
Spin waves in the antiferromagnet perovskite LaMnO3: A neutron-scattering study

F. Moussa, M. Hennion, J. Rodriguez-Carvajal, and H. Moudden
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As part of a general work on doped manganese perovskites, we have carried out detailed neutron-scattering
experiments on powder and single crystals of the othorhombic phase of undoped LaMnO3. The temperature
dependence of the sublattice magnetization has been determined in the antiferromagnetic phase~TN5139.5 K!,
and the critical exponent isb50.28, well below that corresponding to a pure three-dimensional Heisenberg
antiferromagnet. We have measured the dispersion of the spin waves propagating in the highest symmetry
directions solving the problems related to twinning. The whole spin wave spectrum is well accounted for with
a Heisenberg Hamiltonian and a single ion anisotropy term responsible for the easy magnetization direction~b
axis!. This term induces a gap of 2.7 meV at low temperature in the spin wave dispersion curve. An important
result is that the ferromagnetic exchange integral~J1'0.83 meV!, coupling the spins within the ferromagnetic
basal plane~a,b!, is larger by a factor 1.4 than the antiferromagnetic exchange integral~J2'20.58 meV!
coupling spins belonging to adjacent MnO2 planes alongc. @S0163-1829~96!08545-1#

I. INTRODUCTION

The discovery of giant magnetoresistance in hole-doped
manganese oxides1 of perovskite type,R12xAxMnO3 ~R
5La, Pr, Nd, . . . andA5Ca, Sr, Ba, Pb, . . .!, has aroused
renewed and extended interest in these compounds. It has
been known for a long time2 that the structural and magnetic
phase diagrams of these doped compounds are very complex.
Though the main qualitative features of these phase diagrams
are well known, extensive experimental work is still needed
for a fine characterization. According to the scheme given by
Torranceet al.,3 the parent compound LaMnO3 is in the limit
of the Mott-Hubbard and charge transfer insulators~some
recent electronic structure calculations indicate that LaMnO3
belongs to the latter category4!. Using the ionic limit as a
first approximation, the electron configuration of Mn31 ions
is t 2g

3 eg
1, so that the three electrons in thet2g orbitals are

localized, contributing to a total spin 3/2. The electron in the
eg atomic orbitals is actually stronglys hybridized with a
O22 p orbital of a neighboring anion. This electron can be-
come itinerant when holes~emptyeg orbitals! are present. In
pure LaMnO3, the Hund rule and the orbital ordering due to
the cooperative Jahn-Teller effect, induce localS52 spins,
ferromagnetically coupled in the basal plane and antiferro-
magnetically coupled in the direction perpendicular to this
plane.5,6 The strong distortion of the MnO6 octahedra is the
signature of the cooperative Jahn-Teller effect acting in this
compound.7 On doping the pure system with alkaline earth
elements~0.1<x<0.33!, holes appear in theeg band and for
some value of the hole concentration an insulator-to-metal
transition occurs at certain temperatures generally associated
with the ferromagnetic Curie temperature. Actually the anti-
ferromagnetic phase is progressively destroyed by the ferro-
magnetic coupling induced by the hopping of theeg electron
from a Mn31 ion in the corresponding hole of a neighboring
Mn41. This double exchange~DE! coupling mechanism was

introduced by Zener8 and developed by Anderson and
Hasegawa9 and de Gennes.10 The ferromagnetic DE interac-
tion dominates the system for low concentration of holes
~x<0.3!, where the conductivity is strongly enhanced in the
ferromagnetic phase. By increasing the hole concentration,
the Coulomb repulsion between electrons becomes stronger
and the system prefers to reduce their kinetic energy by a
new localization process. So new antiferromagnetic insulat-
ing phases can appear corresponding to a long range ‘‘charge
ordering’’ ~Wigner crystallization! process5,11,12 resulting in
an ordered array of Mn31 and Mn41 ions. The interplay of
structural, transport, and magnetic properties on these highly
correlated electron systems is extremely interesting and de-
serves a deep and detailed study.

Until now, no detailed work has been published concern-
ing the experimental determination of the exchange integral
in LaMnO3. It seems worthwhile, before undertaking the
study of hole-doped perovskites, to fully determine the mi-
croscopic magnetic properties of the undoped compound as a
starting point of the series.

Neutron scattering is a well suited tool to study static and
dynamic magnetic properties of these materials. Since the
pioneering work of Wollan and Koelher5 on ~La,Ca!MnO3
only few neutron powder diffraction measurements were un-
dertaken on similar systems11 before the giant magnetoresis-
tance discovery. Inelastic scattering experiments on single
crystals of Nd0.5Pb0.5MnO3 were performed by Clausen
et al.13 Very recently inelastic neutron scattering measure-
ments on Sr-doped compounds have been announced.14

In this article we present a complete study of magnetic
order and magnetic excitations in undoped orthorhombic
LaMnO3. After solving the difficulties encountered by the
fact that our single crystal was twinned, we have determined
the spin wave dispersion curves along the main high symme-
try directions. A coherent interpretation of all the experimen-
tal results can be obtained by using a three-dimensional
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Heisenberg model with a single ion anisotropy. Two ex-
change parameters suffice to explain all the observed spin
waves dispersion relations:J1 couples ferromagnetically
nearest neighbors Mn31 ions in the basal plane~a,b!, andJ2
couples antiferromagnetically nearest neighbors Mn31 ions
alongc.

II. EXPERIMENT

A single crystal of LaMnO3 of about 1 cm3 with 0.6°
mosaic spread, was grown by a floating method associated
with an image furnace15,16at the ‘‘Laboratoire de Chimie des
Solides’’ in Orsay. The starting powder was prepared by
solid-state reaction of stoichiometric amounts of La2O3 and
MnO2, La2O3 being fired in air at 900 °C before use. The
resulting powder was pressed into cylindres under a hydro-
static pressure of 2 kbar and sintered in air at 1150 °C. They
were used as feed and support rods, respectively, in the float-
ing zone experiments carried out at a growth rate of 1 cm per
hour. The procedure used for synthesizing the crystal pro-
duced nearly stoichiometric LaMnO3 with no presence of
Mn41 ion as indicated by NMR measurements.

Neutron powder diffraction was performed on samples
obtained by crushing single crystal aggregates obtained in
the same conditions as the single crystal used in this study.
The diffractometers 3T2, G4.2, and G4.1, at the reactor Or-
phée of the Laboratoire Le´on Brillouin, were used to charac-
terize the powder samples. The powders were of an ex-
tremely good quality and structural and magnetic data will be
published separately. Here we give in Table I the relevant
structural and magnetic data obtained at 1.5 K on the diffrac-
tometer G4.2.

The single crystal used in this study was actually twinned
~see below!. The sample was mounted on an aluminium
block in a double stage helium closed cycle cryogenerator.
The regulation of the temperature was driven by a digital

temperature controller~made by ‘‘BARRAS,’’ France! and
the stability was better than60.02 K in the whole tempera-
ture range.

Single crystal neutron scattering experiments were carried
out on triple axis spectrometers at LLB. Elastic scattering
was measured on the triple axis G4.3 installed in the neutron
guide hall. This guide looks at a cold neutron source spe-
cially suited to study the thermal behavior of the magnetic
order parameter~MOP! from magnetic Bragg reflections.
Neutrons of incident wave vector of 2.662 Å21 ~l52.36 Å!
were used together with a graphite filter to eliminate higher
order contamination, and a flat graphite analyzer. Aq reso-
lution of 0.028 Å21 ~FWHM! is obtained through a longitu-
dinal scan across the~001! antiferromagnetic Bragg reflec-
tion. In this ‘‘elastic’’ configuration the frequency resolution
of the spectrometer is 0.2 THz~FWHM, 0.83 meV!, ensuring
a complete frequency integration of the dynamic fluctuations
nearTN . This allows a good separation of short range order
correlations from long range order ones.

Inelastic neutron scattering experiments were performed
on the thermal triple axis spectrometer 1 T, equipped with
vertically focusing monochromator and horizontally focusing
analyzer. For low temperature experiments, we performed
positive energy transfer scans at constant scattered neutron
wave vectorkF52.662 Å21, using a graphite filter before
analyzer. Typical collimation conditions were
258-308-508-508. Magnons were measured in different mag-
netic and nonmagnetic Brillouin zones,~001!, ~111!, ~221!,
~002!, ~003!, ~331!,..., and along the main symmetry direc-
tions. The indexing is given with respect to thePbnmortho-
rhombic setting according to crystallographic data gathered
in Table I. The magnetic structure is schematically repre-
sented in Fig. 1.

III. DOMAIN STRUCTURE OF THE CRYSTAL

Twinning in perovskites is a very common phenomenon.
The occurrence of a domain~or even a microdomain! struc-

TABLE I. Crystallographic and magnetic parameters of LaMnO3 obtained by Rietveld refinement at the
diffractometer G4.2 using neutrons ofl52.59 Å atT51.4 K. The space group isPbnm. The numbering of
Mn atoms in the unit cell is Mn1~1/2,0,0!, Mn2 ~1/2,0,1/2!, Mn3 ~0,1/2,1/2!, and Mn4~0,1/2,0!. The basis
function describing the magnetic structure is [Gx ,Ay ,Fz]'[0,Ay,0], corresponding to the irreducible repre-
sentationG4g~22! of Pbnm for k50 ~Ref. 17!. The magnetic moments of the four Mn atoms follow the
sequenceAy~1221!. So constituting ferromagnetic~a,b! planes of magnetic moments aligned alongb
coupled antiferromagnetically alongc.

Atom&Wyckoff site x y x

La (4c) 20.0095~5! 0.0513 ~7! 1/4
Mn (4b) 1/2 0 0
m ~Mn! ~mB!a 0 3.87 ~3! 0
O~1! (4c) 0.0777~7! 0.48493~80! 1/4
O~2! (8d) 0.7227~5! 0.3085 ~5! 0.0408~4!

Distances Mn-O in the MnO6 octahedra:
m ~medium! Mn-O~1!51.966~1!

s ~short! Mn-O~2!51.914~3!

l ~long! Mn-O~2!52.181~3!

Cell parameters~T51.4 K!: a55.5333~2! Å, b55.7461~2! Å, c57.6637~4! Å
Reliability factors~%!: RP59.58, RWP510.1, Rnuclear54.84, Rmagnetic54.12

x252.82

amx andmy have been fixed to zero in the refinement.

15 150 54F. MOUSSAet al.



ture in perovskites is due to the fact that at high temperature
the aristotype cubicPm3m structure is the most stable
phase. On cooling, a series of phase transitions may occur
due to steric and/or electronic effects. The lower symmetry
of these phases generates domains related by symmetry op-
erators lost through the transition. The particular pattern ob-
tained in a crystal may depend on temperature gradients and
mechanical stresses during the thermal history. The obten-
tion of a single domain crystal is often impossible even by
applying external fields favouring the development of a par-
ticular domain. In perovkites ofPbnm structure ~cell
ac&3ac&32ac! up to six orientational domains can exist
~the index ofmmm in m3m is 6!. The orthorhombicc axis
can be oriented along thê100& directions of the high tem-
perature cubic cell. These are domains related by fourfold
symmetry axes lost in the orthorhombic phase. This type of
domain produces regions of the multidomain sample where
orthorhombiĉ 110& directions are parallel~if we neglect lat-
tice distortions! to orthorhombiĉ 001& in other regions. If we

take into account the lattice distortions, slight misorienta-
tions can occur giving rise to additional tilted domains. We
call these domainsF domains. Moreover, the mirror planes
$100% of the cubic aristotype containing the orthorhombicc
axis generate twins wherea andb axes are interchanged. The
twins generated by such mirror planes are coherent and mis-
oriented by an angle«52 tan21 (r )2p/2, with r5b/a. We
call these domainsM domains. Similar toM domains there
are alsoF domains witha* andb* along a single direction
without misorientation. In such a case the directions^110&*
of the two domains form an angle«85cos21$2r /(11r 2)%.

In our experiment we have aligned the crystal in such a
way that reflections$220% and $004% are in the horizontal
plane. Along the directionŝ110&* , we also found reflections
of type $004% indicating the presence ofF domains. The
reflections found in the scattering plane lead us to construct
the reciprocal lattices corresponding to the interpenetrating
domains existing in our crystal. A simplified reciprocal space
scheme showing the main directions accessible in the scat-
tering plane for the different domains is depicted in Fig. 2. In
the present case only three differentF domains coexist.

The obvious consequence of this situation is that a given
path in the scattering plane actually corresponds to three
paths of distinct symmetry, so that three dispersion curves
can be simultaneously measured. This number is reduced to
two when symmetry relations between the domains cause a
degeneracy. An example of this situation is given in Figs. 2
and 3. Along the pathD in the scattering plane~Fig. 2! three
dispersion curves have been measured and are represented on
Fig. 3. The curve~1! is the spin wave dispersion along the
@110#* direction of domain 1. It exhibits a gap at the zone

FIG. 1. ~a! Refined powder diffraction pattern at 1.4 K. Open
circles represent the observed pattern; continuous lines represent
calculated and difference~obs-calc! patterns. Tick markers corre-
spond to the position of the allowed Bragg reflections. The second
row are the magnetic reflections~indices are explicitly given! al-
lowed by the@0,Ay ,0# mode.~b! Scheme of the magnetic structure
of LaMnO3. Only manganese ions are represented with magnetic
moments alongb. The ~001! planes constitute ferromagnetic layers
coupled antiferromagnetically alongc.

FIG. 2. Reciprocal space construction showing the superposition
of threeF domains~see text!. Bragg indices with1 symbol refer to
the domain labelled 1~indices for domains 2 and 3 are not indi-
cated!. Actually the quadrant of the scattering plane selected for this
study contains the axis@110#1* and the axis@001̄#1* instead of
@001#1* , but for simplicity reasons the sign2 has been systemati-
cally omitted. @110#1,3* means that this direction belongs to both
domain 1 and domain 3. Note that the Bragg point~1,1,2!1 is very
close to the~2,0,0!3 one.n represents one pecular path where spec-
tra have been measured~see Fig. 4! crossing~001! point A and
~111! point C belonging to domain 1@actually~001̄!! and~111̄!#. d

is a zone boundary point B of domain 1 on the pathn.
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center$001% point A on Fig. 2 and a maximum frequency at
the zone boundary~pointB on Fig. 2!. This curve is perfectly
symmetric with respect to pointB. The dipersion curve~2!
corresponds to domain 2 with its@001#* direction parallel to
the pathABC but with qH5qK50.5. For this domain, the
ABC path lies along a zone boundary. The dispersion curve
~3! corresponds to spin waves propagating in domain 3.
Point A is at the zone boundary in a@110#* direction and
point B is at the zone boundary in the@100#* direction. Ex-
ample of spectra of spin waves propagating in the@110#*
direction of domain 1 which have allowed the construction
of Fig. 3 are shown in Fig. 4. One can clearly see three
magnons, sometimes reduced to two because of high sym-
metry points. The three ridges represent the three dispersion
curves of Fig. 3. Along@001#* and @110#* axes, only two
spin wave branches have been measured due to symmetry
relation as shown in Fig. 2. There is a small shift in the spin
wave gap measured in domains 2 or 3 with respect to that
measured in domain 1, which is fully explained by the slight
misorientation of those domains 2 or 3 with respect to do-
main 1.

The whole experimental results collected for the three do-
mains are coherently interpreted within the experimental er-
ror by using the same set of anisotropy term and exchange
parameters.

IV. MAGNETIC ORDER PARAMETER

This study was undertaken in order to determine the char-
acteristics of the antiferromagnetic transition of LaMnO3:
the transition temperatureTN and the critical exponentb of
the sublattice magnetization which corresponds to the mag-
netic order parameter~MOP!. There is no spin reorientation
below TN . Thus the magnetic structure~as described in
Table I and Fig. 1! is strictly the same in the whole tempera-

ture range, only the magnitude of the MOP changes. The
thermal evolution of the MOP and its fluctuations were de-
duced from@0,0,11z#* elastic scans through the antiferro-
magnetic Bragg reflection~001!. At each temperature the
intensity profile of the scan is fitted with the sum of two
components~one is a Gaussian and the other is a Lorentzian!
convoluted with the resolution function of the spectrometer.
The Gaussian component has a constant width independent
of temperature. The FWHM is small~0.012 Å21! compared
to the resolution of the spectrometer. This Gaussian compo-
nent is connected to the long range order parameter and its
intensity is proportional to the square of the MOP. On the
other hand, the Lorentzian component~if it exists! represents
short range order correlations. Although the nuclear Bragg
reflection ~001! is forbidden in the space groupPbnm, a
small intensity persists at temperatures much higher thanTN .
This can be due to either multiple scattering or second order
contamination despite the presence of a graphite filter. So the
square of the MOP was evaluated using the difference be-
tween the intensities of the Gaussian at a given temperature
and the corresponding intensity at high temperature. This
difference was normalized by dividing it by the magnetic
intensity measured at 14 K~the lowest temperature of the
study!. So m2(T)5@ I (001)T2I (001)HT#/I (001)14 K . The
result is plotted on Fig. 5. TN was determined using differ-
ent procedures:TN was taken~i! as the inflexion point in the
plot of the raw magnetic intensity vs temperature,~ii ! as the
point where the diffuse scattering~Lorentzian component! is
maximum, and~iii ! as the temperature from which the inten-
sity of the Gaussian remains constant for increasing tempera-
ture. The average value of these temperatures is
TN5139.560.3 K. This agrees with the published values.6

Then the fit of the slope of the ln$m2(T)% versus ln$u(T

FIG. 3. Spin wave dispersion curves obtained simultaneously
when scanning along the pathn of the reciprocal space depicted in
Fig. 2. Each one is attached to a domain, numbered~1!, ~2!, or ~3!,
referring to the three domains of Fig. 2.

FIG. 4. Energy spectra corresponding to the spin wave disper-
sion curves shown in Fig. 2, and obtained at the five
Q5(qH ,qK ,qL) values. ~s!: Q5$1,1,1̄!%; ~1!: Q5$1.1,
1.1, 1̄!%; ~d!: Q5$1.2, 1.2, 1̄%; ~3!: Q5$1.3, 1.3, 1̄%; ~n!: Q
5$1.4, 1.4, 1̄%; ~L!: Q5$1.5, 1.5, 1̄%. For clarity, the origin of the
intensity of each spectrum~continuous horizontal line! has been
shifted by a constant value~175!. The continuous curves through
the data points correspond to calculated profiles~as explained in the
text!. The three ridges~dotted lines! represent the dispersion curves
of Fig. 3.
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2TN)/TNu} plot between 120 K and just belowTN gives a
critical exponentb50.28 forTN5139.5 K kept fixed in the
fit. If TN is changed by60.3 K,b changes by60.01. Thisb
value is smaller than the theoretical critical exponent of a
pure three-dimensional Heisenberg Hamiltonianb50.36.
This fact has been theoretically explained.18 Anticipating the
analysis of the results of spin waves measurements, we dem-
onstrate that a Heisenberg model plus a rather important
single ion anisotropy in the Hamiltonian, fairly accounts for
the experimental results. It is this anisotropy term which is
responsible for the reduction ofb with respect to the ex-
pected value of 0.36. Nearly the sameb value is found in
ferromagnetic Sr-doped compounds.14

V. SPIN WAVES

Inelastic neutron scattering has allowed the measurements
of the spin waves propagating in LaMnO3. Figure 6 repre-
sents the dispersion curves of spin waves along@100#* ,
@110#* , and@001#* directions obtained with a single orienta-
tion of the crystal~because of the twinning, see Sec. III!. The
magnetic origin of these modes was checked by varying the
temperature. The lower frequency modes become rapidly
overdamped aboveTN while the higher frequency modes
persist well aboveTN . They cannot be confused with
phonons because of a general smearing out of their intensity
with increasing temperature. The dispersion curves have
been established with the following method: each magnon is
considered as an underdamped harmonic oscillator. This cor-
responds to a theoretical neutron cross section which is con-
voluted with the triple axis spectrometer resolution function.
The resulting calculated intensity is then compared to the
measured intensity in a fitting process where the frequency
and the width of the magnon are adjustable parameters. The
quality of this calculation can be appreciated on spectra of
Fig. 4, the continuous lines are the calculated profiles. We
found moderated damping constants, their order of magni-

tude is that of the frequency resolution.
The following features can be drawn.
~i! A spin wave gap of 2.7 meV is observed which can be

explained by a single ion anisotropy term in the Hamiltonian.
According to the magnetic structure determination, spins are
essentially aligned alongb. So we have to include in the total
Hamiltonian a single ion anisotropy term:2D( iSi

z2 ~z
axis being alongb!.

~ii ! The parameters of the unit cell are close to
ac&3ac&32ac , with ac being the pseudocubic subcell,
the corners of which are close to the true positions of the
Mn31 ions. So the symmetry of the spin wave dispersion
curves alongc displays quite well the antiferromagnetism
along that direction. This is in complete agreement with the
observed magnetic structure.

~iii ! Along @100#* direction the frequency is maximum at
qH51. This agrees with thePbmngroup extinction rule for
odd h-index of (h00) reflections. It means that the spin
waves are measured in an extended zone scheme and con-
firms the physical prevalence of the small distorted square

FIG. 5. Magnetic order parameter as a function of temperature.
In the inset is shown the fit used to determine the critical exponent.

FIG. 6. Fit of the dispersion curves along the@100#* , @110#* ,
and@001#* directions providing the set of parametersJ1, J2, andD.
Data points around$002̄% have been omitted. The weak intensity of
magnons together with their mixing with those of@110#* direction
of F-domain prevented extracting them properly.
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formed by the Mn31 ions in the basal plane~a,b!. So, disre-
garding the distortion, the magnetic unit cell relevant for spin
waves isac3ac32ac .

~iv! Finally, the maximum frequency is much higher
along@100#* than along@001#* indicating that the exchange
integral is larger between nearest neighbors in the basal
plane~a,b! than between nearest neighbors along thec axis.

The observed magnon dispersion relations have been
compared to standard calculations of spin wave modes using
an anisotropic three-dimensional Heisenberg Hamiltonian in-
cluding a single ion anisotropy term. This anisotropy term is
of a simpler form than that used by Matsumoto.6 We neglect
the small ferromagnetic component of spins along@001# di-
rection that cannot be safely obtained by analysing the inte-
grated intensities of Bragg peaks. This ferromagnetic com-
ponent exists also in orthoferrites and can be attributed to a
small antisymmetric Dzialoshinski-Moriya coupling.17 The
component of spins alonga is also neglected because the
magnetic reflections are too weak to be safely measured by
conventional methods. This last component could come from
anisotropic exchange interactions that we neglect in our
treatment. The most simple Hamiltonian explaining our re-
sults is

H52(
i , j

Ji j ~Si•Sj !2D(
i
Si
z2. ~1!

Only two exchange integrals are necessary:J1 between
nearest neighbors in the basal plane~a,b! and J2 between
nearest neighbors alongc. The classical Holstein-Primakoff
approximation19 for spin waves propagating with the reduced
wave vectorq5qHa*1qKb*1qLc* , andS lying along b*
for Mn ions atz50 and opposite for Mn ions atz51/2 is
used. The following dispersion law is deduced:

v~q!52SAA~q!22B~q2!,

A~q!5A~qH ,qK ,qL!

52J1@22cos„p~qH1qK!…2cos„p~qH2qK!…#

22J21D,

B~q!5B~qH ,qK ,qL!522J2 cos~pqL!. ~2!

TakingS52 as the value of the spin of Mn31 ions, the best
fit gives

J150.2 THz ~or 0.83 meV or 9.6 K!60.01 THz,

J2520.14 THz ~or 20.58 meV or 26.7 K!

60.005 THz,

D50.04 THz ~or 0.165 meV or 1.92 K!60.002 THz.

We note that, with these exchange integral values, simple
molecular field calculations give the following paramagnetic
Curie and Ne´el temperatures: QP5100 K andTN5207 K.

These values ofJ1, J2, andD were obtained as follows:
first,D andJ2 were determined from the fit of the dispersion
curve along@001#* direction @Fig. 6~c!# with the expression
of v~0,0,qL! deduced from relations~2!. Then these two val-
uesD and J2 were fixed during the fitting process of the
dispersion curves along the@100#* and @110#* directions
@Figs. 6~a! and 6~b!# which provides the value ofJ1. This set
of values has been used to calculate the spin wave frequen-
cies along all the investigated paths in the reciprocal space.
An other example of comparison between calculated~with
the above parameter values! and observed dispersion rela-
tions is given in Fig. 3.

Several comments have to be made. If the fits of the dis-
persion curves in the~a,b! plane are performed allowing the
three fitting parametersJ1, J2, D to vary freely, the best
value ofJ2 approaches zero. A nonzero value ofJ2 gives to
these dispersion curves a steeper feature near the zone center
than what is actually observed. It also leads to a lower fre-
quency at the zone boundary especially along@100#* . How-
ever, this discrepancy moderately affects the whole results.

The sign of the exchange integrals, found positive forJ1
and negative forJ2, are in good agreement with the observed
A-type magnetic structure, confirming in that sense the pre-
dictions based on the nature of superexchange interactions
between Mn31 ions through oxygens, the so called
Goodenough-Kanamori rules.20,21The key argument used by
Goodenough to explain the magnetic structure of LaMnO3
was based on the existence of an ‘‘orbital ordering’’ of the
two eg componentsdx22y2 andd3z22r2. This orbital ordering
results from the cooperative Jahn-Teller effect taking place
as a consequence of the breaking of orbital degeneracy of the
Eg state by coupling to phonons.20 This is experimentally
observed from the distortion of MnO6 octahedra~see Table
I!. The antiferrodistorsive orbital ordering in the basal plane
@the Mn-O~2!-Mn path is formed by a short and a long bond#
overlaps nearly half-filled with nearly empty orbitals through
2p-oxygen orbitals, so the superexchange interaction is
ferromagnetic.20,21Along c, Mn atoms are connected by O~1!
so only one type of bond exists in the Mn-O~1!-Mn path.
Therefore, the same orbital is involved in adjacent bonds and
the superexchange is antiferromagnetic. So, as stated above,
the signs ofJ1 andJ2 are in total agreement with the theo-
retical qualitative predictions of Goodenough. However, the
Goodenough-Kanamori rules predict a strong antiferromag-
netism only if the Mn-O-Mn bond alongc axis is a 180°
bond and with half-filledd orbitals. These conditions are not
fullfilled in pure LaMnO3 ~Mn-O-Mn bonds form angles less
than 180° andd orbitals are less than half-filled!. So antifer-
romagnetic exchange is not as strong as one could expect.
Preliminary results on Ca doped compound show its extreme
sensitivity even for a weak doping.

In conclusion we have fully determined the magnetic in-
teractions in LaMnO3 despite difficulties induced by the
twinning of the crystal. A Heisenberg model with a single
ion anisotropy accounts fairly well for the experimental re-
sults. The anisotropy and the sign of exchange integrals are
in good agreement with both magnetic structure and the
qualitative predictions based on Goodenough-Kanamori
rules.
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