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Crucial Role of the Lattice Distortion in the Magnetism of LaMnO3
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The stability of theA-type antiferromagnetic order and canted magnetic structure of LaMnO
perovskite is explained in the itinerant-electron picture based on the local-spin-density approximation.
We demonstrate the crucial role of the observed lattice distortion which strongly affects the
magnetocrystalline anisotropy, as well as the anisotropic and isotropic exchange interactions in this
compound. [S0031-9007(96)00499-1]

PACS numbers: 75.25.+z, 71.70.Ej, 71.70.Gm, 75.40.Mg

A huge negative magnetoresistance observed near roothe attempts of first principles calculations for this effect
temperature [1] and the structural phase transition inducedrere made only recently [10]. We show how this problem
by an external magnetic field [2] in the perovskite Mn ox-can be treated using the perturbation theory and Green’s
ides Lg_,D,MnO; with D= Ca, Sr, Ba have been sub- function technique in the real space.
jects of very intensive experimental and theoretical studies Let us assume that without SOI the ground state cor-
for the last few years. Traditionally, all the physics con-responds to the collinear arrangement of the (spin) mag-
trolling the basic properties of the systems was believed toetic moments. Any rigid rotation of the spins for the
be included in the “double-exchange” model [3]. Never-whole system can be described by a unitary transforma-
theless, it was shown recently [4] that the latter is incomdion of Green'’s function in the spin subspacg(¥, ¢) =

patible with many aspects of experimental data. The im-U;(ﬁ, ©)GoUs (9, ¢), where the angle&d, ¢) define the
portance of other ingredients such as the electron-phonagyientation of the spin magnetization in the global sys-
interaction causing the Jahn-Teller splitting @f levels  temé&, = (sin® cose, sind sing, cosd¥). The energy is
[4] and the on-site Coulomb correlations together withinvariant with respect to such operations. Then, we intro-
antiferromagnetic (AFM) exchange interactions involvingduce two kinds of perturbations. (i) Small deviation of the
12, states [5] has been suggested. spin magnetization nea, at the sitei: & = &, + A&'.

In the present work, we present a detailed analysiThe corresponding change of the one-electron potential
of lattice effects on the magnetic behavior of the parcan be expressed asV/ = B'Aé'o, where B! is the
ent compound LaMn©by using the local-spin-density exchange field expressed in terms of LSDA spin-up and
approximation (LSDA). The perovskite transition-metal spin-down potentials at the siteas B = 1/2(V! — V)
oxides are generally considered as highly correlated sysind ¢ is the vector of Pauli matrices. (i) The spin-orbit
tems. However, it was demonstrated recently [6,7] thainteractionAV:, = 1/2Y, ¢é/Lo. In the lowest orders of
many aspects of the ground state as well as single-electrgserturbation theory, by using the local-force theorem, the
excited-state properties of LaMa@an be fairly well de-  total energy changéE near the equilibrium correspond-

scribed in the LSDA band calculations. Moreover, usinging to the scalar-relativistic approach, can be transformed
the LDA +U approach we showed in [7] that the local- tg

ized picture for magnetic behavior, where the appearance
of local moments is driven by the large on-site Coulomb
interaction, is in serious contradiction to the occurrence of
an AFM ground state for LaMn© Here we will explic-
itly show that the Jahn-Teller distortion (JTD) plays a cru-The first term Ey = —1/23,J;;€'é/ describes
cial role in the stability of theA-type AFM ground state isotropic Heisenberg exchange interactions between spin
[8]. Furthermore, we will demonstrate that finer detailsmagnetic moments and appears in the second order of
of the magnetic behavior, such as magnetic easy axis argkrturbation with respect ta\V., [11]. The magne-
small canting of magnetic moments, both originating fromtocrystalline anisotropy energy (MAE) first appears in
the interplay between the spin-orbit interaction (SOI) andhe second-order expansion with respecAtd,, and can
the lattice distortion, can be successfully treated by thealso be expressed in terms of intra-atomic and interatomic
LSDA band calculations. interaction energiesEyvag = Z,»,- gij(9,¢) [12]. The
Since the pioneering works of Dzyaloshinsky andantisymmetric anisotropic Dzyaloshinsky-Moriya (DM)
Moriya [9], the SOI has been well known to be one of thecoupling Epy = ;- ; d;;[& x &/], corresponding to the
sources responsible for noncollinear magnetism, and yehixed type perturbation of the orde¥VAV,, can be

O0E = Ey + Epm + EmaE. (1)
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expressed througf{ = [d;; X &), where distortion on the first neighbor interplane exchange cou-
pling J! is more dramatic. In order to understand the
i 1 Ep role of pure JTD we have performed a series of calcu-
fi = — p Im] dE lations, changing only the strength of the local tetrago-
- nal distortion and neglecting the tilting deformation. If
the total volume of crystal remains unchanged, the struc-
tural modification can be described by only one param-
i ) ; eterR, = d;/ds, whered; andds are the long and the
and Tr, runs over the orbital variables. Note theit = . short Mn-O bond lengths in the distorted Mn®©ctahe-
d;; X & is the magnetic force acting on the magneticyron  The experimental structure clearly shows the long
moment at the sité created by that at the sife Mn-O bond withd; = 2.19 A and two slightly different
The crystal structure of LaMnfshows two principal  ghort honds withls = 1.90 and1.96 A. Thus, the magni-
types of distortions: the local tetragonal JTD of 0Xygeny,de of experimental JTD can be evaluatecRas- 1.13.
atoms around each Mn site [13], which is periodically ar-Figure 2 shows! versus, obtained for the experimental
ranged as shown in Fig. 1, and tilting of Mp@ctahedra \olyme of LaMnQ. Without tilting, there is no mixing
resulting in the orthorhombib, superstructure [14] with betweent,, and e, states in the nearest neighbor trans-
four formula units in the primitive cell. The strength of fo jntegrals in the perovskite lattice. Thus, and e,
the crystal distortion appears to be sufficient to split  contibutions inJ! can be considered separately. As ex-
stat.es qrounfEF, creating th(_e band.gap and the orbital Or-hected for the half-fillect,, band [17], ther,-type in-
dering in the LSDA calculations (Fig. 1). teratomic exchange reveals AFM behavior, and its ab-
We have calculated the parametelig, d;j, and &;;  gojute value monotonously increases as the distance be-
associated with @ states of Mn atoms in the AFM-type  yyeen nearest Mn atoms along thedirection decreases
configuration by using the ASA-LMTO method [15,16].  yith the JTD. On the contrary, JTD significantly reduces
First, we want to show that the JTD is responS|bI'e forihe e, type interplane exchange. Generally, the ex-
the A-type AFM ordering of the LaMn@ As shown in  change (both in-plane and interplane) slightly decreases
Table |, the first neighbor in-plane exclhandg decreases \jth increasing the splitting between occupied and empty
Wlth the lattice (_jlstorno_ns. Howe\_/t_avab _st|II has_ acon- states. More importantly, the pe of occupied and empty
siderable magnitude with the positive sign, being consissiates related with the orbital ordering strongly influences
tent with theA-type AFM order. The effects of the lattice the ¢, exchange interactions. In order to illustrate it,
we further decompose the, exchange in terms of par-
tial contributions from3x?> — 2 and y?> — z* type or-
bitals split by JTD (Fig. 1). Without JTD, using simple
tight-binding arguments [17], it is easy to see that for the
quarter-fillede, band all interactions related with these
orbitals are positive. Along the axis only the weak
(3x% — r?) — (3x%* — r?) interaction [18] becomes AFM
with JTD, whereas botl3x? — r2) — (y2 — z?) and the
strongesty? — z%) — (y?> — z?) interactions remain pos-
i ! itive. The last term is the most sensitive to the strength of
. - : - JTD and mainly determines the behavior of theinter-
%J ; ; plane exchange. Increase of the JTD leads to emptying of
2 == (y> — z?) orbitals and systematically decreases the contri-

X Tr[o(BIGY AVLGY — B'GY AVEG) (2

[}

E bution of this type in the/! (Fig. 2). Nevertheless, even

g

F TABLE |. Isotropic exchange interaction parameters)(as

3 obtained for cubic and experimental orthorhombic structure of

& LaMnGO; (in mRy). The subscriptab andc denote “in-plane”

a 2 -1 0 1 2 and “interplane,” and subscripts 1 and 2 the first and second
Energy (eV) neighborhood. Atomic positions 1, 2, 3, and 4 are shown in

Fig. 3.

FIG. 1. Upper panel: Orbital ordering along theaxis and in 9

the a-b plane of the orthorhombic cell. Shaded orbits denote ij Type Cubic Orthorhombic

occupiede, states of3x?> — r? and 3y? — r? symmetry, and

orbits with broken lines denote empty states ofy> — z> and 13 J 2.13 0.67

x> — z? symmetry. Local displacements of oxygen atoms are 12 J! 2.13 0.23

shown by arrows. Lower panel: schematical positiongf) 23 J? —0.18 —0.25

bands and,; band split by JTD in the LSDA band calculations 14 J? —0.18 —0.21

(Ref. [6]).
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for sufficiently large distortions, the total, exchange re- understood in the simple ionic picture, where the angular
mains positive. Thus, in order to explain the magnetigart of the MAE due to the interaction between occupied
behavior of LaMnQ, both 7,, and e, interatomic ex- e, states, say3x?> — r?> symmetry stabilized by the local
changes are important. Without JTD, the posittyetype  distortions, and empts, states (Fig. 1) is proportional to
exchange prevails over the negative one and the sys- 3sir* ¥ cog ¢ — 1. The same is true for the couple of
tem remains ferromagnetic/! changes its sign around occupiedt,,; and emptye,; states ofy? — z2 symmetry.
R, ~ 1.12, which is close to experimental JTD. For the Thus, the single-ion MAE terms strictly follow the orbital
experimental structuref! is weakly ferromagnetic and ordering associated with the JTD. The magnitude of the
comparable with the AFM second neighbor interplane exsingle-ion MAE, being directly related with the strength
changeg? (Table 1). Taking into account the coordination of JTD, is very large for the experimental structure:
numbers, we haveJ! + 8J2 = —1.4 mRy, and theA-  0.069 mRy, being comparable with perpendicular MAE of
type antiferromagnetism of LaMnQCassociated with the some layered compounds. Finally, rotation of the MnO
JTD is thereby explained. octahedra in thea-b plane, which has opposite direction
Let us discuss next the behavior of MAE. As appliedfor different Mn sites (Fig. 1), slightly tilts the single-ion
to LaMnGO; we would like to emphasize two aspects of MAE minima toward theb axis, making it the global easy
this problem. (i) For undistorted cubic perovskites themagnetization direction in LaMn{
MAE is generally small because the leading second-order The structure of the anisotropic superexchange interac-
contribution with respect to the SOI will vanish by the tion between nearest Mn sites is shown in Fig. 3. The
symmetry rules. The crystal distortion, which is very components ofl;; along thea, b, andc axes are given
large in LaMnQ, shall clearly enhance the MAE effect. in the parentheses attached to the oxygen atom connect-
(ii) Orthorhombic AFM LaMnQ is aninsulator (Fig. 1)  ing the two neighboring Mn atoms. The behavior of the
where the direct gap- 0.7 eV is at least one order of anisotropic exchange obeys the general symmetry rules.
magnitude larger than the strength of SOI. Therefore, th&@he orthorhombic space groupis contains threel80°
quasidegeneracy of states closeEto plays only a minor  rotations arounch, b, andc associated with translations
role, and the real space expansion of the MAE [12] isof (a/2, b/2,0), (a/2, b/2, ¢/2), and (0, Oc/2), respec-
well justified. Moreover, we found that the site-diagonaltively. In combination with antisymmetry of the DM ex-
components of the MAE expansian; (9, ¢), are almost  changed;; = —d;;, it gives (i) y. = 0 for the first neigh-
2 orders of magnitude larger than nondiagonal oneshor interplane exchange; (ii) the interaction with four
The angular behavior of the;; (¥, ¢) term in thea-b nearest Mn neighbors in th&-b plane is characterized
plane is very much reminiscent of the distribution of theby the sameB,;, andy,, components, whereas,;, alters
occupied (3x> — r2)/(3y> — r?) type orbitals (Fig. 1);
around each Mn site the minimum of the single-ion MAE
is directed along the longest Mn-O bond. It can be easily
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_ _ ) o FIG. 3. Anisotropic exchange parameters associated with dif-
FIG. 2. First neighbor isotropic interplane exchange as dgerent Mn-O-Mn bonds (black and white spheres are Mn and O,
function of local tetragonal distortion: totali (filled circles),  respectively). «, B, andy are the components af;; vectors

total 7, (squares), totale, (filled triangles), (y*> — z2) — alonga, b, andc. For the interplane exchange =0.032 mRy
(y? — z?) (diamonds),(3x*> — r?) — (y* — z?) (crosses), and and 8.=0.052 mRy. For the in-plane exchangg,=0.032
(3x% — r?) — (3x% — r?) (open triangles). MRy, Ba5,=0.024 mRy, andy,,=0.039 mRy.
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