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Staggered magnetization, critical behavior, and weak ferromagnetic properties of LaMnO3
by muon spin rotation
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We present a study of a microtwinned single crystal of LaMnO3 by means of implanted muons. Two muon
stopping sites are identified from the symmetry of the internal field in the ordered phase. The temperature
dependence of these fields yields the behavior of the staggered magnetization, from which a static critical
exponent@b50.36(2)# is extracted and discussed. The muon spin-spin relaxation rate shows a critical slowing
down ~contrary to preliminary findings!, with a critical exponentn50.7(1), demonstrating the Ising nature of
the dynamic fluctuations. The muon precession frequencies vs the applied magnetic field reveal the saturation
of the weak ferromagnetic domain structure originated by the Dzialoshinski-Moriya antisymmetric exchange.
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I. INTRODUCTION

LaMnO3 is a layer antiferromagnetic perovskite whic
displays weak ferromagnetism~wf!. The wf behavior indi-
cates that the ordered moments acquire a tiny ferromagn
component by a tiny tilt out of the layer plane. LaMnO3 is
also the parent of a family of magnetic materials, the m
ganites, which are of current wide interest because of
interconnection between their structural, transport, and m
netic properties. The features of this family, including colo
sal magnetoresistance~CMR! and a very large spin polariza
tion of the conduction band around 1/3 doping, make th
promising for future applications. Moreover, they are
prominent interest for understanding correlated elect
systems.

Manganites are characterized by the coexistence of
eral interactions on comparable energy scales, which prod
a complex interplay of magnetism, electron-lattice coupli
and orbital and charge ordering. This shows up as soon a
system starts to be doped, typically by heterovalent ca
substitution, giving rise to phase separation, magnetic
larons, and eventually to the CMR phenomenon. Howe
many of the basic ingredients, such as orbital ordering an
large Jahn-Teller~JT! distortion, are already present in pu
LaMnO3. Some authors actually questioned its description
a simple insulating antiferromagnet, and suggested that
unusual layered magnetic structure is an effect of the st
cooperative JT deformations on the magnetic interactions
a sort of precursor to the double-exchange ferromagnetism
the doped compound.1 These features underline the relevan
of an accurate determination of the properties of the
member.

Our single-crystal investigation by muon spin rotati
0163-1829/2001/64~6!/064414~9!/$20.00 64 0644
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(mSR) attains two main results: we obtain a direct mic
scopic determination of a few magnetic properties of t
important material, and we identify, with a high confiden
level, the interstitial sites occupied by the muons. The fi
aspect covers static and dynamic critical exponents of
antiferromagnetic transition, as well as the initial process
weak ferromagnetic saturation. Critical phenomena have
been addressed in the substituted compounds, both by
tron scattering2,3 and macroscopic magnetization;4,5 hence it
is of primary interest to obtain accurate measurements of
same quantities and behaviors with a microscopic probe
the end member, much less prone to stoichiometry probl
Furthermore, nontrivial consequences of the weak ferrom
netism are also revealed. The second aspect is also of ge
relevance, since it contributes to the understanding of m
localization in crystals, with something more than a sing
new case. The insight bymSR is often greatly enhanced b
the knowledge of the muon site, and the systematics in
field is far from complete. We believe that after our cont
bution the situation in LaMnO3 will be better understood
than, for instance, in all the cuprates. Hopefully our resu
can be extended in part to other oxide and fluorite pero
kites, including KCuF3 and the high-Tc materials.

The paper is organized as follows: Section II briefly r
views the structural and magnetic properties of the co
pound, some details about our sample, and a brief techn
introduction tomSR. Section III illustrates our results, in
cluding the identification of muon stopping sites based
dipolar sum calculations and on a refined fitting procedu
the zero-field determination of the staggered magnetizat
the dynamical critical behavior, and the saturation of t
weak ferromagnetic domain structure. These results are
©2001 The American Physical Society14-1
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cussed in Sec. IV. Finally details on the dipolar sums and
the refined global fit are given in the Appendices.

II. EXPERIMENT

A. LaMnO 3

The crystal structure of LaMnO3 is orthorhombic, belong-
ing to space groupPnmb, with lattice parameters6 a
55.7391(2) Å,b55.5319(2) Å, andc57.6721(2) Å at
14 K. The unit orthorhombic cell is shown in Fig. 1, togeth
with the pseudocubic cell~dashed!. In the following the sub-
scripts o and p refer to these two cells, respectively. Als
shown is the magnetic structure determined by neutron
fraction belowTN5139.5 K. The spin is alongŝ5@010#o

5@110#p and the periodicity, given byqAF5(001
2 )p

5(001)o , produces a staggered stacking of ferromagn
planes~referred to asA-type antiferromagnetism!.

The absence of the inversion symmetry around the m
point between neighboring Mn ions along the@001# direction
implies the presence of an antisymmetric exchange, the
called Dzialoshinski-Moriya interaction,7,8 which produces
weak ferromagnetism, i.e., a tiny canting of the spin from
orientation of a pure collinear antiferromagnet. This was
deed experimentally determined by magnetization9 and anti-
ferromagnetic resonance,10 with a canting angle of 2°, while
neutron-diffraction data11 set an upper limit of 1° to its
value. This second determination is insensitive to any a
dental small fraction of the ferromagnetic composition
hence it should reflect the intrinsic local value.

Our sample is a microtwinned single crystal grow
by the float zone method12 at the Laboratoire de Chimie
Physique, Universite´ Paris-Sud, cut into a slice of roughl
243732 mm3. Six families of cubic microtwins are
present,13 obtained one from another by interchange
6@100#p ,6@010#p , and6@001#p .

B. µSR experiment

The experiments were performed on the General Purp
Spectrometer14 ~GPS! of the Paul Scherrer Institut, Villigen
~Switzerland!. The normal to the largest surface of th
crystal—close to a@111#o direction—was oriented parallel t
the muon beam direction, along the laboratory framex̂ axis.
The veto counter setup~VCS! was used to minimize positro
counts from muons missing the small sample.14

FIG. 1. Orthorhombic cell of LaMnO3 with anA-type magnetic
structure~distortions and thew f canting are not shown for clarity!.
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In a mSR experiment, the positron counts from implant
m1 decays reflect the spatial asymmetry of the decay pr
ability, peaked around the initialm spin direction ẑ
5I (0)/uI u. Hence the count rate in a detector along direct
ĵ, N(t)5N0exp(2t/t)@11A0G(t)#, is modulated by the muon
polarization, i.e., by the correlation functionG(t)5Gzj(t)
5^I z(0)I j(t)&, of the muon spin projections, averaged ov
the implanted ensemble. Heret52.197 ms is the muon life-
time,N0 the initial positron count rate, andAj(t)5A0G(t) is
often referred to as the muon experimental asymmetry fu
tion.

For a coherent precession around atransversemagnetic
field B' ẑ ~e.g., in a calibrationT.TN experiment! one has
G(t)5cos(2pguBut), and one can thus measure the asymm
try parameterA0 ~typically around 0.26 for each GPS dete
tor!. A damped harmonic precession is also obtained in m
netically ordered materials, where a local fieldB at the muon
site is produced by the electron magnetic moments. It ha
dipolar contributionBdip and a hyperfine contributionBh f .
The former is

Bdip
i 5gmB(

n
(

j

3xn
i xn

j 2r n
2d i j

r n
5 Sn

j , ~1!

wherexn
i , j with i , j 5x,y,z are the Cartesian coordinates, a

r n the modulus of the vector joining thenth magnetic lattice
site ~with magnetic momentgmBSn) to the muon site:rn
5Rn2rm . The hyperfine field may be written asBh f
5( jC j

•Sj , with Sj the spin of a nearest-neighbor magne
ion, the hyperfine path in oxides being through oxygen io

Muons may occupy inequivalent sites. In the order
phase and in zero external field, the presence of cubic mi
twins reproduces the usual powder average

Aj~ t !5(
i

A0

3
f i cosuj@2 cos~2pguBi ut !e2t/T2i1e2t/T1i#,

~2!

where f i is the fraction of the muon ensemble localized a
site characterized by the spontaneous local fieldBi ; uj

5cos21(ẑ•ĵ) is the angle between the initial muon spin d
rection and the detector axis; the transverse~precessing!
component is subject to spin-spin relaxation with rateT2

21,
while the longitudinal component is subject to spin-latti
relaxation with rateT1

21.

In the GPS the positron detectors lie in theŷ plane~with
ĵ56 ẑ or 6 x̂) and the cryostat lies along theŷ direction. A
small magnetic field~5 mT! can be applied alongŷ for cali-
bration; larger fields may be applied alongx̂. The initial
muon spin direction lies in theŷ plane at a chosen angl
170<c5cos21(ẑ•x̂)<130°, depending on the settings of
cross-field device~spin rotator! in the beamline. The spin
rotator was generallyon (c5130°) to optimize the effi-
ciency in the VCS.

Data analysis was performed by means of the MuZ
suite.15 The basic approach to data analysis was by Fou
transforming or fitting to specific models an averaged mu
asymmetry function, experimentally obtained from oppos
groups of detectors. That is, withc5130° ~spin rotatoron! ,
4-2
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A~ t !5
Nx1Nz2a~Nx̄1Nz̄!

Nx1Nz1a~Nx̄1Nz̄!
, ~3!

wherea is an average correction factor for the different d
tector efficiencies. This approach loses some of the ph
information, and the average over a large solid angle redu
the observed muon asymmetry, but it allows an implemen
tion of the complete set of fitting functions forA(t) available
in MuZen. A more powerful simultaneous fit of the fou
detectors, described in Appendix B, was used for
refinements.

III. RESULTS

Muon polarization data at three temperatures belowTN
are shown in Fig. 2, together with their best fit~solid curves!.
Two precession frequencies are found at each tempera
indicating two magnetically inequivalent stopping sites
the muon.

A. Muon sites

The site identification is derived by comparing an analy
based on dipolar sums with the results of two experime
features of the internal fields probed by the muon: their m
nitude, extrapolated to zero temperature—B1

050.631(1) T
andB2

050.954(1) T—and their direction. The magnitude
measured directly by the precession frequency, while the
rection is revealed by the frequency splitting upon appli
tion of an external field. Since the sample is twinned, th
was no scope for a full scan of the angular dependence o

FIG. 2. Muon polarization, as from Eq.~3!, at three tempera-
tures belowTN , displaced vertically for clarity; the solid curves a
the best fits according to Eq.~2!.
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resulting frequencies. However, the most important symm
try is already apparent from Fig. 3, where the two top curv
compare the Fourier transform~FT! of the muon polarization
signal with and without an external field applied close to t
@111# p direction. In Fig. 3, spectruma shows a low-
frequency precession around a local fieldB150.5339(1) T
at 70 K, which shifts to higher frequency under an exter
field of 100 mT ~spectrumb). At the same time the high
frequency precession aroundB250.8150(2) T in spectrum
a undergoes a splitting in spectrumb. The inset shows a
geometry which justifies this behavior: the lower frequen
corresponds to an internal fieldB1 along the@001# direction
~the wf axis! while the higher frequencies correspond to
internal field perpendicular to the wf axis. The external fie
saturates the sample and adds vectorially as shown, gi
rise to one lower precession frequency and two higher p
cession frequencies. The geometry and magnitude of the
ternal fields are discussed below.

1. Low-field muon site

We start by noting that an identical behavior is detected
severalmSR experiments performed on orthoferrite sing
crystals.16 There the upward shift of the low-frequency pr
cession is justified on the basis of the following two assum
tions: ~a! a local field entirely of dipolar nature, and~b! a
muon site within the mirror planez51/4 ~or 3/4! of the
orthorhombic cell. These assumptions turn out to be v
reasonable for the orthoferrites, which are isostructura
LaMnO3; therefore, we start from the same conjecture. F
thermore the assumption of Holzschuhet al.16 is justified by
remarking that actually point~a! is a consequence of poin
~b!. Since the muon hyperfine couplingC is transferred
through oxygen, and also the relevant oxygen ions belon
the mirror plane,Bh f vanishes by symmetry~the hyperfine
contributions from two Mn ions belonging to opposite su
lattices cancel!.

Appendix A discusses briefly the assignment: it sho
that the nonvanishing dipolar fieldBdip is along the@001#p

FIG. 3. Fourier transform of the polarization, simulated from t
best-fit parameters for different crystal orientations, identified
Euler angles (u,f,z) of the pseudocubic axes in the GPS referen
frame. Plots are shifted both vertically and horizontally for clari
4-3
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direction, and it explains why a sufficiently large extern
field produces only the upward frequency shift for such
site, which is a consequence of the weak ferromagnetism
LaMnO3. Note that, in a saturated sample, for a generic o
entation of the twinned crystal, the local field at this kind
site,

Bm5Bdip1m0H, ~4!

should give rise to threeinequivalentvector compositions
~one per pair of twins sharing theirc axis direction!, while
only one upward shifted frequency is experimentally o
served. The further reduction of multiplicity is due to th
chosen crystal orientation which brings the three peaks
near coincidence.

By contrast, Fig. 4 shows several simulations for mo
generic crystal orientations, where many frequency peaks
evident. Furthermore a fine structure is already apparen
all the peaks of Fig. 3, curveb; this structure indicates thatB
is not exactly parallel to the@111#p direction in this experi-
ment and the misalignment is actually resolved by the glo
best fit described in Appendix B.

In order to corroborate our assumptions for the low-fie
site, we performed a numerical evaluation of the dipo
sums @Eq. ~1!#, considering the low-temperature cryst
structure6,13 and a moment of 4mB per Mn ion.17 We evalu-
ated the sums over a large spherical domain centered a
muon site, with a numerical error of less than 0.5 mT.

Figure 5 shows the magnitude ofuBdip(x,y)u as a function
of the muon position (x,y) in the (001)o plane atz51/4; the
large solid circles correspond to a radius of 1.1 Å cente
on the O ions, equal to the averagem-O distance for
oxides;18 hence the muon site is expected to lie on its bou
ary. Candidate sites lie at the intersection of these cur
with the field surface at the experimental value
0.631(1) T. The inset shows their position in the mirr
plane.

One site,@0.389 0.937 0.25#, is marked by a darker sym
bol, together with its symmetry replica,@0.889 0.563 0.25#. It

FIG. 4. Fourier transform of the best-fit polarization atH
5100 mT, for different crystal orientations identified by Eul
angles (u,f,z) of the pseudocubic axes in the GPS referen
frame. Plots are shifted both vertically and horizontally for clari
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very closely corresponds to the main site identified in
orthoferrites~see Fig. 10, site 2, in Ref. 16!: they are farthest
away from positive La ions, facing a large empty space a
their cell coordinates also roughly agree. The corresponde
implies that the internal field at this muon site scales w
both lattice parameters and transition-metal magnetic m
ments, as dictated by the dipolar coupling. Hence the co
bined orthoferrite and LaMnO3 experiments corroborate tha
the hyperfine contributions must be negligible. We shall re
to these and their replica in thez53/4 mirror plane as the
Holzschuh (H) site.

Holzschuhet al. calculated that, along the@ 1
2 0 z#p line,

Bdip also has the desired field orientation. However, alo
this locus a consistent hyperfine contribution is required
agree with the experimental internal field value. Since
hyperfine term in general is not collinear to the dipolar ter
the required experimental symmetry would be lost. TheH
site alone can satisfy both magnitude and direction c
straints.

The exact vector compositions ofm0H and Bdip for the
experiment of Fig. 3 were obtained from a global fit of th
mSR data—described in detail in Appendix B—which yiel
the following mSR assessment of the crystal orientation:
three pseudocubic axes had director cosines of@0.74~3!
0.51~3! 0.43~4!# with the external field. This is in reasonab
agreement with a subsequent neutron diffraction determ
tion @0.75~6! 0.57~6! 0.36~6!#, where the large error bar
come mainly from systematic errors of;4° in the sample
realignment between the two experiments.

e

FIG. 5. uBdipu as a function of the muon position in@001#p

mirror plane atz51/4; The large shaded circles of radius 1.1 Å a
centered at O sites; The inset shows the mirror plane with O~open
circles!, La ~filled circles!, and candidate mu sites~open symbols,
H sites are filled!.
4-4
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2. High-field muon site

Figure 3~b! reveals that the application of an external fie
in the chosen experimental geometry gives rise to two p
cessions equally separated on either sides of the zero-
high-frequency peak. Thus~i! the high-frequency site doe
not belong to the mirror plane, and~ii ! only two main peaks
are observed. This again implies a highly symmetric s
since thegeneric site in a Pnmb cell ~type d in Wyckoff
notation,19 with a multiplicity 8! in a genericorientation of
the twinned crystal in the external field would give rise, a
cording to Eq.~4!, to 48 inequivalent vector composition
Their number greatly reduces thanks to the chosen cry
orientation, but the experimental results are compatible o
with the net internal fieldBdip1Bh f along one of the
pseudocubic axes. This is shown in Fig. 4, where Fou
spectra of the best-fit function are simulated for differe
orientations of the crystal in the external field. It is clear th
both the high symmetry of the muon site and the bes
crystal orientation are rather stringent conditions: if the t
were not simultaneously met, the spectrum would be spr
out into many subpeaks, mostly below noise level. We the
fore conclude that the internal fieldBdip1Bh f lies along the
local @110#p5@100#o direction, i.e., the direction of the or
dered moments.

Assuming isotropic hf coupling, bothBdip and Bh f must
be parallel to@100#o . This particular field orientation is ob
tained along the following lines in the Pnmb cell:@x 0 0#o ,
@0 y 0#o , @x 0.5 0#o , @0.5y 0#o , @0.5 0 z#o , and
@0.5 0.5z#o , plus lines that are equivalent by symmet
Most of these coincide with oxygen-cation bonds, thus be
unlikely locations for a positive muon. However th
@x0.5 0#o and @0.5 y 0#o lines connect two magnetic ion
and intersect at the center of the basal plane, inC
5@0.5 0.5 0#. The region aroundC is empty, and it is a pos
sible location for the high frequency muon site. SiteC is
shown in Fig. 6~a!, together with a few of the mentione
lines.

There is an additional reason to consider siteC in particu-
lar. It is well known that muons implanted in sever
fluorides20 end up in a F-Mu-F structure, where two F ion
are drawn toward the muon sitting at an interstice midw
between them, in a muon version of the hydrogen bo

FIG. 6. The basal plane~a! in the undistorted cell;~b! when an
O-Mu-O center is formed inC. Mn ions are shown by the filled
circles. O ions~open circles! are centered 0.03 Å above~solid! or
below ~dashed! the plane. TheC site is shown by the dotted circle
The points on the solid squares are also loci whereBdip1Bh f is
parallel to@100#o ~see the text!.
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The bond distance in this center is remarkably the sa
(1.16 Å) throughout a large series of compounds. W
recently observed21 the same center in KCuF3, which is es-
sentially isostructural to LaMnO3. We suggest that an analo
gous O-Mu-O center could be formed here, exactly at siteC,
as shown in Fig. 6~b!. The resulting overlap with O could
easily justify the required hyperfine contribution ofBh f
50.51 T, in addition to the calculatedBdip(C)50.41 T.
Finally one may note from the inset of Fig. 5 that the O io
in the mirror planes cannot be drawn together because o
La ion hindrance, whence theH site remains locally favored
in that plane.

B. Critical behavior

The zero-field experiments provide a measurement of
temperature dependence of the staggered magnetization.
ure 7 shows the behavior of the internal fields at both mu
sites. They are proportional to the local magnetic moment
Mn, i.e., to the magnetic order parameter, by means of
coupling to the muon spin, as shown, e.g., in Eq.~1!. Hence
we may extract the critical exponent of the order parame
b, from them; to this end they are replotted as a function
reduced temperature«512T/TN on a log-log scale in Fig.
7~b!. The data follow a power law«b on a remarkably large
temperature interval, at least up to«50.6. The critical expo-
nent extracted from this interval,b50.36(2) is that pre-
dicted by the three-dimensional Heisenberg model,22 within
experimental errors. Incidentally, this analysis reveals a p
fect agreement between the two muon sites, which confi
that their occupancy is stable in the observed tempera
interval.

We now turn to the muon relaxations which give access
the dynamical aspects of the critical behavior.23–25

ApproachingTN from below, fluctuations on antiferromag

FIG. 7. ~a! Temperature dependence of theH and C internal
fields. The solid lines are the best fit of the critical behavior. In~b!
the data are replotted on a log-log scale; the solid lines are the s
best fits.
4-5
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netic ~AF! order appear. The closer one comes toTN , the
larger the fluctuating clusters and the slower the rate of s
fluctuation, both effects contributing to a diverging sp
relaxation.

In preliminary reports,26,27 we wrongly remarked on the
absence of a critical divergence of the relaxation rates
LaMnO3. We overlooked that in those early data the sam
experienced an external field at low temperature, resultin
inhomogeneous broadening effects which masked the cri
divergence. Figure 8 shows, instead, that in proper zero-fi
experiments, bothT1

21 and T2
21 diverge atTN as «2n. By

subtracting the noncritical contribution~indicated by the
dashed lines in the figure! a dynamical critical exponentn
50.7(1) may be extracted from the relaxation rates,23,24,29

which is in agreement with the theoretical best estimate22

based on the Ising model (n'2/3— cf. with the Heisenberg
model n'0.35). This is indeed what is expected, since
anisotropy of the interaction dominates in the critic
regime.30

C. Weak ferromagnetic domain structure

Figure 9~b! shows the FT spectra of several data sets
corded in increasing external longitudinal fields (1<m0H
<100 mT, apodization exponential filter of 100 kHz!, and
Fig. 9~a! displays the field dependence of the correspond
frequencies.

Above 20 mT the features described in details in S
III A are apparent from both plots: the frequency belongi
to theH site shifts upward, and eventually gives rise to thr
satellites, while theC site gives rise to two groups of sate
lites on either sides of its zero-field resonance.

The extrapolation of this high-field behavior to low field
shows an effective saturation induction,m0Hs5761 mT.
This is best seen from the average field dependence of thH
peaks~although it also holds for theC peaks!. The dashed
line is optimized on the high-field values of the central
frequency, while the low-field data agree better with the c
stant dotted line. The quoted demagnetization is taken f

FIG. 8. Critical divergence of the transverse and longitudi
relaxation rates. Circles:T2

21 ~open circle,H site; filled circle,C
site!; the solid triangle is K,T1

21. The inset shows the critical par
on a log-log plot.
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the intercept of the two lines. This behavior resembles tha
a soft magnet, although LaMnO3 is definitely not soft: the
total magnetic energy}B•H is minimized forB50, hence
external fieldsH0,Hs are shielded inside the sample.

IV. DISCUSSION AND CONCLUSIONS

We have definitively confirmed theH site location for
pseudocubic perovskites first suggested by Holzschuhet al.16

in orthoferrites. This indicated that the analogy betwe
manganites and orthoferrites is worth pursuing. Holzsch
et al. detected three magnetically inequivalent sites for
muon. The missing fraction in our experiment probably ju
tifies a third site, with either a very large internal field~a
conservative estimate of the detection frequency-passb
cutoff is 400 MHz! or very large relaxation rates. Holzschu
et al. discussed the metastability of their high-frequen
sites, which depopulate above'150 K in favor of the low-
frequencyH site. We cannot directly confirm this featur
sinceTN in LaMnO3 is too low and the two observed site
are both stable up to that temperature.

We have found a strong analogy between the high-fi
site and the F-Mu-F center detected in fluorides.20 As a mat-
ter of fact, the formation of an O-Mu-O center, the mu
version of the hydrogen-bonding, is a very natural expec
tion for partially ionic crystals.

l

FIG. 9. Longitudinal field data:~a! Frequencies obtained from
the global fit~crosses! and from the FT~open circles!; the lines are
guides to highlight the low~dotted! and high~dashed! field behav-
iors; ~b! FT spectra of the data~displaced diagonally for clarity!.
4-6
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After the first draft of the present paper we became aw
of a preprint31 on mSR in La12xCaxMnO3 powders with 0
<x<1. This confirmed our earlier reports of two sites26,27 in
LaMnO3, and agreed on theH site attribution. These data
however, are consistent with two sites only, while the auth
of Ref. 31 observed three sites in the other end mem
CaMnO3.

Let us now briefly discuss the critical behavior as se
from the local fields and from the relaxations. The log-l
plot of Fig. 7~b! shows a remarkably large range on whi
the «b behavior holds, and the best fit for both sets yie
with TN5139.3(1) K andb50.36(2). A crossover from
Heisenberg (b50.365(3)) to three-dimensional Ising
behavior22 @b50.325(2)#, is expected close enough toTN ,
since the anisotropy which is present in the ordered ph
must eventually dominate for very small«. This crossover is
not directly observed in our magnetization data, but this
hardly significant, in view of the small variation ofb be-
tween the two limits. The Ising-type behavior does inde
show up in the relaxation rates of Fig. 8, whose critical e
ponent ~related24 to the dynamical exponentz) displays a
value, n50.7(1), in full agreement with three-dimensiona
Ising predictions.

We must mention that the muon determination of the te
perature dependence of the staggered magnetization,Mm(T),
does not fully agree with that obtained by neutron diffra
tion, Mn(T), on the same crystal.13 Assuming that the two
data sets agree atT50, where the muon site attribution i
fully consistent with'4mB on Mn determined by neutrons
the deviation—Mm,Mn—increases with temperature. A
though the origin of this discrepancy is not understood,
assume that both techniques measure intrinsic sample p
erties. We hope that our planned Mn NMR experiments w
help clarifying this issue.

Let us finally discuss the observed wf saturation. For
ideal soft wire one would haveHs5Ms . Since the sample is
twinned, we must expect a shielding field from the mac
scopic average over a large number of cubic twins to mim
that of a soft material, albeit with saturation magnetizat
Ms/3. This reduction factor is most clearly explained
thinking of a twinned single crystal withH0i@001#, the easy
wf axis for one family of twins: only their contribution, 1/3
of the total, produce a shielding. Since LaMnO3 has a large
anisotropy, only the projection of the external fieldH0 along
the easy axes may be shielded by demagnetization; h
Hscosu5Ms/3, whereu is the angle between the easy w
axis andH ~in our experiment, the average of cosu is 0.53!.
Approximating the sample shape to an ellipsoid, with d
magnetizing factor N, one finally has that Hs
5NMs /(3 cosu). An estimated value ofN50.17 may be
derived from standard formulas,28 to yield Ms
53.4(6) kA/m, i.e., 0.22~4! mB at 90 K, consistent with
magnetization measurements.9 This implies a canting angle
on the order of 2°, larger than the 1° upper limit set
neutrons.11 However our determination is essentially equiv
lent to a magnetization measurement, and it is not a
microscopic determination, although it is detected via a lo
probe.
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A closer inspection at the 10- and 20-mT spectra of Fig
is in qualitative agreement with this picture, with a sm
further coercive effect: at 10 mT an incipient splitting of th
H frequency is apparent, with a negligible domain polariz
tion, while at 20 mT a low-frequency shoulder of theH peak
still appears from the minority domains.

In conclusion, we have clarified the identification of th
two muon sites in LaMnO3, the H andC sites. Our single-
crystal data provide a definitive assessment of the form
while the latter is proposed here for the first time, to o
knowledge. TheC site, analogous to what is observed
many fluorides, might be more frequent than previou
thought. These assignments allow us to extract an estima
the wf canting angle. The critical behavior of this mater
agrees with its current view as a Heisenberg system wit
crossover to Ising behavior due to anisotropy.

APPENDIX A: DIPOLAR SUMS

Let us consider the dipolar contribution to local field at
muon site, given by Eq.~1!. In the ordered state one ma
replace allSn

j with eitherSa
j or Sb

j , depending on whethern
belongs to sublatticea or b, to yield

Bdip
i 5Da

i j Sa
j 1Db

i , jSb
j , ~A1!

where the two tensorsD̂ represent the sum of Eq.~1! re-
stricted to each sublattice. For a collinear antiferromagne~a
very good approximation for LaMnO3 in view of the minute
canting! Sb52Sa5S; henceB5(D̂a2D̂b)•S, and one may
refer simply toD̂5D̂a2D̂b .

Let us first consider the low-frequency site. Figure
graphically shows that the total dipolar tensorD̂ for muon
sites in the mirror planez51/4 and 3/4 of thePnmb cell
possesses the following symmetry:

FIG. 10. Symmetries of the local dipolar tensor at equival
muon sites in the mirror planesz51/4; and 3/4. Three Mn moment

along ĉ are shown~open and gray circles with thick spin arrows!,
with their dipole field lines~dashed! through the muon sites. The
other arrows represent the local magnetic field contributions at
muon from a pair of symmetric moments, considering separat

~a! the Mn spin component alongĉ, and~b! the Mn spin component

normal toĉ, in the plane containing the muon sites; the contributi
of the third component~not shown! vanishes for symmetry reason
4-7
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D̂5F 0 0 d3

0 0 d2

d3 d2 0
G ~A2!

which guarantees that, forŝ5@110#p , Bdip lies along
@001#p .

The Mn moments lie in the@001# plane, if the tiny spin
canting is neglected. Figure 10~b! illustrates this case fo
both mirror planes. Since the two Mn sublattices are sy
metric with respect to the mirror plane, the dipolar fie
properties are identified considering just two equivalent
ions, one per sublattice. Only the components of the
magnetic moments in the plane of the drawing are con
ered, since the perpendicular components give opposite
polar field contributions which cancel. The thinner arrows
the figure indicate the dipolar term from each Mn ion a
generic site in the mirror plane: it is graphically evident th
their sum lies along the@001# direction, as predicted by Eq
~A2!. Similar arguments hold for the other components of
tensor.

Note that the figure shows just one AF domain~the bot-
tom Mn moment belongs, say, to thea sublattice!; the op-
posite direction ofBdip is obtained in the other AF domai
~where the bottom Mn moment belongs to theb sublattice;
imagine the figure with all arrows reversed!. However ac-
cording to thePnmbsymmetry theb domain must also have
its wf component in the opposite direction along the@001#p
direction.

Based upon these consideration, we may understand
field behavior of themSR precessions. The wf spin comp
nent is totally negligible in our dipolar sums, but it gives
net wf momentMw f to each domain, which couples to a
external fieldH. WhenH saturates the macroscopic wf m
ment, only one of the two domains survives—specifica
that with H•Mw f.0. It appears thatMw f andBdip at theH
muon site are pointing in the same direction, so that wh
the component ofH along the@001# direction is larger than
the saturation value, one hasH•Bdip.0; hence the preces
sion frequency shifts upwards, as in Fig. 3. In contrast, at
C site the internal field is in the direction of the spin, and
the vector composition withm0H is not influenced by the AF
domain structure~all possible geometries are obtained with
each domain!.

APPENDIX B: GLOBAL FIT

We have employed a procedure to fit the whole set of d
recorded at each temperature and field. The global
square,x25( i ,a@Na(t i)2Nth

a (t i)#2/Na(t i), is obtained from
the count ratesNa of the four detectors directed alonga5

6 x̂, and6 ŷ, at each recorded timet i . The model function
Nth , briefly described in Sec. II B, depends on several
rameters, of which only a few—field intensities, their orie
tations, and the relaxation rates—are informative of the m
netic properties of LaMnO3. The rest are of lesser interest
this respect, such as the anglec5cos21(ẑ•ẑ) defining the
initial muon spin direction, the experimental asymmetryA of
the referencex̂ detector, the muon fractions,f i and the indi-
06441
-

n
n
-

di-

t

e

he

n

e

ta
hi

-

g-

vidual initial count ratesN0
a , instrumental delay times,ta,

and relative efficienciesea for all thea detectors. The asym
metry parameter of each detector isA fie

a, and the efficiency
of the reference detector is fixed,ex[1. All of these are
byproducts of the fit procedure, and a number of them m
be accurately determined in separate high statistics cali
tion experiments.

All models generally include one or more contribution
the polarization functions, as in the case described by
~2!, which points out that quite generally each local fieldBi
identifies a muon fractionf i characterized by its transvers
and longitudinal relaxation rates 1/T2i and 1/T1i . When fit-
ting more than one fraction, however, it is often impossib
to distinguish individuallongitudinal rates and a single 1/T1
value is employed.

The advantage of the global approach is that the direc
of the local fieldBi may be extracted from the data, since
determines the aperture of the muon spin precession c
This is, incidentally, not true for the zero-field sum over o
cubic twins, discussed in Eq.~2!, since the information on
the local-field direction is lost by symmetry. Nonetheless t
zero-field model is very easy to implement in the global
scheme, and the field values of Sec. III B are indeed obtai
from such a fit.

The global approach becomes more valuable in an app
external fieldH, where the direction of the internal fieldBh f
may be determined. In this case the direction of the lo
field Bh f1m0H in each twin may be expressed in terms
the three Euler angles (u,f,z), which define the crystal ori-
entation in the laboratoryx̂ŷẑ frame.

Therefore, following the discussion of Appendix A, w
have implemented two further models: one to account for
H site in the saturated wf state~spontaneous fieldBdip along
the localc direction, in three twin replicas, chosen with th
condition thatBdip•H.0), and another to account for theC
site ~spontaneous fieldBh f along the local electron momen
direction—@010#o—in six distinguishable replicas!. The ana-
lytic expression of the corresponding functionsNth

a (t), in-
volving their dependence on (u,f,z) and the vector compo

FIG. 11. Some parameters of the zero-field global fit: mu
fractions at the two sites, and the initial muon phase. The in
compares the detector time delays in several zero-field runs~open
symbols! and longitudinal field runs~filled symbols!.
4-8
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sition of the internal and external fields, was generated
checked by means of a simple Maple V program.

The best-global-fit values discussed in Sec. III A refer t
model function including both sites. Because of the relativ
large number of parameters the convergence of the globa
requires some practice, but reliable fits were always obtai
with x2 values better than 1.1 per degree of freedom.

The fit quality is good but not perfect, as it may be judg
from the comparison between the FT of the data and of
fitting function in Figs. 3~b! and 3~c!. The small disagree
ment may be imputed to simplifying assumptions in the
function, in which the crystal twins are weighted equal
while x-ray diffraction in similar samples showed slight pr
ponderance of one twin,9 and relaxations are all assume
. B

d
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e
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Lorentzian, while probably a GaussianT2 rate is more ap-
propriate.

The behavior of some of the less interesting fit parame
confirms the soundness of the model. Figure 11 shows
temperature dependence of the muon fractions and of
initial muon spin phasec, obtained from the zero field data
The phasec is perfectly stable, while the two fractions d
show some small spurious correlation effects close to
transition, where the relaxation rates diverge. This is acc
able since it has no appreciable influence on the crit
analysis of Sec. III B. The inset shows the scattering of
time delays of the four detectors both in the zero field d
~open symbols! and in the longitudinal field data, which ar
fitted with different functions. These parameters are sta
and insensitive to both field and model functions employ
.R.
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