRvhere the lattice parameter doubly occupied orbitals cost an energy; 24, whereJ;, is
alongz is larger than in they plane andQ; is positive. On  the Hund coupling betweeg, andt,, orbitals (the Hund

the other hand, the distortio@, (opposite on the two sub- €nergy is set to zero in the Mhground state configuration
lattices of thexy plane$ corresponds to an alternate contrac- The doubly occupied orbital has an additional energy cost
tion and dilation of the Mn-O bonds on they plane and U. All the intermediate states have then an enegy-U

mixes thed, andd, components of tha,b orbitals +(3/2)J/;, above the ground state ener@y=0. As it is
standard, the perturbative energy gain can be compared with
|a) = cod 6/2)|x) = sin( /2)|z), the energies ofJ,M) states as given by the effective Heisen-
. berg model for theaa channel
|b) = sin( 6/2)|x) + cog 6/2)|2), 2
where tang) =Q,/Q, and the uppeflowen sign is for sites Haa=Jdaa(S1- S+ C)

on sublattice 1(2) of the xy planes. Accordingly the hop-
pings between tha andb orbitals of neighboring sites can
be obtained via Eqg1),(2) (Ref. 8

with C being a constant energy shift to be determined. The
direct comparison provides, in addition @= —4,

taa= —t(1+2c09); (€) 1 t3,

Jaa:Z T (6)

tap=—t(= \/§~|— 2sing);  tpa=—t(F \/§+ 2sing); (4) U+(3/2)dy

, o, , . This is an effective AFM coupling between electrons on the
taa=2t(1=Co);  14p=1p,= —2tsinG; ®) xy-plane. A similar expression is obtained for the interplane

the upper(lower sign is for planar hopping in th& (y)  coupling (i.e., in thez direction J,,, providedt,, is re-

direction. placed byt in Eq. (5).

As customarily done, we assume that the Hund coupling The calculation fod, is slightly more complicated, since
betweeno=1/2 e, electrons and th&=3/2 spin of thet,;  the hopping electron can now give rise on the doubly occu-
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pied site to both &;=5/2 or aS;= 3/2 state, thus increasing
the number of virtual states. However, the same procedure
illustrated above yields
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whereU' is the local Coulomb repulsion between electrons
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=" =t?[3+4sirf(6)]. (8)

FIG. 1. &2 (thick solid line with doty and a’? (thin solid line
Again the analogous coupling in thedirection can be ob- as a function of the JT rati®,/|Q,| for negativeQ,. The thin
tained by replacingt,, and t,, with the corresponding dotted line represents’? with t,,=0.05.
primed quantities of Eq(5). It can easily be seen that this
coupling is ferromagnetic and vanishes whignandJ;, are ~ agreement with the C(_)operation between superexchange and
both zero. Notice also that, sindg, arises from virtual hop- 9T effegct, found in this case, see, for example, the case of
ping i—j—i and j—i—] and since thea and b orbital ~ KCUFs. _ _
combinations are reversed on neighboring sitest3heom- More precisely we find that
bination appears, which is the same in thandy directions 2 2
[cf. instead(4)]. Thus for each crystalline direction one can i: ta_a D-a ] (13
write the effective Heisenberg couplingls=J,,+J,, and J t,,°D-a'?
J'=J],+J}, in thexy planes and direction, respectively.
Then the question arises concerning the parameter ranges Notice that a substantial amount@%/|Q4| JT distortion
such that the observedl-type AFM is realized. In this case IS needed to leave the possibility open for the condifib)
the coupling must be dominantly FM in they planes and to be fulfilled. Using standard resulfsconnecting the struc-
dominantly AFM in thez direction. To this purpose we re- tural parameters with th@,/|Q,| ratio (Q,/|Qs| in the no-

write theJ’s in the f0||owing more Compact way tation of Ref. 12 we eStImateCQ2/|Q1|~197 and 6.69 for )
o the parameters of the orthorhombic structures reported in
Jaa:tga/[)aa, Jap= _tezlb/Dab- (9) Table V of Ref. 14, while a value 2.84 is obtained from the

. , data related to the crystal where the abovementioned values
The condition that thexy planes are ferromagnetically ot 3 and J have been measurédMost recent crystallo-

coupled is written aglap| > Jaa, .., graphic data on nominally stoichiometric LMO samples
z yield values ofQ,/|Q4|~3, so that the conditio, /| Q4|
o= 2> p (10) =2.6 is quite reasonable. Especially, we now show that the
2, valueQ,/|Q,|=2.84 is consistent with the observats.

. " Let us determine théhopefully realisti¢ values ofu, U’,

WhereD:D_ab“_Daa' Al th(_a same time, the COI’]dItIOI/’] for Jy, J{, and e providing aD ratio in the needed rangé?2).
AF'Y' coupl_mg in the z direction is expressed byJy| To this purpose we consider typical values W10 eV,
<Jaa, thatis U'=U-2J,=6-10 eV, ande=0.1-0.5 eV, and we ob-
tain the ratioD as a function ofJ,/U. For simplicity the
a'?=-2 p (11 ratio J,;/J}, is taken equal to 1. Then, from Fig. 1, we con-
sider typical ranges fob between, e.g.a'?~1.4 anda?
_ ~4, roughly corresponding t®,/|Q,|~6.69, anda’?~2
Now, botha and e’ (i.e., taa, tap, taa, andtyy) are func-  anda?~2.4, roughly corresponding ©,/|Q;|~2.84. Then
tions of 4, or of the JT ratioQ,/Q;. Plottinga® anda’? as  we look for what range o8,,/U the conditions 4-D>1.4
a function of Q,/|Q,| for Q;<0 (the relevant case for or 2.4>D>2 are realized. In the first case the quite reason-
LMO), one obtains the curves in Fig. 1. Since from the in-able range 0.£J,,/U=<0.35 is found, while in the second
equalities(10) and(11), one can deduce the condition case 0.£J4/U=<0.15. The observed valudsJ=—0.83
5 '2 meV (ferro) andJ’ =0.58 meV/(antiferrg are obtained with

a*>D>a', (12) Jy=J/,=1.25 eV andt=0.34 eV in the case 00,/|Q]
the value ofD should be below the thick solid curve and =2.84™ Notice that, contrarily to the calculations of KK,
above the thin solid one. The assumed orbital order becomdbe planar ferromagnetic coupling can easily be larger than
compatible withA-AFMI order for Q,/|Q,|=2.6, where the the z-axis antiferromagnetic one. This comes from the ratio
relation(12) can be satisfied. Notice instead that @>0,  t2./t..2 in (13) where, due to the orbital order stabilized by
a'? is always smaller thaa?, so that no restriction on the the JT distortion, hopping in the plane directions is enhanced
Q,/Q; ratio is needed to fulfill the conditiof12). This isin  with respect to the axis.
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In conclusion, we have illustrated the possibility of ant,,. In fact these hopping constants are strictly zero only for
alternative mechanism for the layered antiferromagnetism ofattices without tilting of the Mn@octahedra around axes on
the stoichiometric LMO compound. In particular, we showedihe xy plane. We have found that positivg, and negative

that the superexchange mechanism, together with strong JF ¢a6r A-type ordering. Another important contribution to

planar distortions, can be responsible for the speégifiype X

. . f . the problem is the antiferromagnetic exchange originatin
magnetic structure. As in the analysis of Ref. 8, the siner; P g 9 g 9

getic effect of both magnetic superexchange and orbital Orf_rom t,, electrons. More generally, a full calculation involv-

dering is a crucial ingredient. However, contrary to the as_mgv\z;\ll SL:perexcha_ng?hp:o;:hesses Sﬁou.ld be feamblz. h .
sumption of Ref. 8, in the present scenario, we assumed a € stress again that the mechanism proposed here 1S
given orbital ordering strongly lifting the degeneracy of the 2ased on the tight interplay of lattice and electronic degrees
e, Orbitals (€3 J,5,Ja4). A relevant role here is also played Of freedom existing even in the undoped LMO system, and
by thet, spin degrees of freedom, as seen from the expresthat it is aimed to correlate the magnetic ordering with the JT
sions(6) and(7), which depend rather strongly af . disto_rtions. Justif_ying the values €j, andQ, from micro-

Despite the basic differences between our scheme and that°P'° g_r(_)unds IS beyon(_j the Scope of the_ present paper.
of Ref. 8, we find similarities in the overall result. Specifi- ome mixing between lattice and Spin dynamics ar_1d Isotopic
cally we find that for systems with positiv@,, like, e.g., or pressure dependence of the spin-wave velocity are ex-
KCUF,, no restriction is needed on ti@,/Q, ratio to make pected' to be rather natural consequences of the proposed
the orbital ordering compatible wittA-AFMI magnetic scenario.
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BThis is consistent with the observation that, in the absence of
strong-correlation effects, the ferromagnetically ordered MnO
planes at quarter fillindone electron and twe, orbitals per
site) should be metalli¢unless an exceedingly large JT splitting
e of the order of the bandwidth or more is assumed



