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We present a study of a microtwinned single crystal of LaMib® 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
exponenf 8= 0.36(2)] is extracted and discussed. The muon spin-spin relaxation rate shows a critical slowing
down (contrary to preliminary findings with a critical exponenh=0.7(1), denonstrating 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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. INTRODUCTION (wSR) attains two main results: we obtain a direct micro-

scopic determination of a few magnetic properties of this

LaMnG; is a layer antiferromagnetic perovskite which jmportant material, and we identify, with a high confidence
displays weak ferromagnetiswf). The wf behavior indi-  |evel, the interstitial sites occupied by the muons. The first
cates that the ordered moments acquire a tiny ferromagnetg‘spect covers static and dynamic critical exponents of the

component by a tiny tilt out of the layer plane. LaMa@  aptiferromagnetic transition, as well as the initial process of

also the parent of a family of magnetic materials, the many,eay ferromagnetic saturation. Critical phenomena have also

ganites, which are of current wide interest because of thgeen aqdressed in the substituted compounds, both by neu-
interconnection between their structural, transport, and mag; scatterin§3 and macroscopic magnetizatiéﬁ'hence it

netic properties. The features of this family, mcl_udlng C.Olos'is of primary interest to obtain accurate measurements of the
sal magnetoresistan€EMR) and a very large spin polariza- - ) ) . . :
tion of the conduction band around 1/3 doping, make the ame quantities and behaviors with a MIcroscopic probe in
promising for future applications. Moreover, they are of he end member, ”.‘“.Ch less prone to stoichiometry problem.
r{:urthermore, nontrivial consequences of the weak ferromag-

prominent interest for understanding correlated electron = X
systems netism are also revealed. The second aspect is also of general

Manganites are characterized by the coexistence of Se\y_ele\/_anc_e, s_ince it contrib_utes to the_ understanding of muon
eral interactions on comparable energy scales, which produd@calization in crystals, with something more than a single
a complex interplay of magnetism, electron-lattice couplingnew case. The insight by SR is often greatly enhanced by
and orbital and charge ordering. This shows up as soon as tfiee knowledge of the muon site, and the systematics in this
system starts to be doped, typically by heterovalent catiofield is far from complete. We believe that after our contri-
substitution, giving rise to phase separation, magnetic pobution the situation in LaMn@ will be better understood
larons, and eventually to the CMR phenomenon. Howevethan, for instance, in all the cuprates. Hopefully our results
many of the basic ingredients, such as orbital ordering and ean be extended in part to other oxide and fluorite perovs-
large Jahn-TellefJT) distortion, are already present in pure kites, including KCuk and the hight, materials.

LaMnQO;. Some authors actually questioned its description as The paper is organized as follows: Section Il briefly re-

a simple insulating antiferromagnet, and suggested that th@ews the structural and magnetic properties of the com-
unusual layered magnetic structure is an effect of the statipound, some details about our sample, and a brief technical
cooperative JT deformations on the magnetic interactions, aatroduction to uSR. Section Ill illustrates our results, in-

a sort of precursor to the double-exchange ferromagnetism afluding the identification of muon stopping sites based on
the doped compountThese features underline the relevancedipolar sum calculations and on a refined fitting procedure,
of an accurate determination of the properties of the endhe zero-field determination of the staggered magnetization,
member. the dynamical critical behavior, and the saturation of the

Our single-crystal investigation by muon spin rotation weak ferromagnetic domain structure. These results are dis-
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o« ¢ In a uSR experiment, the positron counts from implanted

— Mn g ' & w" decays reflect the spatial asymmetry of the decay prob-
o0 5 I & ability, peaked around the initialu spin direction 7
®1a | «:%‘?bﬁ_ =1(0)/|1]. Hence the count rate in a detector along direction

%% | e & N(1) = Npexp(—t/n[1+AyG(t)], is modulated by the muon

o A1 ¢ b polarization, i.e., by the correlation functidB(t)=G(t)

® o BQ// =(1,(0)I (t)), of the muon spin projections, averaged over
Pl Y the implanted ensemble. Here=2.197 us is the muon life-

time, N, the initial positron count rate, arli,(t) = A,G(t) is
often referred to as the muon experimental asymmetry func-
tion.

For a coherent precession aroundransversemagnetic
cussed in Sec. IV. Finally details on the dipolar sums and offield BL ¢ (e.g., in a calibratiorm > Ty experimenf one has
the refined global fit are given in the Appendices. G(t)=cos(2ryB|t), and one can thus measure the asymme-
try paramete (typically around 0.26 for each GPS detec-
tor). A damped harmonic precession is also obtained in mag-

FIG. 1. Orthorhombic cell of LaMn@with an A-type magnetic
structure(distortions and thevf canting are not shown for clarity

Il. EXPERIMENT netically ordered materials, where a local fi€dt the muon
site is produced by the electron magnetic moments. It has a
A. LaMnO; dipolar contributionBg;,, and a hyperfine contributioB,;.
The crystal structure of LaMngs orthorhombic, belong- '€ former is
ing to space groupPnmb with lattice paramete?sa _ Axixi—r28.
=5.7391(2) A,b=5.5319(2) A, anct=7.6721(2) A at Blip=01s> > %"”sln, (1)
noj

14 K. The unit orthorhombic cell is shown in Fig. 1, together n

with the pseudocubic ce{tiashed In the following the sub-  wherex!) with i,j =x,y,z are the Cartesian coordinates, and
scriptso and p refer to these two cells, respectively. Also r the modulus of the vector joining theth magnetic lattice
shown is the magnetic structure determined by neutron difsjte (with magnetic momentjuS,) to the muon siter,,
fraction belowTy=139.5 K. The spin is along=[010], =R,—r,. The hyperfine field may be written aB;
=[110], and the periodicity, given bygar=(003), ;EjCJ-Sj, with S the gpin qf a nea_lrest-neighbor magn_etic
—(001),, produces a staggered stacking of ferromagnetido™ the hyperfine path in OX|de_zs being Fhrough oxygen ions.
planes(referred to a#\-type antiferromagnetisyn Muons may occupy mequwalent sites. In the (_)rde_red
The absence of the inversion symmetry around the midph.ase and in zero external field, the presence of cubic micro-
point between neighboring Mn ions along {i891] direction  tWins reproduces the usual powder average
implies the presence of an antisymmetric exchange, the so A
called Dzialoshinski-Moriya interaction® which produces Ag(t)zz ?Ofi COSO 2 cog2my|Bj|t)e T2+ e UTai],
weak ferromagnetism, i.e., a tiny canting of the spin from the !
orientation of a pure collinear antiferromagnet. This was in- 2
deed experimentally determined by magnetizatiand anti-  wheref; is the fraction of the muon ensemble localized at a
ferromagnetic resonané@with a canting angle of 2°, while site characterized by the spontaneous local fiB|d 0

neutron-diffraction datad set an upper limit of 1° to its =cos({.2) is the angle between the initial muon spin di-
value. This second determination is insensitive to any accCirection and the detector axis; the transvefpescessing
dental small fraction of the ferromagnetic compositions;component is subject to spin-spin relaxation with raife!,

hence it should reflect the intrinsic local value. while the longitudinal component is subject to spin-lattice
Our sample is a microtwinned single crystal grown qiaxation with rateTl‘l.

by the float zone methd@l at the Laboratoire de Chimie _ s _
Physique, UniversitéParis-Sud, cut into a slice of roughly . In Ehe GPAS the positron detectors lie in @@Iane(wﬁh
24x7x2 mn?. Six families of cubic microtwins are &= =z or =x) and the cryostat lies along thedirection. A
present® obtained one from another by interchange ofsmall magnetic field5 mT) can be applied alonyg for cali-
*=[100],,+[010],, and =[001], . bration; larger fields may be applied aloxg The initial
muon spin direction lies in thg plane at a chosen angle
170< y=cos 1(¢-X)<130°, depending on the settings of a
cross-field devicgspin rotatoy in the beamline. The spin
The experiments were performed on the General Purposgtator was generallon (=130°) to optimize the effi-
Spectrometéf (GPS of the Paul Scherrer Institut, Villigen ciency in the VCS.
(Switzerland. The normal to the largest surface of the pata analysis was performed by means of the MuZen
crystal—close to §111], direction—was oriented parallel to syjte!® The basic approach to data analysis was by Fourier
the muon beam direction, along the laboratory fratrexis.  transforming or fitting to specific models an averaged muon
The veto counter setufy CS) was used to minimize positron asymmetry function, experimentally obtained from opposite
counts from muons missing the small samile. groups of detectors. That is, with=130° (spin rotatoron) ,

B. uSR experiment
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0.5 rg

Euler angles §, ¢,{) of the pseudocubic axes in the GPS reference
frame. Plots are shifted both vertically and horizontally for clarity.
0.0 resulting frequencies. However, the most important symme-
00 0.1 0.2 try is already apparent from Fig. 3, where the two top curves
t (us) compare the Fourier transfor(RT) of the muon polarization

signal with and without an external field applied close to the
[111], direction. In Fig. 3, spectruma shows a low-
frequency precession around a local fi@lg=0.5339(1) T
at 70 K, which shifts to higher frequency under an external
_ — field of 100 mT (spectrumb). At the same time the high-
= Nt N, a(NXJFN;), (3)  frequency precession arou}=0.8150(2) T in spectrum
Nyt N+ a(Ny+N) a undergoes a splitting in spectrum The inset shows a
where« is an average correction factor for the different de_geometry which justifies this behavior: the lower frequency
corresponds to an internal fieRl, along the[001] direction

tector efficiencies. This approach loses some of the phas e wf axi9 while the higher frequencies correspond to an

information, and the average over a large solid angle reducemternal field perpendicular to the wf axis. The external field

the observed muon asymmetry, but it allows an implerm:“maéaturates the sample and adds vectorially as shown, givin
tion of the complete set of fitting functions fé(t) available P y » gving

in MuZen. A more powerful simultaneous fit of the four rise to one lower precession frequency and two higher pre-
: re pov . ._cession frequencies. The geometry and magnitude of the in-

detectors, described in Appendix B, was used for fit | field di d bel

refinements. ternal fields are discussed below.

FIG. 2. Muon polarization, as from Eg3), at three tempera-
tures belowTy, displaced vertically for clarity; the solid curves are
the best fits according to EQ).

1. Low-field muon site

lll. RESULTS We start by noting that an identical behavior is detected in

Muon polarization data at three temperatures belgyv ~ severaluSR experiments performed on orthoferrite single
are shown in Fig. 2, together with their best(iblid curveg.  crystals:® There the upward shift of the low-frequency pre-
Two precession frequencies are found at each temperaturegssion is justified on the basis of the following two assump-
indicating two magnetically inequivalent stopping sites fortions: (a) a local field entirely of dipolar nature, ar@h) a
the muon. muon site within the mirror plane=1/4 (or 3/4) of the
orthorhombic cell. These assumptions turn out to be very
reasonable for the orthoferrites, which are isostructural to
LaMnQ;; therefore, we start from the same conjecture. Fur-

The site identification is derived by comparing an analysishermore the assumption of Holzschehal1® is justified by
based on dipolar sums with the results of two experimenta&emarking that actually poinfa) is a consequence of point
features of the internal fields probed by the muon: their mag¢b). Since the muon hyperfine coupling is transferred
nitude, extrapolated to zero temperatu83=0.631(1) T  through oxygen, and also the relevant oxygen ions belong to
and Bg=0.954(1) T—and their direction. The magnitude is the mirror planeBy; vanishes by symmetrithe hyperfine
measured directly by the precession frequency, while the dieontributions from two Mn ions belonging to opposite sub-
rection is revealed by the frequency splitting upon applicadattices cancel
tion of an external field. Since the sample is twinned, there Appendix A discusses briefly the assignment: it shows
was no scope for a full scan of the angular dependence of thidat the nonvanishing dipolar fiely;, is along the{ 001],

A. Muon sites
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FIG. 4. Fourier transform of the best-fit polarization ldt 06\ "~ S\ A
=100 mT, for different crystal orientations identified by Euler [100] 7
angles @,¢,{) of the pseudocubic axes in the GPS reference 0.4

frame. Plots are shifted both vertically and horizontally for clarity.

direction, and it explains why a sufficiently large external
field produces only the upward frequency shift for such a 0
site, which is a consequence of the weak ferromagnetism of . L
LaMnO;. Note that, in a saturated sample, for a generic ori- FIG. 5. [By,| @s a function of the muon position §001]

entation of the twinned crystal, the local field at this kind of 7'""0" Plane az=1/4; The large shaded circles of radius 1.1 A are
site centered at O sites; The inset shows the mirror plane wifbpg2n

circles, La (filled circles, and candidate mu sitéspen symbols,
‘H sites are filled

02 [o10]

BM:Bdip+MOH1 (4)

should give rise to threénequivalentvector compositions yery closely corresponds to the main site identified in the
(one per pair of twins sharing thetraxis direction, while  orthoferrites(see Fig. 10, site 2, in Ref. 16hey are farthest
only one upward shifted frequency is experimentally ob- a\ay from positive La ions, facing a large empty space and
served. The further reduction of multiplicity is due to the yheir cell coordinates also roughly agree. The correspondence
chosen crystal orientation which brings the three peaks ify,jies that the internal field at this muon site scales with

hear coincidence. both lattice parameters and transition-metal magnetic mo-

By contrast, Fig. 4 shows several simulations for MO ments, as dictated by the dipolar coupling. Hence the com-

generic crystal orientations, where many frequency peaks are

evident. Furthermore a fine structure is already apparent iﬁ:ned orthpfernte a_nd !_aanexpenmen_ts_corroborate that
all the peaks of Fig. 3, curvig this structure indicates thak e hyperfine contributions must be negligible. We shall refer

is not exactly parallel to thg111], direction in this experi- to these and th‘_a'r replica in the=3/4 mirror plane as the
ment and the misalignment is actually resolved by the globafiolzschuh ) site.
best fit described in Appendix B. Holzschuhet al. calculated that, along thig; 0 z], line,

In order to corroborate our assumptions for the low-fieldBy;, also has the desired field orientation. However, along
site, we performed a numerical evaluation of the dipolarthis locus a consistent hyperfine contribution is required to
sums [Eq. (1)], considering the low-temperature crystal agree with the experimental internal field value. Since the
structur@® and a moment of 4g per Mn ion!” We evalu-  hyperfine term in general is not collinear to the dipolar term,
ated the sums over a large spherical domain centered at thiee required experimental symmetry would be lost. The

muon site, with a numerical error of less than 0.5 mT. site alone can satisfy both magnitude and direction con-
Figure 5 shows the magnitude &g (x,y)| as a function  straints.
of the muon positionX,y) in the (001), plane az=1/4; the The exact vector compositions pfoH and By;,, for the

large solid circles correspond to a radius of 1.1 A centere@xperiment of Fig. 3 were obtained from a global fit of the
on the O ions, equal to the averageO distance for uSR data—described in detail in Appendix B—which yields
oxides® hence the muon site is expected to lie on its boundthe following SR assessment of the crystal orientation: the
ary. Candidate sites lie at the intersection of these curvethree pseudocubic axes had director cosines®74(3)
with the field surface at the experimental value of0.51(3) 0.434)] with the external field. This is in reasonable
0.631(1) T. The inset shows their position in the mirroragreement with a subsequent neutron diffraction determina-
plane. tion [0.756) 0.576) 0.366)], where the large error bars
One site[0.389 0.937 0.2 is marked by a darker sym- come mainly from systematic errors ef4° in the sample
bol, together with its symmetry replicg).889 0.563 0.2b It realignment between the two experiments.
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FIG. 6. The basal plan@) in the undistorted cell(b) when an N
O-Mu-O center is formed ir. Mn ions are shown by the filled
circles. O ions(open circley are centered 0.03 A aboysolid) or g
below (dashed the plane. The site is shown by the dotted circle. 105 I
The points on the solid squares are also loci whgg + By is @
parallel to[ 100], (see the text
2. High-field muon site O’OO 50 10.0 150

Figure 3b) reveals that the application of an external field T (K)

in the chosen experimental geometry gives rise to two pre- [G. 7. (a) Temperature dependence of the and C internal
cessions equally separated on either sides of the zero-fieigids. The solid lines are the best fit of the critical behavior(in
high-frequency peak. Thug) the high-frequency site does the data are replotted on a log-log scale; the solid lines are the same
not belong to the mirror plane, ari) only two main peaks pest fits.

are observed. This again implies a highly symmetric site

since thegeneric site in aPnmbcell (type d in Wyckoff  The bond distance in this center is remarkably the same
notation® with a multiplicity 8) in a genericorientation of (1.16 A) throughout a large series of compounds. We
the twinned CryStaI in the external field would give rise, aC'recenﬂy Observéd the same center in KC@FWthh is es-
cording to Eq.(4), to 48 inequivalent vector compositions. sentially isostructural to LaMng We suggest that an analo-
Their number greatly reduces thanks to the chosen crystgjous O-Mu-O center could be formed here, exactly atGite
orientation, but the experimental results are compatible onlys shown in Fig. @). The resulting overlap with O could
with the net internal fieldByi,+Bys along one of the easily justify the required hyperfine contribution &
pseudocubic axes. This is shown in Fig. 4, where Fourieg 51 T, in addition to the calculateB y;,(C)=0.41 T.
spectra of the best-fit function are simulated for differentgijng|ly one may note from the inset of Fig. 5 that the O ions
orientations of the crystal in the external field. It is clear thatin the mirror planes cannot be drawn together because of the

both the high symmetry of the muon site and the best-fif 5 jon hindrance, whence ti site remains locally favored
crystal orientation are rather stringent conditions: if the twoj, that plane.

were not simultaneously met, the spectrum would be spread
out into many subpeaks, mostly below noise level. We there-
fore conclude that the internal fieBy;,+ By lies along the
local [110],=[100], direction, i.e., the direction of the or- The zero-field experiments provide a measurement of the
dered moments. temperature dependence of the staggered magnetization. Fig-
Assuming isotropic hf coupling, botBy;, and By must  ure 7 shows the behavior of the internal fields at both muon
be parallel tg/100],. This particular field orientation is ob- sites. They are proportional to the local magnetic moment on
tained along the following lines in the Pnmb cglk 0 0],, Mn, i.e., to the magnetic order parameter, by means of the
[0OyO0],, [x050],, [05yO0],, [050z],, and coupling to the muon spin, as shown, e.g., in Eg. Hence
[0.50.%2],, plus lines that are equivalent by symmetry. we may extract the critical exponent of the order parameter,
Most of these coincide with oxygen-cation bonds, thus being3, from them; to this end they are replotted as a function of
unlikely locations for a positive muon. However the reduced temperature=1—T/Ty on a log-log scale in Fig.
[x0.50], and[0.5y 0], lines connect two magnetic ions 7(b). The data follow a power law? on a remarkably large
and intersect at the center of the basal plane,Cin temperature interval, at least upde-0.6. The critical expo-
=[0.50.5 (. The region around is empty, and it is a pos- nent extracted from this interva3=0.36(2) is that pre-
sible location for the high frequency muon site. Sitds  dicted by the three-dimensional Heisenberg mé&@eljthin
shown in Fig. 6a), together with a few of the mentioned experimental errors. Incidentally, this analysis reveals a per-
lines. fect agreement between the two muon sites, which confirms
There is an additional reason to consider €iia particu-  that their occupancy is stable in the observed temperature
lar. It is well known that muons implanted in several interval.
fluoride$® end up in a F-Mu-F structure, where two F ions  We now turn to the muon relaxations which give access to
are drawn toward the muon sitting at an interstice midwaythe dynamical aspects of the critical behavibr®
between them, in a muon version of the hydrogen bondApproachingTy from below, fluctuations on antiferromag-

B. Critical behavior
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relaxation rates. Circlest,* (open circle,H site; filled circle,C 2
site); the solid triangle is K,Tl_l. The inset shows the critical part ‘g 100 mT
on a log-log plot. =1er
e
. RV
netic (AF) order appear. The closer one comesTtp, the .
larger the fluctuating clusters and the slower the rate of spin % g |
fluctuation, both effects contributing to a diverging spin =
relaxation. £ 4L
H 6,27 =
In preliminary report$®2” we wrongly remarked on the
absence of a critical divergence of the relaxation rates in o
LaMnOs;. We overlooked that in those early data the sample 40 80 100 120 140

experienced an external field at low temperature, resulting in Frequency (MHz)

inhomogeneous broadening effects which masked the critical g g Longitudinal field datata) Frequencies obtained from
divergence. Figure 8 shows, instead, that in proper zero-fielghe global fit(crossesand from the FTlopen circlek the lines are
experiments, botiT;* and T, * diverge atTy ase ™. By  guides to highlight the lovidotted and high(dashed field behav-
subtracting the noncritical contributiofindicated by the iors; (b) FT spectra of the datéadisplaced diagonally for clarijy
dashed lines in the figurea dynamical critical exponent
=0.7(1) may be extracted from the relaxation r&te%,”  the intercept of the two lines. This behavior resembles that of
which is in agreement with the theoretical best estinfates a soft magnet, although LaMnQs definitely not soft: the
based on the Ising modeh{-2/3— cf. with the Heisenberg total magnetic energy:B-H is minimized forB=0, hence
modeln~0.35). This is indeed what is expected, since theexternal fieldsH,<H, are shielded inside the sample.
anisotropy of the interaction dominates in the critical
regime3°
IV. DISCUSSION AND CONCLUSIONS

We have definitively confirmed thé{ site location for
pseudocubic perovskites first suggested by Holzsetath®

Figure 9b) shows the FT spectra of several data sets rein orthoferrites. This indicated that the analogy between
corded in increasing external longitudinal fields<{iqH manganites and orthoferrites is worth pursuing. Holzschuh
<100 mT, apodization exponential filter of 100 Kkland et al. detected three magnetically inequivalent sites for the
Fig. 9(a) displays the field dependence of the correspondingnuon. The missing fraction in our experiment probably jus-
frequencies. tifies a third site, with either a very large internal figld

Above 20 mT the features described in details in Secconservative estimate of the detection frequency-passband
[l A are apparent from both plots: the frequency belongingcutoff is 400 MH2 or very large relaxation rates. Holzschuh
to theM site shifts upward, and eventually gives rise to threeet al. discussed the metastability of their high-frequency
satellites, while the site gives rise to two groups of satel- sites, which depopulate abovel50 K in favor of the low-
lites on either sides of its zero-field resonance. frequencyH site. We cannot directly confirm this feature,

The extrapolation of this high-field behavior to low fields since Ty in LaMnO; is too low and the two observed sites
shows an effective saturation inductiopgHs=7+=1 mT. are both stable up to that temperature.
This is best seen from the average field dependence ¢fithe  We have found a strong analogy between the high-field
peaks(although it also holds for th€ peaks. The dashed site and the F-Mu-F center detected in fluorid®as a mat-
line is optimized on the high-field values of the central fit ter of fact, the formation of an O-Mu-O center, the muon
frequency, while the low-field data agree better with the conversion of the hydrogen-bonding, is a very natural expecta-
stant dotted line. The quoted demagnetization is taken frortion for partially ionic crystals.

C. Weak ferromagnetic domain structure
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After the first draft of the present paper we became aware Mn ‘
of a preprint® on xSR in La_,CaMnO; powders with 0 ] ,
<x=<1. This confirmed our earlier reports of two sf&%in o Byp
LaMnQ;, and agreed on the{ site attribution. These data, ﬁiedip'/ L}t/ Lam
however, are consistent with two sites only, while the authors [
of Ref. 31 observed three sites in the other end member,

M0 o +1

CaMnQ. Mn@ <}-0<Mn Lip
Let us now briefly discuss the critical behavior as seen
from the local fields and from the relaxations. The log-log . \t/
plot of Fig. 7b) shows a remarkably large range on which 4 ”% X B 174
the £# behavior holds, and the best fit for both sets yields ; i
with Ty=139.3(1) K andB=0.3§2). A crossover from a) Mnf Mn_, b) Lg
Heisenberg B=0.3653)) to three-dimensional Ising
behaviof? [ 8=0.325(2), is expected close enough 1@, FIG. 10. Symmetries of the local dipolar tensor at equivalent

since the anisotropy which is present in the ordered phas@uon sites in the mirror plangs=1/4; and 3/4. Three Mn moments
must eventually dominate for very small This crossover is alongc are shown(open and gray circles with thick spin arrows
not directly observed in our magnetization data, but this jgwith their dipole field lines(dashed through the muon sites. The
hardly significant, in view of the small variation @& be- other arrows represent the local magnetic field contributions at the

tween the two limits. The Ising-type behavior does indeedmuon from a pair of symmetrig moments, considering separately:
show up in the relaxation rates of Fig. 8, whose critical ex-(& the Mn spin component alorg and(b) the Mn spin component

ponent(relatec?“ to the dynamical exponert) displays a normal toc, in the plane containing the muon sites; the contribution
value,n=0.7(1), infull agreement with three-dimensional of the third componeninot shown vanishes for symmetry reasons.

Ising predictions. . . .
We must mention that the muon determination of the tem- A closer inspection at the 10- and 20-mT spectra of Fig. 9

A is in qualitative agreement with this picture, with a small
perature dependence of the staggered magnetizafig(iT), . i o R o
does not fully agree with that obtained by neutron diffrac-];:r]tcher coercive effect: a}[t 1(_)ﬂr]nT an 'PC.'Elle'g spht_tmg c|>f t_he
tion, M,(T), on the same crystaf. Assuming that the two i reqlrﬁnc;; |250ap_||3_are|n ' \le aneg '?}' eld omfaun PO al?za-
data sets agree dt=0, where the muon site attribution is lon, whilé a mT a low-frequency shoulder of thepea

the deviation-M,<M,—increases with temperature. Al- WO muon sites ,in LaMng the H and(C sites. Our single-
though the origin of this discrepancy is not understood, wé . L :
assume that both techniques measure intrinsic sample pro rystal data provide a definitive assessment of the former,

erties. We hope that our planned Mn NMR experiments Wi||kh||e|”:je Iat_trei]relcs ptropose(li here ftor thhe tf'TSt tgne, todo_ur
help clarifying this issue. nowledge. site, analogous to what is observed in

Let us finally discuss the observed wf saturation. For a any fluorides, m!ght be more frequent than pre\{|ously
ideal soft wire one would havel,= M. Since the sample is hought. These assignments allow us to extract an estimate of

twinned, we must expect a shielding field from the macro_the wf canting angle. The critical behavior of this material

scopic average over a large number of cubic twins to mimi¢9r€es with Its current view as a Hel_senberg system with a
that of a soft material, albeit with saturation magnetizationcrossover to Ising behavior due to anisotropy.

M/3. This reduction factor is most clearly explained by

thinking of a twinned single crystal witH [ 001], the easy APPENDIX A: DIPOLAR SUMS

wf axis for one family of twins: only their contribution, 1/3
of the total, produce a shielding. Since LaMnfas a large
anisotropy, only the projection of the external fi¢lg along
the easy axes may be shielded by demagnetization; hen
H,cos6=MJ3, where § is the angle between the easy wf
axis andH (in our experiment, the average of abs 0.53. i _Niiq g
Approximating the seimple shape to ar(i:J ellipsoid, with de- Buip=DeS.+Djy'Ss. (A1)
magnetizing factor N, one finally has that Hg
=NM/(3 cosf). An estimated value oN=0.17 may be
derived from standard formuld, to yield My

Let us consider the dipolar contribution to local field at a
muon site, given by Eq(l). In the ordered state one may
replace allS|, with eitherS), or Sj;, depending on whether
%%Iongs to sublatticer or 3, to yield

where the two tensor® represent the sum of Eql) re-
stricted to each sublattice. For a collinear antiferromagaet

ve ood approximation for LaMn{Qin view of the minute
=3.4(6) kA/m, i.e., 0.224) ug at 90 K, consistent with v 9 PP o

magnetization measuremerit3his implies a canting angle Ca”“”g? Sg=—S.=S; henceB=(D,—Dy)-S, and one may
on the order of 2°, larger than the 1° upper limit set byrefer simply toD=D,—Dg. ) i
neutrons:* However our determination is essentially equiva- L&t us first consider the low-frequency site. Figure 10
lent to a magnetization measurement, and it is not a trugraphically shows that the total dipolar tendorfor muon
microscopic determination, although it is detected via a locakites in the mirror plane=1/4 and 3/4 of thePnmb cell
probe. possesses the following symmetry:
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0 dj vidual initial count ratesNg, instrumental delay times,”,

0 d, A2) and relative efficiencies® for all the_a detectors. Th(_e asym-
metry parameter of each detectoti§e®, and the efficiency

dz d; O of the reference detector is fixed,=1. All of these are

byproducts of the fit procedure, and a number of them may

be accurately determined in separate high statistics calibra-

o . . . tion experiments.

The Mn moments lie in th¢001] plane, if the tiny spin All rrrl)odels generally include one or more contribution to

canting is neglected._Flgure @) illustrates th_|s case for the polarization functions, as in the case described by Eq.
both mirror planes. Since the two Mn sublattices are sym-

metric with respect to the mirror plane, the dipolar field (2), which points out that quite generally each local fiid

. : . L X identifies a muon fractiori; characterized by its transverse
properties are identified considering just two equivalent Mnand longitudinal relaxation ratesTkf and 17 ;. When fit-
ions, one per sublattice. Only the components of the M 9 : 1

. ) . . ting more than one fraction, however, it is often impossible
magnetic moments in the plane of the drawing are con5|df0 distinguish individualongitudinal rates and a single T}
ered, since the perpendicular components give opposite di- 9 9 9

polar field contributions which cancel. The thinner arrows invalue is employed. , o
the figure indicate the dipolar term from each Mn ion at a The advantage of the global approach is that the direction

generic site in the mirror plane: it is graphically evident thatOf the local fieldB; may be extracted from the data, since it

their sum lies along thg001] direction, as predicted by Eq. determines the aperture of the muon spin precession cone.

(A2). Similar arguments hold for the other components of theThiS. s, i_ncider_1tally, not true for th_e zero-fie_zld sum over our
tensbr cubic twins, discussed in E@2), since the information on

Note that the figure shows just one AF doméine bot- the local-field direction is lost by symmetry. Nonetheless this

. ~ zero-field model is very easy to implement in the global fit
:)oorgitl(\e/lréiggﬁnl)inggelor:gsébs{:?/ﬁég itrrﬁﬁgb;?;t;i;hgoﬁ)am scheme, and the field values of Sec. Ill B are indeed obtained
dip

(where the bottom Mn moment belongs to {Besublattice; from such a fit . .

. ) . . The global approach becomes more valuable in an applied
imagine the figure with all arows reverseddowever ac- external fieldH, where the direction of the internal fieR},
cording to thePnmbsymmetry the8 domain must also have ' f

its Wi in th te directi | I may be determined. In this case the direction of the local
gig\étigﬁmponent in the opposite direction along {ii®1], field B,,s+ uoH in each twin may be expressed in terms of

Based upon these consideration, we may understand tﬁge three Euler angles)(4, ), which define the crystal ori-

field behavior of thexSR precessions. The wf spin compo- €ntation in the laboratoryyz frame. _

nent is totally negligible in our dipolar sums, but it gives a 1 herefore, following the discussion of Appendix A, we
net wf momentM*' to each domain, which couples to an havg |mplemented two further models: one to account for the
external fieldH. WhenH saturates the macroscopic wf mo- 7 Sité in the saturated wf statspontaneous fiel;, along
ment, only one of the two domains survives—specificallythe Ic_)(_:alc direction, in three twin replicas, chosen with the
that with H-M"">0. It appears thav" and Buip at the’ cpndmon thatBy;p- I—_|>O), and another to account for tide
muon site are pointing in the same direction, so that wher§it€ (Spontaneous fiel@ along the local electron moment
the component o along the[001] direction is larger than direction—010],—in six distinguishable replicasThe ana-
the saturation value, one h#b Byi,>0; hence the preces- Iyt|c_expre§3|on of the corresponding functioNg,(t), in-
sion frequency shifts upwards, as in Fig. 3. In contrast, at th&¥olving their dependence ord(¢,{) and the vector compo-

0
D=| 0

which guarantees that, fo%z[llO]p, Baip lies along
[001],.

C site the internal field is in the direction of the spin, and its 5 ‘ : 150
the vector composition witlgH is not influenced by the AF L e e e ee e
domain structuréall possible geometries are obtained within 5 * o
each domain AT 54 3 §§ 120
- ij ¢ 0 ; |
APPENDIX B: GLOBAL FIT g3, . . * * 190 <
We have employed a procedure to fit the whole set of data § DDDD-“;E 1 /;_%\
recorded at each temperature and field. The global chi 2y /e 2 . 160%
squarex?==; J[N(t;) — N§(t;) 12/N(t;), is obtained from § = gg%%;;;%;x; ]
the count rateN® of the four detectors directed alorg= = 4 L7 (K] 4 20
+X, and =y, at each recorded timg. The model function -
N, briefly described in Sec. Il B, depends on several pa- 0 o o
rameters, of which only a few—field intensities, their orien- ) 50 100 150
tations, and the relaxation rates—are informative of the mag- T (K)

netic properties of LaMn@ The rest are of lesser interest in . .
prop 9 FIG. 11. Some parameters of the zero-field global fit: muon

. —1 ~ N . .
th'S respect, S_UCh_ as_the angle- cos (£-2) defining the  actions at the two sites, and the initial muon phase. The inset
initial muon spin direction, the experimental asymmergf  compares the detector time delays in several zero-field (open
the referencex detector, the muon fraction§, and the indi-  symbols and longitudinal field rungfilled symbols.
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sition of the internal and external fields, was generated antlorentzian, while probably a Gaussidn rate is more ap-
checked by means of a simple Maple V program. propriate.

The best-global-fit values discussed in Sec. lll Areferto a The behavior of some of the less interesting fit parameters
model function including both sites. Because of the relativelyconfirms the soundness of the model. Figure 11 shows the
large number of parameters the convergence of the global fiEmPerature dependence of the muon fractions and of the

requires some practice, but reliable fits were always obtaine Atéalp)rr]\q;sogpsiglgepr?:sg/' sotgg':e\?wf]h%rqggi vigr?ra?ciligr?sa?c.)
. 2 ’
with y° values beter than 1.1 per degree of freedom. show some small spurious correlation effects close to the

The fit quality is good but not perfect, as it may be judged; ansition, where the relaxation rates diverge. This is accept-
from the comparison between the FT of the data and of thgpje since it has no appreciable influence on the critical
fitting function in Figs. &) and 3c). The small disagree- analysis of Sec. Il B. The inset shows the scattering of the
ment may be imputed to simplifying assumptions in the fittime delays of the four detectors both in the zero field data
function, in which the crystal twins are weighted equally, (open symbolsand in the longitudinal field data, which are
while x-ray diffraction in similar samples showed slight pre- fitted with different functions. These parameters are stable
ponderance of one twihand relaxations are all assumed and insensitive to both field and model functions employed.
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