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Orbital ordering and superexchange in manganite oxides
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The magnetic couplings in insulating LaMgOCaMnQ;, and the planar analogs La;Mn,Og3,,, are
estimated using standard superexchange arguments. The orbital ordering observed i lisifdo@d to lead
to the observed magnetic exchange constants if the effective Mn on-site interdgtiois larger than the
charge transfer energy. Differences between the pseudocubic and the planar materials are accounted for. The
effect of doping is discussefiS0163-18207)05410-9

This paper presents estimates of the magnetic exchandensitions involving them will be neglected. Their effect will
constants of LaMn@ and CaMnQ, the two end members be qualitatively discussed in the conclusion.
of the La ,CaMnO; series and also of the planar analogs ~ Any € electrons present are assumed to be aligned to the
Lan+1Mn,O3,41. These rare-earth manganite perovskitescore spins by a Hunds coupliddg which is taken to be very
have been studied for more than four decadesl interest large. Configurations in whichy eIectron; are antiparallel to
has recently revived following the observation of “colossal” the core spin are excluded. The magnetic exchange constants
magnetoresistance in the related material Lia MnO,.2  Will be defined in terms of the difference between the
The magnetic couplings have an interesting and complicatedfound-state energy with core spins parallel and the state
dependence on crytal structure and doping. CaMih@s a with core spins antiparallel; this will be calculated by a per-
cubic symmetry and is a simple two-sublattice fturbation expansion in the Mn—O_hoppimgabout an ideal-
antiferromagnet.LaMnQ; is substantially distorted from the ized ground state. For LaMn{ihis ground state has one

g4
ideal ABO; perovskite structure because of a frozen-in Jahnso electron on each Mn atoifso the Mn valence id") and

. . . s two electrons on the oxygen atom; for CaMghis ground
Teller distortion (sometimes referred to as “orbital state has ne, electrons on the Mn atorfso the Mn valence
ordering”).3# Magnetically it is a (0,05) antiferromagnét g

) : 4 is d®) and two electrons on the oxygen atom. The leading
apparently well described by a nearest-neighbor He'senbe@pin-dependent term i9t: to obtain this we need all states
model with an antiferromagnetic coupling along theaxis

N : which can be reached from the ground state by two hops.
and a ferromagnetic in-plane couplifgThe planar COM- These are listed in Table I, along with the on-site energies.
pounds such as LMnO, are apparently Qquasi-two- The stated 1-L6 pertain to LaMnQ and the state€1—
dimensional antiferromagnets, at least when undoped at4 to CaMnO,. For CaMnG; the on-site energies involve
lightly doped. In La_,CaMnO3; and related three- the d3—d*L charge transfer energy’; for LaMnO5 they
dimensional compounds the antiferromagnetic tendency apnvolve the d*— d°L charge transfer energy and the Mn
parently vanishes rapidly upon doping away fram0. By and O on-site energiesUy,=E[d°d3]—2E[d*] and
x~0.2 only purely ferromagnetic phases are obsenzeti Uoxy=E[2L]—2E[L]. HereL denotes a hole on the O ion,
in samples withx~0.3-0.4 only ferromagnetic fluctuations and in the definition ofJy,, all d electrons on the same site
are observed at all.>” However, in the planar compounds, are assumed to be in the same spin state. Note that in the
correspondingly doped samples exhibit antiferromagnetic
fluctuations at highT ® although the ground state is ferro-  1agE|. States, distinguished by Mn and O occupancy, along
magnetic as expected from Zener double-exchange. with energies.

In this paper it is shown that all of these facts follow
naturally from simple superexchange argument, i.e., from @ gpel Mn -0 -Mn Energy
perturbation expansion in the hopping about a well-defined

insulating state. The basic result—that orbital ordering cart-1 1 2 1 0
affect the sign of the superexchange interactions—has beé? 2 1 1 A
known for decadésand has recently been discus$édl. L3 1 1 2 A
However, an explicit estimate demonstrating the interplay ot-4 2 0 2 A+ Uy
orbital ordering and on-site and charge transfer energies ha$ 2 2 0 Uwun
apparently not before now been presented in the literature.L6 0 2 2 Umn
For a model, take a Mn-O-Mn bond, and focus on the Mn

ey andO,,,, orbitals. For evidence that these are the relevant1 0 2 0 0
orbitals see Refs. 1 and 11. Each Mn atom also has threg2 1 1 0 A’
t,g “core” electrons which are assumed to form a “core c3 0 1 1 A’
spin” of magnitudeS.=3/2. In the main body of this paper ca 1 0 1 A"+ Uy

thet,q electrons will be assumed to be electrically inert, and
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literature the on-site energies are often defined in a much |unoccj) =sing;|3z°—r?) — cosh;|x*— y?) (6)
more complicated fashion, with a variety of interaction pa- .
rameters. In the simple situation considered here, these mafighase factors do not enter the superexchange calculation,
parameters are not needed; the definitions adopted here iAd so have been omitted _ _
volve the quantities directly appearing in the calculations HOPping between an occupied level and an oxygen in-
below, and have a transparent physical meaning, but the n¥olves the factor ca; for hopping between an unoccupied
tation is unfortunately nonstandard. state and an oxygen the factor is &inDenote the angle
The superexchange for CaMa@nay now be calculated. describing the left-hand Mn atom & and the right-hand
The simplest method is to write and diagonalize the Hamil-Mn atom ast,. Then for parallel spins the relevant states are
tonian matrix in the basis listed in Table | and then obtain thd-1, L2, L3, L5, andL6 and the Hamiltonian matrix is
leading spin-dependent term. This is of ord&n'3; calcu- _ . . -
lation of higher-order terms would require expanding the ba- 0 tsinf, tsing, 0O 0
sis. If the two core spins are parallel, the relevant states are tsing, A 0 tcosd, 0
C1,C2, andC3 from Table | and the Hamiltonian matrix is

Hy = tsind, 0 A 0 tcosd,
1=
0 t t 0 tcosd, 0 Umn 0
Hy=| t A" 0. (1) 0 0 tcosd, 0 Uwmn
t 0 A i T
If the two core spins are antiparallel, all Gf1-C4 are For antiparallel spins the relevant states arte, L2, L3,
relevant and the Hamiltonian matrix is L4, and
0 t t 0 0 tsing, tsind, 0
t A" 0 t tsing; A 0 tsing,
Hizle o o ¢ @ Hi=|tsine, 0 A  tsing, |- ®
0 t t 2A"+Ugy 0 tsind, tsing; 2A+Ug,,
The difference of leading eigenvalues is A general solution, valid to ordef, may be obtained ana-
614 lytically. One finds
EM_Eu:m- 3) o4 o
ETT_ETLZAZ(A+—Uy/2)S'n2015'”292
Thus the coupling is antiferromagnetic, as observed. In- A o
terpreting this as the classical Heisenberg energ¢s?)? . .
with S=3/2 gives - W(S|n201c0§02+coszﬁlsmzaz).
n
4 9
JeaMnG— 3t . (4) _ _ . .
4A"°(A"+Uy/2) From this equation one sees explicitly that there is a strong

dependence both on orbital ordering and the rAtio,, . In
eyl the “Hubbard limit” A/Uy,— at fixedt?/A, the coupling

is always ferromagnetic, as found by other work@rg the
“charge transfer” limitA/U,,,— 0 the coupling is generally

Use of the cubic-lattice Heisenberg model
Tn=2.9(S+1)SJ and S=3/2, along with the observed

~ 1\ CaMnO; i A . . . .
Ty~110 K, yields J 10 K. Note that although this antiferromagnetic, but may change sign if onedaf, 6, is

J couples thety, electrons on adjacent Mn sites, thg, near 0 orm and the other is not near/2. Optical daty’

s(laescstrons are not directly involved in the superexchange proéuggest that the charge transfer limit is the most appropriate.

Now turn to LaMnGQ;. The situation is more complicated The anglesy, and 6, appropriate to LaMn@ have been

: estimated” Unfortunately, the angleg, given in Table | of
becau;e th_e startlng Mn valenced?% and. So one O.f the two Ref. 14 pertain to th@noccupiedrbitals (although they are
ey Orbitals is occupied on each site. It is convenient to tak

Stated to pertain to the occupied orbijalso conform to the
the z axis to be along the Mn-O-Mn bond and to choose the : ;
e, orbitals to be3z2—r?) and|x?—y?). It will be assumed conventions of this paper th@, must be replaced by

that only the|3z2—r?) orbital hybridizes with theD,, . In 91:34* t’ﬁz- tT.hg atng'etf] listed " Eef- 14 ar$h°a'0“""|‘ted in
LaMnOg there is a long-range Jahn-Teller order which seLoordinates tied to he crystat —axis. e values

lects a preferred! state, and thel splitting induced by the %2= — 61+ 7 and 2n/3<6,<3w/4 were fogznd from an
Jahn-Teller gap contributes to the energleandU,,,. The  analysis of the structure. Usirg;; —E; =2JS" and S=2

preferredd state on a given sitg |occi) may be written gives
4 4
|occi)=coss;|32%—r?) + sing;| x> — y?). (5) t 1— A+Uqy/2  JLamnos_ ot 1— A+Uqy/2
16A3 Umn caxis 64A° Ui .

The empty state is then (10
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Thus, if A is sufficiently small(basicallyA<Uy,), the The interplay between superexchange and orbital ordering
sign is antiferromagnetic; the magnitude depends sensitiveljn LaMnO3; has recently been studied by other workers. So-
on the angle and is smallest fé5=3/4 and largest for lovyev, Hamada, and Terakdrnave used a band-theory-
0,=2m/3. The latter value corresponds to purebased formalism within which the contribution to the ex-
“ dax2_,2/dg,2_2" order. As discussed in Refs. 3 and 14 the change from thee, orbitals is found to be positive for all

actually occurring order is distorted away from this to somePonds(the distortion simply changed the magnitude Jf
degree. An additional negative contribution arising frot, orbitals

Now consider the in-plane bond. To transform to the co-Wwas also calculated, and found in some circumstances to
ordinates appropriate to an in-plane bond one must rotatgh@nge the sign af, as observed. The results of Ref. 9 seem

0. and 6. by — /3" the result is?‘ plane_ —?‘ plane_ /o consistent with the results presented here because the formal-
1 2 by ’ 2 1 ism of Ref. 9 involves a weak-interaction approximation;

o _
and 7/3< ¢y P*"*<57/12. One finds Uwn is therefore small, whilé\, which has a large contribu-
4 tion from band effects, is not. The calculation is thus effec-
—3U _jamno,_ a6 U, 1 Umn tively in the “Hubbard” limit.

32A%U,, inplane B 7T(A+Uq/2) )" Ishiharaet al. have performed superexchange calculations
(1))  based on the Hubbard limfit, finding that alle, processes
are ferromagneti¢as found here also, in the Hubbard lijnit

Here the lef-hand inequalitymost ferromagnetic coupling These authors invoked a phenomenologtgglexchange to

corresponds t®,=2#/3 and the right-hand inequality to explain the sign change.

0,=3m/4. ) ) Within the present approach thg, processes may be
_The exchange couplings in LaMnQwere recently deter- egtimated. The Mri,, electrons hybridize mainly with the
mined from a neutron scatterl_ng measurement of the splrbpw orbitals, which do not hybridize with the; this there-
wave spectruni;a ferromagneticli, piane and antiferromag-  fore leads to an independent channel for superexchange. The
netic J. were found, with —J¢/Jinpane=0.7 and  unoccupied,, states lie farther from the Fermi energy than
Jin plane~ 10 K. If the material is assumed to be in the chargethe g, states, and the hybridization to the oxygen is weaker,
transfer A<U\,) limit, then this experimental finding can as may be seen from the roughly factor-of-2 ratié®of the
be explained iff; is not too far from 3r/4 (i.e., the structure  bandtheorye, andt,, band-widths. In addition, the Coulomb
is substantially distorted from the,2_,2/d3y2_,2 ong and  repulsion may be strongé? These processes, however, gain
Uwn/(A+Uq/2)~2. The conventional wisdom is a factor of 2 from the twofold degeneracy of tlg . orbit-
Uun~6 eV andA~1—2 eV; it is not clear what a reason- als. The basic process involves occupying an unoccupied
able value ofU,,y is. If A=1.5 eV is assumed then the t,q orbital, and so the resultis an antiferromagngtic ex'chan'ge
observed) implies t~0.6 eV so the effective Mn-Mn hop- @s found for)®@Mn%s The net result of these considerations is
ping tynwmn~t¥A~0.2 eV, which is a very reasonable 0 suggest that the, processes make up at most 1/3-1/2 of
value. the observed“®"% and have a weak doping dependence.

Within the charge transfer approach presented here thumerically, | estimate);p<5 K; thus it does not have a
evolution of the magnetism with doping may be understoogcrucial effect on the considerations presented above, but does

The antiferromagnetic nature of theaxis exchange depends 'MCréase somewhat the range of structural angles which can
crucially upon orbital ordering which is suppressed rapidlyeXpIa'n the data. Note that is this estimate is smaller than the

with doping.15'14AIso coupling between d* and ad® site is vaIueJtzg~15 K found in Ref. 9. Presumably the difference

ferromagnetic for the usual double-exchange reasons. Thig that the formalism of Ref. 9 assumes weak interactions

with doping the antiferromagnetism weakens rapidly and thé(vhlle here strong interactions are ass_umed. The estimate is
ferromagnetism strengthens. also rather smaller than the value estimated fromThef

One may also extend the calculations presented here to%r?lMtnhoest n ?Oe;é slsoésbfgrzlitlrji?)it(teht%;g'\"%th?w:as i‘?l“lgfg dthat
the planar manganites such as,MnO, and LaMn,0+. In y 29 P : (hey neg

these materials the crystal structure is such that the Jahﬁr—]e €y Processes which were argued gbove to be doml_nant.
o . =-— o To summarize, superexchange estimates of magnetic cou-
Teller splitting is locked into the valué=0 on each sitéin

. di he in-ol h is th ) b plings in insulating manganites have been presented. The
¢ axis coordinates The in-plane exchange is then given by .o bination of the strong Hund’s coupling, the charge trans-

0,=7/3,0,=2m73, i.e., by fer nature of the insulating phase of LaMpand the orbital
gt4 AtU-J2 ordering seems to account for the observed sign, magnitude
_ oxy/ (12) and doping dependences. The calculations presented here are
64A%(A+ Uy /2) 3Upun

based on a simple insulating limit; the smalt L eV) charge
In other words, in the charge transfer limit the in-plane su

transfer gap observed in LaMnO(Ref. 13 renders the
perexchange is antiferromagnetic and of large magnitifde

quantitative validity of the results questionable, but the quali-
the estimates presented above for LaMrdde applicable to tative trends including the extreme sensitivity of the ex-
the planar materialsJPa"y3-2M"%< 4) * Further, if this

change constants to the orbital ordering and the relative sizes
caxis

) ) . of the ey, andt,;, may be more generally valid.
Jahn-Teller order is not changed by doping, the antiferro-

magnetic nature of the interaction should survive upon dop- | thank I. Solovyev for helpful correspondence concerning
ing, although of course a ferromagnetic double-exchangéhe band calculations and a critical reading of the manuscript
contribution from mobile carriers will be added to it. Theseand T. M. Rice for helpful discussions of superexchange cal-
conclusions appear to be at least qualitatively consistent witbulations. Work at I.T.P. was supported by the NSF under
present dati. Grant No. PHY94-07914.
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