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The stability of the A-type antiferromagnetic order and canted magnetic structure of LaMnO3

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
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A huge negative magnetoresistance observed near
temperature [1] and the structural phase transition indu
by an external magnetic field [2] in the perovskite Mn o
ides La12xDxMnO3 with D= Ca, Sr, Ba have been su
jects of very intensive experimental and theoretical stu
for the last few years. Traditionally, all the physics co
trolling the basic properties of the systems was believe
be included in the “double-exchange” model [3]. Nev
theless, it was shown recently [4] that the latter is inco
patible with many aspects of experimental data. The
portance of other ingredients such as the electron-pho
interaction causing the Jahn-Teller splitting ofeg levels
[4] and the on-site Coulomb correlations together w
antiferromagnetic (AFM) exchange interactions involv
t2g states [5] has been suggested.

In the present work, we present a detailed anal
of lattice effects on the magnetic behavior of the p
ent compound LaMnO3 by using the local-spin-densit
approximation (LSDA). The perovskite transition-me
oxides are generally considered as highly correlated
tems. However, it was demonstrated recently [6,7]
many aspects of the ground state as well as single-ele
excited-state properties of LaMnO3 can be fairly well de-
scribed in the LSDA band calculations. Moreover, us
the LDA 1U approach we showed in [7] that the loca
ized picture for magnetic behavior, where the appeara
of local moments is driven by the large on-site Coulo
interaction, is in serious contradiction to the occurrenc
an AFM ground state for LaMnO3. Here we will explic-
itly show that the Jahn-Teller distortion (JTD) plays a c
cial role in the stability of theA-type AFM ground state
[8]. Furthermore, we will demonstrate that finer deta
of the magnetic behavior, such as magnetic easy axis
small canting of magnetic moments, both originating fr
the interplay between the spin-orbit interaction (SOI) a
the lattice distortion, can be successfully treated by
LSDA band calculations.

Since the pioneering works of Dzyaloshinsky a
Moriya [9], the SOI has been well known to be one of
sources responsible for noncollinear magnetism, and
0031-9007y96y76(25)y4825(4)$10.00
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the attempts of first principles calculations for this effe
were made only recently [10]. We show how this proble
can be treated using the perturbation theory and Gre
function technique in the real space.

Let us assume that without SOI the ground state c
responds to the collinear arrangement of the (spin) m
netic moments. Any rigid rotation of the spins for th
whole system can be described by a unitary transfor
tion of Green’s function in the spin subspace:G̃0sq , wd ­
U

y
S sq , wdG0USsq , wd, where the anglessq , wd define the

orientation of the spin magnetization in the global sy
tem ẽ0 ­ ssinq cosw, sinq sinw, cosq d. The energy is
invariant with respect to such operations. Then, we int
duce two kinds of perturbations. (i) Small deviation of t
spin magnetization near̃e0 at the sitei: ẽi ­ ẽ0 1 Dẽi .
The corresponding change of the one-electron poten
can be expressed asDV i

ex ­ BiDẽis , where Bi is the
exchange field expressed in terms of LSDA spin-up a
spin-down potentials at the sitei as B ­ 1y2sV " 2 V #d
ands is the vector of Pauli matrices. (ii) The spin-orb
interactionDV i

so ­ 1y2
P

l j
i
,Ls . In the lowest orders of

perturbation theory, by using the local-force theorem,
total energy changedE near the equilibrium correspond
ing to the scalar-relativistic approach, can be transform
to

dE ­ EH 1 EDM 1 EMAE. (1)

The first term EH . 21y2
P

ij Jij ẽi ẽj describes
isotropic Heisenberg exchange interactions between
magnetic moments and appears in the second orde
perturbation with respect toDVex [11]. The magne-
tocrystalline anisotropy energy (MAE) first appears
the second-order expansion with respect toDVso and can
also be expressed in terms of intra-atomic and interato
interaction energiesEMAE ­

P
ij ´ijsq , wd [12]. The

antisymmetric anisotropic Dzyaloshinsky-Moriya (DM
couplingEDM .

P
i.j dijfẽi 3 ẽjg, corresponding to the

mixed type perturbation of the orderDVexDVso, can be
© 1996 The American Physical Society 4825
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expressed throughf
j
i ­ fdij 3 ẽ0g, where

f
j
i ­ 2

1
p

Im
Z EF

2`
dE

3 TrL

h
s sBjG̃

ji
0 DV i

soG̃
ij
0 2 BiG̃

ij
0 DV j

soG̃
ji
0 d

i
,(2)

and TrL runs over the orbital variables. Note thatf
j
i .

dij 3 ẽj is the magnetic force acting on the magne
moment at the sitei created by that at the sitej.

The crystal structure of LaMnO3 shows two principal
types of distortions: the local tetragonal JTD of oxyg
atoms around each Mn site [13], which is periodically a
ranged as shown in Fig. 1, and tilting of MnO6 octahedra
resulting in the orthorhombicD16

2h superstructure [14] with
four formula units in the primitive cell. The strength o
the crystal distortion appears to be sufficient to spliteg

states aroundEF , creating the band gap and the orbital o
dering in the LSDA calculations (Fig. 1).

We have calculated the parametersJij , dij , and ´ij

associated with 3d states of Mn atoms in the AFMA-type
configuration by using the ASA-LMTO method [15,16].

First, we want to show that the JTD is responsible
the A-type AFM ordering of the LaMnO3. As shown in
Table I, the first neighbor in-plane exchangeJ1

ab decreases
with the lattice distortions. However,J1

ab still has a con-
siderable magnitude with the positive sign, being cons
tent with theA-type AFM order. The effects of the lattic
ot
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FIG. 1. Upper panel: Orbital ordering along thec axis and in
the a-b plane of the orthorhombic cell. Shaded orbits den
occupiedeg states of3x2 2 r2 and 3y2 2 r2 symmetry, and
orbits with broken lines denote emptyeg states ofy2 2 z2 and
x2 2 z2 symmetry. Local displacements of oxygen atoms
shown by arrows. Lower panel: schematical position oft2g",#
bands andeg" band split by JTD in the LSDA band calculation
(Ref. [6]).
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distortion on the first neighbor interplane exchange c
pling J1

c is more dramatic. In order to understand t
role of pure JTD we have performed a series of cal
lations, changing only the strength of the local tetrag
nal distortion and neglecting the tilting deformation.
the total volume of crystal remains unchanged, the str
tural modification can be described by only one para
eter Rt ­ dLydS, wheredL and dS are the long and the
short Mn-O bond lengths in the distorted MnO6 octahe-
dron. The experimental structure clearly shows the lo
Mn-O bond withdL ­ 2.19 Å and two slightly different
short bonds withdS ­ 1.90 and1.96 Å. Thus, the magni-
tude of experimental JTD can be evaluated asRt , 1.13.
Figure 2 showsJ1

c versusRt obtained for the experimenta
volume of LaMnO3. Without tilting, there is no mixing
betweent2g and eg states in the nearest neighbor tran
fer integrals in the perovskite lattice. Thus,t2g and eg

contributions inJ1
c can be considered separately. As e

pected for the half-filledt2g band [17], thet2g-type in-
teratomic exchange reveals AFM behavior, and its
solute value monotonously increases as the distance
tween nearest Mn atoms along thec direction decrease
with the JTD. On the contrary, JTD significantly reduc
the eg type interplane exchange. Generally, theeg ex-
change (both in-plane and interplane) slightly decrea
with increasing the splitting between occupied and em
states. More importantly, thetype of occupied and empty
states related with the orbital ordering strongly influenc
the eg exchange interactions. In order to illustrate
we further decompose theeg exchange in terms of par
tial contributions from3x2 2 r2 and y2 2 z2 type or-
bitals split by JTD (Fig. 1). Without JTD, using simpl
tight-binding arguments [17], it is easy to see that for
quarter-filledeg band all interactions related with thes
orbitals are positive. Along thec axis only the weak
s3x2 2 r2d 2 s3x2 2 r2d interaction [18] becomes AFM
with JTD, whereas boths3x2 2 r2d 2 sy2 2 z2d and the
strongestsy2 2 z2d 2 sy2 2 z2d interactions remain pos
itive. The last term is the most sensitive to the strength
JTD and mainly determines the behavior of theeg inter-
plane exchange. Increase of the JTD leads to emptyin
sy2 2 z2d orbitals and systematically decreases the con
bution of this type in theJ1

c (Fig. 2). Nevertheless, eve
e

e

TABLE I. Isotropic exchange interaction parameters (Jij) as
obtained for cubic and experimental orthorhombic structure
LaMnO3 (in mRy). The subscriptsab andc denote “in-plane”
and “interplane,” and subscripts 1 and 2 the first and sec
neighborhood. Atomic positions 1, 2, 3, and 4 are shown
Fig. 3.

ij Type Cubic Orthorhombic

13 J1
ab 2.13 0.67

12 J1
c 2.13 0.23

23 J2
c 20.18 20.25

14 J2
c 20.18 20.21
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for sufficiently large distortions, the totaleg exchange re
mains positive. Thus, in order to explain the magne
behavior of LaMnO3, both t2g and eg interatomic ex-
changes are important. Without JTD, the positiveeg-type
exchange prevails over the negativet2g one and the sys
tem remains ferromagnetic.J1

c changes its sign aroun
Rt , 1.12, which is close to experimental JTD. For t
experimental structure,J1

c is weakly ferromagnetic an
comparable with the AFM second neighbor interplane
changesJ2

c (Table I). Taking into account the coordinatio
numbers, we have2J1

c 1 8J2
c . 21.4 mRy, and theA-

type antiferromagnetism of LaMnO3 associated with the
JTD is thereby explained.

Let us discuss next the behavior of MAE. As appl
to LaMnO3 we would like to emphasize two aspects
this problem. (i) For undistorted cubic perovskites
MAE is generally small because the leading second-o
contribution with respect to the SOI will vanish by th
symmetry rules. The crystal distortion, which is ve
large in LaMnO3, shall clearly enhance the MAE effec
(ii) Orthorhombic AFM LaMnO3 is aninsulator (Fig. 1)
where the direct gap, 0.7 eV is at least one order o
magnitude larger than the strength of SOI. Therefore,
quasidegeneracy of states close toEF plays only a minor
role, and the real space expansion of the MAE [12
well justified. Moreover, we found that the site-diagon
components of the MAE expansiońiisq , wd, are almost
2 orders of magnitude larger than nondiagonal on
The angular behavior of théiisq , wd term in the a-b
plane is very much reminiscent of the distribution of t
occupied s3x2 2 r2dys3y2 2 r2d type orbitals (Fig. 1);
around each Mn site the minimum of the single-ion MA
is directed along the longest Mn-O bond. It can be ea
dif-
O,
FIG. 2. First neighbor isotropic interplane exchange as

function of local tetragonal distortion: total3d (filled circles),
total t2g (squares), totaleg (filled triangles), sy2 2 z2d 2

sy2 2 z2d (diamonds),s3x2 2 r2d 2 sy2 2 z2d (crosses), and
s3x2 2 r2d 2 s3x2 2 r2d (open triangles).
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understood in the simple ionic picture, where the angu
part of the MAE due to the interaction between occupi
eg" states, say,3x2 2 r2 symmetry stabilized by the loca
distortions, and emptyt2g# states (Fig. 1) is proportional to
3 sin2 q cos2 w 2 1. The same is true for the couple o
occupiedt2g" and emptyeg" states ofy2 2 z2 symmetry.
Thus, the single-ion MAE terms strictly follow the orbita
ordering associated with the JTD. The magnitude of
single-ion MAE, being directly related with the streng
of JTD, is very large for the experimental structur
0.069 mRy, being comparable with perpendicular MAE
some layered compounds. Finally, rotation of the Mn6

octahedra in thea-b plane, which has opposite directio
for different Mn sites (Fig. 1), slightly tilts the single-ion
MAE minima toward theb axis, making it the global easy
magnetization direction in LaMnO3.

The structure of the anisotropic superexchange inter
tion between nearest Mn sites is shown in Fig. 3. T
components ofdij along thea, b, and c axes are given
in the parentheses attached to the oxygen atom conn
ing the two neighboring Mn atoms. The behavior of t
anisotropic exchange obeys the general symmetry ru
The orthorhombic space groupD16

2h contains three180±

rotations arounda, b, andc associated with translation
of (ay2, by2, 0), (ay2, by2, cy2), and (0, 0,cy2), respec-
tively. In combination with antisymmetry of the DM ex
changedij ­ 2dji , it gives (i) gc ­ 0 for the first neigh-
bor interplane exchange; (ii) the interaction with fo
nearest Mn neighbors in thea-b plane is characterized
by the samebab andgab components, whereasaab alters
y

a
FIG. 3. Anisotropic exchange parameters associated with
ferent Mn-O-Mn bonds (black and white spheres are Mn and
respectively). a, b, and g are the components ofdij vectors
alonga, b, andc. For the interplane exchangeac=0.032 mRy
and bc=0.052 mRy. For the in-plane exchangeaab=0.032
mRy, bab=0.024 mRy, andgab=0.039 mRy.
4827
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the sign. For second neighbors in thea-b plane, separated
by primitive translations,d2

ab ­0. The second neighbo
interplane DM exchanges were found to be at least o
order of magnitude smaller than those for the first neig
bors and can be neglected.

Having estimated parameters of magnetic interactio
the equilibrium magnetic structure for LaMnO3 can be
found. First, the isotropic exchange, being the strong
magnetic interaction, forms the main framework—AF
A-type ordering. Second, the spin magnetic mome
are confined along theb axis by the magnetocrystalline
anisotropy. Thus, for two planesA and B shown in
Fig. 3, we can assumẽeA

0 ­ s0, 1, 0d andẽB
0 ­ s0, 21, 0d.

Third, the DM exchange produces small noncollinear
of spin magnetic moments. Considering the interpla
anisotropic exchange between sites 1 and 2 (Fig.
the force is given byf2

1 ­ d12 3 ẽB
0 ­ s0, 0, acd. Since

d21 ­ 2d12 and ẽA
0 ­ 2ẽB

0 , we have f1
2 ­ f2

1. The
forces due to interaction with four nearest neighbors
the same plane arefB

2 ­ 4sgab, 0, 0d, fA
3 ­ fB

2 , andfA
1 ­

fB
4 ­ 2fB

2 . Therefore, the interplane DM exchange giv
rise to thec component of spin magnetic moment bein
the same for all Mn sites, and responsible for the we
ferromagnetism in LaMnO3. The in-plane interaction
results in nonvanishing components of the spin magn
moments along thea axis, whose mutual orientation obey
the G-type AFM ordering [8]. This magnetic structure
consistent with results of the phenomenological magne
space group considerations [19]. In order to obtain
quantitative picture, we minimize the energy given by E
(1) with respect to the orientations of Mns3dd magnetic
momentsheij. It leads to the magnetic structure describ
above, where thea, b, and c components of the spin
(orbital) magnetic moments at the same site, say 1
Fig. 3, are in mB –0.090 (0.010), 3.620 (–0.011), an
0.105 (–0.003), respectively. In addition to the lar
AFM b components3.7 6 0.1dmB, a weak ferromagnetic
c component, 0.1mB has been reported experimental
[14]. Both are in good agreement with our calculation
Finally, due to the low symmetry, the spin and orbit
magnetic moments at the same site are not collinear.

In summary, we have calculated magnetic interact
parameters for LaMnO3 by using the LSDA approach an
found them to be strongly affected by the lattice distortio

The present work was partly supported by New Ener
and Industrial Technology Development Organizati
(NEDO) and also by the Grant-in-Aid for Scientifi
Research from the Ministry of Education, Science a
Culture of Japan.

*On leave from Institute of Metal Physics
Ekaterinburg,Russia. Electronic address: igor@jrcat.or.

[1] R. von Helmolt et al., Phys. Rev. Lett. 71, 2331
(1993); A. Urushibaraet al., Phys. Rev. B51, 14 103
(1995).
4828
e
-

s,

st

ts

y
e
),

n

s

k

tic

ic
e
.

d

in

e

.
l

n

.
y
n

d

[2] A. Asamitsuet al., Nature (London)373, 407 (1995).
[3] C. Zener, Phys. Rev.82, 403 (1951); P. W. Anderson

and H. Hasegawa, Phys. Rev.100, 675 (1955); P.-G. de
Gennes, Phys. Rev.118, 141 (1960).

[4] A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys
Rev. Lett.74, 5144 (1995).

[5] J. Inoue and S. Maekawa, Phys. Rev. Lett.74, 3407
(1995).

[6] N. Hamada, H. Sawada, and K. Terakura, inSpectroscopy
of Mott Insulators and Correlation Metals, edited by A.
Fujimori and Y. Tokura (Springer-Verlag, Berlin, 1995
D. D. Sarmaet al., Phys. Rev. Lett.75, 1126 (1995);
W. E. Pickett and D. J. Singh, Phys. Rev. B53, 1146
(1996).

[7] I. V. Solovyev, N. Hamada, and K. Terakura, Phys. Re
B 53, 7158 (1996).

[8] A- and G-type AFM structures correspond to the alte
nating ferromagnetic layers coupled antiferromagnetica
along the (001) direction and AFM coupling for all th
nearest Mn atoms, respectively.

[9] I. Dzyaloshinsky, J. Phys. Chem. Solids4, 241 (1958); T.
Moriya, Phys. Rev.120, 91 (1960).

[10] R. Lorenzet al., Phys. Rev. Lett.74, 3688 (1995); L. M.
Sandratsii and J. Kübler, Phys. Rev. Lett.75, 946 (1995).

[11] A. I. Liechtenstein et al., J. Magn. Magn. Mater.67, 65
(1987).

[12] I. V. Solovyev, P. H. Dederichs, and I. Mertig, Phys. Re
B 52, 13 419 (1995).

[13] Note that the formal electron configuration of Mn i
LaMnO3 is t3

2g"e
1
g".

[14] G. Matsumoto, J. Phys. Soc. Jpn.29, 606 (1970);
J. B. A. A. Elemanset al., J. Solid State Chem.3, 238
(1971).

[15] O. Gunnarsson, O. Jepsen, and O. K. Andersen, Phys.
B 27, 7144 (1983).

[16] The Brillouin zone integration (BZI) has been performe
in the uniform grid generated by using 14 and 1
divisions along in-plane and perpendicular reciproc
lattice vectors, respectively. Taking advantage of the wo
of P. E. Blöchl et al., Phys. Rev. B49, 16 223 (1994),
the BZI has been replaced by the weighted sums
the analogy of the special-point scheme. The ene
integration has been performed in the complex plane
using 350 energy points on the rectangular contour. T
choice of atomic spheres and LMTO basis is discuss
in [7]. In order to improve the ASA description fo
exchange interactions,DVex has been estimated by usin
nonspherical distribution of the spin density inside t
atomic sphere.

[17] V. Heine and J. H. Samson, J. Phys. F: Metal Phys.13,
2155 (1983).

[18] The transfer integrals are t3x22r2,3x22r2 . 1y4,
t3x22r2,y22z2 .

p
3y4, and ty22z2,y22z2 . 3y4 in terms of

(dds) two-center integral [J. C. Slater and G. F. Koste
Phys. Rev.94, 1498 (1954)].

[19] R. M. Bozorth, Phys. Rev. Lett.1, 362 (1958); D. Treves,
Phys. Rev.125, 1843 (1962).


