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The unusual magnetic properties ofgls@a, sMnO5; were found to be associated with structural and mag-
netic ordering phenomena, resulting from the close interplay between charge, orbital, and magnetic ordering.
Analysis of synchrotron x-ray and neutron powder diffraction data indicates that the anomalous and hysteretic
behavior of the lattice parameters occurring betw€gr 225 K andTy~ 155 K is due to the development of
a Jahn-Teller(J-T) distortion of the MnQ octahedra, thel? orbitals being oriented perpendicular to the
orthorhombicb axis. We observed an unusual broadening of the x-ray Bragg reflections throughout this
temperature region, suggesting that this process occurs in stages. Bgldve development of well-defined
satellite peaks in the x-ray patterns, associated with a transverse modulatiog=wiif2— ¢,0,0], indicates
that quasicommensurate~0) orbital ordering occurs within tha-c plane as well. The basic structural
features of the charge-ordered low-temperature phase were determined from these satellite peaks. The low-
temperature magnetic structure is characterized by systematic broadening of the magnetic peaks associated
with the “Mn ™" magnetic sublattice. This phenomenon can be explained by the presence of magnetic domain
boundaries, which break the coherence of the spin ordering on thé Mies while preserving the coherence
of the spin ordering on the Mi sublattice as well as the identity of the two sublattices. The striking
resemblance between these structures and the structural “charge ordering” and “discommensuration” domain
boundaries, which were recently observed by electron diffraction and real-space imaging, strongly suggests
that these two types of structures are the same and implies that, in this system, commensurate long-range
charge ordering coexists with quasicommensurate orbital ord¢&@3.63-18207)05705-6

INTRODUCTION structures displayed by this system as a functiorx0fs
determined by neutron powder diffractidhin the light of

The close interplay between magnetism and transportis work, Goodenough proposed a comprehensive qualita-
properties inA;_,A;MnO; manganese perovskité8=La, tive interpretation of the correlation between magnetism and
rare earthA’=Ca, Sr, Ba (Ref. 1) has recently been the transportin this systert. Thex=0 end member of the solid
subject of intense research. As a function of temperaturesolution, LaMnQ, is an insulator at all temperatures and its
doping, applied pressure, akdsite ionic radius, these sys- low-temperature magnetic structure, which may be depen-
tems display various magnetic and crystallographic transident on small variations of the La/Mn ratio, has been vari-
tions, some of which are associated with sharp changes afusly reported as ferromagnetic, antiferromagnetic, a domain
the electrical conductivity. In particular, much attention hasmixture of the two, or spin-canted. Between €:2<0.45,
been concentrated on the paramagnetic-to-ferromagnetibe system is a ferromagnetic metal at low temperatures, and
transition, for x~0.3, associated with a sharp drop of displays CMR effects neaf. At higher doping levels
resistivity>~> The Curie temperature can be increased in g§x>0.50) the system is antiferromagnetic at low tempera-
magnetic field, thereby producing a colossal magnetoresigures and, in a narrow region of composition arowrd0.50,
tance (CMR), traditionally ascribed to a double exchangea competition between the two types of magnetic ordering is
mechanisnf=® The solid solution La_,CaMnOs is particu-  observed. At high temperatures, l@aCa, MnO; is a para-
larly interesting, since it provides the opportunity of studyingmagnetic insulator and upon cooling, it first becomes ferro-
the effect of electronic doping throughout the whole rangemagnetic(T~225 K) and then antiferromagneti@y~ 155
0<=x=<1 (corresponding to all formal Mn valences from K). This intriguing behavior has been attributed to the com-
Mn™3 and Mn™), with only a small variation of the ratio petition between ferromagnetic double exchange and antifer-
betweenA- and B-site ionic radiit~>°In 1955, Wollan and romagnetic superexchange coupling. The magnetic structure
Koehler described in a classic study the several magnetiof Lag Ca, sMnOs, first reported by Wollan and Koehler, is
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quite complex: it entails a quadrupling of the volume of thebriefly described in Ref. 13, a narrow capilla(@.3-mm di-
original orthorhombic unit cell and consists of two magneticametey sample and a linear position-sensitive detector
sublattices with independent propagation vectors. This obsefPSD), with an instrumental resolution 6f0.05°, were used.
vation, along with the fact that lggCa, gMnO; is an insula-  Extended data sets up t@272° were collected at 300, 160,
tor at low temperatures, has led to the hypothesis, first forand 20 K on cooling, at a wavelength of 0.7015 A. Because
mulated by Goodenough, that the two sublattices result of the unexpectedly complicated nature of the 160-K pattern,
from charge ordering between Mit and Mn™. In Good-  additional scans were performed at various temperatures
enough’s model, charge ordering is accompanieatijtal over selected regions, at a wavelength of 0.7104 ith a
ordering whereby thed? Mn*3 orbitals [associated with Ge220) analyzer crystal inserted in the diffracted beam, giv-
long Mn™3-O bonds in the Jahn-TellefJ-T) distorted ing a much better instrumental resolution-60.01°. In order
Mn*30g octahedrawould order, forming zig-zag chains in to improve counting statistics and obtain accurate lattice pa-
the a-c plane. Goodenough proposed that this orderingameters, a further set of data was collected as a function of
would entail displacements of the MfOg octahedra along temperature in the latter configuration with a flat-plate
the orthorhombi¢101] direction. Very recently, the presence sample in symmetric reflection geometry at a wavelength of
of a low-temperature phase transition inyl:&a, sMnO; has  1.1418 A. Extended data sets were obtained at 250 and 18 K
been evidenced by electron diffractiBD), by the observa- out to 29 values of 61° and 51°, respectively.

tion of satellite reflections associated with a quasicommen- Neutron diffraction data were collected on the high-
surate structural modulatidd.We have previously reported resolution powder diffractometer D2B at the Institut Laue-
an account of the observation of structural anomalies bektangevin in Grenoble, France. Once again, two instrument
tween T and Ty, which are associated with the develop- configurations were employed. Using a wavelength of 1.594
ment, with decreasing temperature, of a strong J-T-type disA, in the high-intensity mode, with no primary beam colli-
tortion of the MnQ octahedra. In this work, more complete mation[the monochromator mosaic spread full width at half
structural and magnetic data ongs&£a, s;MnO3, as obtained maximum (FWHM) being ~15" of arc] and 8 collimation

from high-resolution synchrotron x-ray and neutron powderbetween sample and detector, full diffraction patterns
diffraction measurements, will be presented. In particular, wg5°<20<165° were collected at several temperatures be-
show that the development of magnetic ordering is associtween 1.5 and 300 K on warming. In order to obtain more
ated with the appearance of weak extra reflections in theletailed information on the magnetic structure, an additional
x-ray diffraction patterns, which are the signature of smalldiffraction pattern was collected in a higher resolution con-
structural distortions due teharge and orbital ordering.  figuration. We employed a wavelength of 2.400 A, that was
These peaks can be indexed on a quasicommensurate supiitered using a 3-cm-thick highly oriented pyrolitic graphite
structure withq=[1/2—¢,0,0], allowing the structural pa- filter in the primary bean{\/2 and\/3 contamination were
rameters of the charge- and orbital-ordered phase to be réewer than 0.1% and 0.2%, respectivelyrurthermore, the
fined. We have found that, in agreement with Goodenough’snonochromatic beam divergeneg was limited to~0.2°,
hypothesis! the superstructure is characterized by a largeby means of a slit system positioned.5 cm after the mono-
J-T distortion of the MA®Og octahedra, while the MO,  chromator(the same configuration as for the=1.594 data
octahedra remain almost undistorted. Furthermaorbjtal was used for the primary beam and detector collimation
ordering occurs by a displacement of the M@, octahedra  This allowed a resolution aA26~0.2° to be attained in the
mainly along the[0,0,1] direction (transversemodulation, angular range where magnetic reflections are strongest
which is in disagreement with Goodenough’s early(26<100°. The complete x-ray and neutron patterns were
speculation$! Using neutron powder diffraction, we have analyzed using thesasprogram’® Magnetization was mea-
also studied in detail the antiferromagnetic structure ofsured using a commercial superconducting quantum interfer-
Lay sCa sMnO; at 1.5 K. By employing a high-resolution ence device magnetometer and resistivity was measured by a
configuration, we have observed a systematic peak broadestandard four-contact ac method.

ing of the magnetic reflections, which indicates that the two

magnetic sublattices have quite different coherence lengths.

Both the incommensurability of the structural modulation SYNCHROTRON X-RAY DIFFRACTION

and the selective peak broadening of the magnetic reflections
can be explained by the presence of a single domain boun
ary, which breaks the coherence of orbital ordering and o
the Mn"3 magnetic sublattice, while leaving charge ordering
and the M magnetic sublattice unperturbed.

Analysis of the full patterns and of individual reflections
eveals that LasCa, MnO; is metrically orthorhombidi.e.,
#b+#c, a=B=y=90° at all temperatures. These lattice
constants are related to the simple perovskite lattice param-
etera, by a~c~v2a, andb~2a,. The systematically ab-
sent reflections are consistent with the proposed space group
Pnma (No. 62.1% Below ~180 K, a few extra reflections
were observed, which could not be indexed on the basis of
The synthesis procedure for theds£a, MnO; sample is  the original unit cell(see below. As already noted? the
described elsewherfeSynchrotron x-ray powder diffraction lattice parameters display large changes in the region be-
data were collected on the X7A beamline at the NationatweenT. andTy, with a drastic decrease of tlheaxis and a
Synchrotron Light Source at Brookhaven National Labora-corresponding increase of teandc axes. Furthermore, the
tory, using a wavelength of 0.7015 A. Two different instru- lattice parameters display significant hysteresis between
ment configuration were employed in the course of thesdeating and cooling rung-ig. 1). The presence of hysteresis
experiments. On the first set of measurements, which werim this temperature range has already been evidenced by

EXPERIMENTAL DETAILS
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indicate data obtained on cooling and heating, respectively. Error
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width of the magnetization hysteresis loop.
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magnetization and electron diffraction measurem&ttahe 100
cell volume is not hysteretic and shows only a small change
. . |
of slope neaiTy . The region of largest change of the lattice 0 L L - - P
parameters is characterized by a very unusual peak broaden- 1.870 1.880 1.890 1.900 1.910 1.920 1930 1.940

ing effect, which we have interpreted as either a continuous
distribution of lattice parameters with several maxima, which
g\a/lglf:/isa\\?i”rfg ';erggﬁer?éﬁzee’ :)erna;]?halgfgrgrirl;r: ?ﬁeczﬁ;[ﬁnps?(?sci& FIG. 2. Portions of a full-pattern synchrotron x-ray Rietveld
. . refinement pattern for C nO; at 160 K (A=0.7015 A,
herence length for x ray& few thousand A their relative P 22, MNOs ( A

: . . . . including the 202-04Qlower) and 404-080(uppe) Bragg reflec-
proportions varying with temperatut@ This peculiar effect tions. The observed data points are indicated with crogsas

deserves to be discussed in further detail. The Bragg peakgiie the calculated pattern is shown as a continuous line. The
are quite sharp at room temperature and low temperatureg,sitions of the two reflections at 300 and 20 K are indicated with
but, between 250 and 180 K, they develop a pronouncegrows, while those for the four phases employed in the refinements
structure, which is inconsistent with a symmetric particle(see text are indicated with tick marks below the patterns. The
size or strain effect. In our X-ray diffraction patterns, the VerYarrow with an asterisk*) marks the position of a group of Bragg
asymmetric peak broadening is best monitored by observingflections with are accidentally degenerate with the 404-080 dou-
the appearance of extra scattering density between pairs ofet but are absent for the 202-040.

[h 0 h]-[0 2h O] reflections(Fig. 2), the intensities of

which are roughly in a 2:1 rati¢since they arise from the distorted octahedra. This effect may be related to the devel-
splitting of the [h 0 0] reflection of the ideal cubic perov- opment of an incommensurate structural modulatieae
skite). In Fig. 2, portions of a full-pattern Rietveld refine- below).

ment profile for Lg sCa gMnO5 at 160 K are shown for the The existence of charge ordering at low temperatures is
[202]-[040] and [404]-[080] Bragg peaks. It is noteworthy one of the main questions to be investigated by diffraction.
that, apart from the better instrumental resolution of theThe observation of two independent magnetic sublattices by
higher order reflections and the presence of an extra peak dueutron powder diffractiol! has been interpreted as an indi-
to accidental degeneracy, the same profile is qualitativelgation of charge disproportionation between Mnand
reproduced in the two instances, implying that the two patMn™, which would necessarily entail a reduction of the
terns are related by single scale factor. This is consistent crystallographic symmetry fronPnma at least toP2,/m

with either a multiphase modéh our case, four phases were (with the same unit cel] since there must be two inequiva-
employed for the fjtor on any strain-type model, since the lent Mn sites in the unit cell. However, the appearance of
profile reflects the distribution of lattice parameters andnew Bragg reflections would be associated not so much with
therefore depends only on the directi@nd not on the mag- the different charge on the two sites, as with the displace-
nitude of the reciprocal lattice vectors. We conclude that thement of the cations and coordination oxygen atoms, due to
observed effect unequivocally indicates a distribution of lat-the different ionic radii of the two species and the presence
tice parameters in the sample. Since, as we shall see, tlé J-T distortion of the MA®0, octahedra. As a conse-
large anomaly of the lattice parameters is due to the deveguence, in this particular instance, diffraction is much more
opment of a static J-T distortion of the MPfOg octahedra, sensitive toorbital ordering than tocharge ordering Since

the different “phases” may correspond to domains with dif- the smallest nuclear unit cell consistent with the magnetic
ferent degrees of orientational orbital ordering of the J-T-symmetry would result in a doubling of either theor thec

d-spacing (A)
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FIG. 3. Portion of an x-ray synchrotron diffraction pattern for
Lag sCa sMnO; at 20 K. The experimental points are indicated as  FIG. 4. Incommensurability parameter of the superlattice
crosseg(+). The continuous line is a Le Ba{Ref. 22 fit to the  wave vector [1/2—¢,0,0] as a function of temperature for
pattern, obtained using the Bragg reflectiofisdicated by tick  La,sCaygMnO;, as obtained from x-ray synchrotron diffraction
markg generated by the®nma space group(a~c~v2a, and  data atA=1.1418 A (filled symbol$ and, for comparison, from
b~2a,). The presence of two satellite pealsge text for the in-  electron diffraction(open symbols, replotted from Ref. ) 1Zircles
dexing is evidenced in the inset. and squares are heating and cooling runs, respectively. Lines are
guides for the eye.
axis, Goodenough has proposed an ordering ofith&n*3
orbitals in such a way as to form zig-zag chalhén fact, & peng (e.g., 121, 202, and 123These facts indicate that the
few weak and rather broad reflectios0.2° FWHM), not  gisplacements giving rise to the modulation are mainly along
observed at room temperature, were seen in the 20-K patteffe ¢ axis (transverseo the modulation wave vectgrare in
(Fig. 3. These are the same reflections noted in our previougye same direction for atoms along theaxis related by a
papers and are significantly broadened compared to the fuRransiation of~[0,1,0] and involve cations as well as possi-
damental peaks. The positions of these reflections do ngjy oxygen. On the basis of these consideration, a model of
exactly coincide with those predicted on the basis of a unie superstructure was develof&. 5. For simplicity, the

cell with a or ¢ doubled, indicating that the SUperStrUCturesuperstructure is considered to be commensurate. with
cannot be commensurate. For example, the superlattice peak

at ~27° in Fig. 3 is displaced about 0.03° to the left of the .
(¢ 2 3) position, and another peak at 23.7° is displaced c-axis
about 0.06° to the left of thé€2 0 2) position, well outside

the experimental accuracy ef0.005°. However, a satisfac-
tory indexing can be obtained using a slightly incommensu-
rate modulation wave vectpt/2—¢,0,0]. € is ~0.01 at 20 K

and shows a strong temperature dependence with pro-
nounced hysteresis. These results are in excellent agreement
with recently presented temperature-dependent electron dif-
fraction (ED) data on the same systéfED evidences the
existence of a low-temperature phase transition, character-
ized by the appearance of superlattice reflections. However,
the modulation wave vector of the superstructure was found
to be quasi- but not perfectly commensurate and to display
significant variations in length between different regions of
the sample, as well as hysteresis. The incommensurability

as a function of temperature, as determined from our syn-
chrotron x-ray diffraction data and, for comparison, from
ED,*?is shown in Fig. 4.

Some preliminary remarks can be made on the basis of
the positions and intensities of the observed superlattice re-
flections. First, only theg=[1/2—¢,0,0] modulation wave
vector (and not the[0,0,1/2-¢]) is observed, indicating a \
strong coupling between the modulation and the octahedral
tilt pattern!’ Second, no satellite peaks are observed for re- EFig. 5. Low-temperature LaCa,sMnO; superstructure. The
flections withk=2n+1 andl=0 and, finally, the only ob- projection shows tha-c plane. Arrows indicate the displacements
served peaks are associated with strong fundamental reflef the Mn"*O4 octahedra £z) and of the L&l) and L42) atoms
tions to which La and Mn contribute in phase and which(Az’). Unlabeled atoms in the darkest gray shade are oxygen at-
have reciprocal lattice vectors with a significarft compo-  oms.

a-axis
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TABLE I. Atomic positions for Lg sCa sMnO; for the 20-K TABLE II. Least-squares fit of observed and calculated intensi-
modulated structure, based on a doubled celhX®Xxc) with ties for the 20-K modulated structure of L&, sMnO5 based on
P2,/m symmetry and MA® atoms in special positions, La and the positions listed in Table | withAz=0.018(2) and
O(1) in special positions at, 1/4, z and Mn*4 and Q2) atoms in Az’ =0.01(q(1). Estimated errors fof(obg are given in parenthe-
general positions at,y,z. The least squares fit to the x-ray synchro- ses. The values df(calc) were scaled based on a fit to the average
tron data(A\=1.1418 A yields Az=0.018(2) andAz’ =0.010(1)  structure withPnmasymmetry.

(see Table . The average positional parameters were fixed to the
values obtained from a Rietveld fit to the unmodulated structurenkl I (obs I (calo
with Pnmasymmetry, based on the same data. The numbers after

the “x" sign indicate the site multiplicity. 101, 101 0(5) 3
111, 111 0(5) 0
Atom X y z 301, 301 0(5) 1
- 121, 121 24(5) 26
M *3(1) X2 0.0 0.0 0.0 112 112 o) )
M *%(2) X2 0.5 0.0 0.0 321, 321 5(5) 14
Mn X4 0.25 0.0 0.5Az —
La(1) X2 0.26 0.25 0.004 A7’ [302' 302 136(50) 93
La(2) x2 0.76 0.25 0.004 Az’ 122, 122
La(3) X2 0.01 0.25 0.496 501, 501 0(5) 0
La(4) X2 0.51 0.25 0.496 132, 132 0(5) 1
01(2) X2  —0.005 025  —0.065 103, 103 0(5) 0
012 X2 0.495 025  —0.065 502, 502 44(10) 36
01(3) X2 0.245 0.25 0.565Az7 332, 332 0(10) 0
01(4) X2 0.745 0.25 0.565Az [303, 303 7010 56
02(1) x4 0.1375 0.034 0.235A7 123, 123
02(2) x4 0.6375 0.034 0.236A7 701, 701
02(3) x4 0.1175  —0.034 0.725 Az [323’ 353 40(10) 50
02(4) X4 0.6175 —0.034 0.725 Az

ment to be very satisfactory in view of the simplicity of the
a~2xv2a,, c~v2a,, andb~2a, (exact doubling along above model. Based on the value of 0.®&ound for Az,
thea axis) and to haveP2,/m space group symmetry.This  Mn*2 has two long distances in theec plane[2.07 and 2.06
space group can be derived from the aforementioned charg@: for Mn*3(1) and Mn*3(2), respectively and four short
ordered subgroup odPnma (P2,/m withoutcell doubling  distances averaging about 1.92 A, entirely consistent with a
by removing one half of the screw axes and the corresponds-T distortion of the MA®0g octahedra. The shift in the as-
ing centers of symmetry located on the Mnatoms(the  sociated La positionsAz’, is only about half ofAz, and

reason for the MA* and Mn™ labeling will be clear from  presumably reflects the less rigidly constrained coordination
what follows. In the P2,/m structure, the four inequivalent zround the La atoms.

atoms[Mn, La, O1), and @2)] in the Pnmacell are dis-

triblljt.ed among fifteen sets of s_ites, involving a total of 31 NEUTRON DIFFRACTION

positional parameters, as listed in Table I. Although the data

are clearly inadequate for a full refinement of this structure, The observation of an anomaly in the lattice parameters
good results were obtained with a highly constrained modebetweenT. and Ty implies that atomic positions change
based on the average structure withmasymmetry and the significantly. This issue was investigated by refining the
following additional features(i) the four Q2) atoms in the  structural parameters using the Rietveld method. Both x-ray
a-c plane surrounding the Mif atoms were shifted towards and neutron-diffraction data were used for this purpose,
the latter, so as to give a roughly regular undistorted octaheyielding the same qualitative answer, but only the neutron
dron with Mn-O distances of about 1.915 @) the Mn™#Qg  results will be reported in view of their higher accuracy. In
octahedron centered &0,5 was shifted along towards the addition, the complex peak broadening displayed in the re-
Mn™3 atoms at 0,0,0 ang,0,0 by Az, while the Mn"*Os  gion between the magnetic transitions made it difficult to
octahedron centered &j0,5 was shifted in the opposite di- obtain reliable structural parameters for the various
rection (see Table )L (iii) the La1) and L42) atoms were “phases”. Therefore, for the structural parameter determina-
shifted by Az’ in the same direction as the neighboring tion, we used only data obtained at 300 and at 1.5 K, where
Mn*40g octahedra(iv) the Mn*3 and remaining La and the broadening effect is minimal. However, it is clear from
0O(1) atoms were left undisturbed. Integrated intensities werénspection of both x-ray and neutron patterns that a small
obtained for all possible satellite peaks which were reasonamount of untransformed material is still present at low tem-
ably well separated from adjacent fundamental peaks, out tperature, and this was modeled in the fits as a second phase
20=27° (14 peaks in a)land a least-squares fit was carried with lattice parameters close to those of the room-
out with two variable parameterdz and Az'. The scale temperature phase and identical positional parameters. Since
factor was fixed at the value determined from a Rietveld fitthis “phase” only gives a small contribution to the total
to the averag€unmodulateyl structure withPnmasymme-  integrated intensity6.6(2)%] and since its structural param-
try. The results are listed in Table Il and we find the agree-eters were not refined during the fit, we will not discuss it in
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FIG. 6. Rietveld plot of LgsCa, MnO; neutron powder diffraction data at 1.5(K=2.400 A). Symbols are as for Fig. 2. A difference
curve(observed minus calculatei$ plotted at the bottom. The tick marks indicate Bragg reflections for the following plstagtsng from
the bottom: main nuclear phase, residual high temperature phasé?Mmgnetic phase, Mi{ magnetic phaseG-type magnetic phase
(assumed to be from the residual high-temperature ph@ke inset shows a detail of the low-angle region of the pattern. To emphasize the
selective broadening effect, a few nuclear Bragg péhlisas well as magnetic peaks from the Mrand Mn™ sublattices are labeled. The
asterisk marks the position of th&10] reflection, typical of theG-type phasdsee text

detail. It is noteworthy, however, that this minority compo- four Mn-O(2) distances in tha-c plane by~0.04 A, imply-
nent of the sample may display antiferromagnd#dM) ing a J-T distortion of the &pically compressettype. This
ordering different from that of the majority phagssee be- result is completely consistent with the superstructure model
low). At low temperatures, a significant contribution to the discussed above, as the in-plane Mn bond length, averaged
total neutron diffracted intensity is due to magnetic reflec-over thePnmasymmetry operators, will yield for both Mn-
tions, especially in the low-angle region of the pattern. AO(2) bond lengths inPnma essentially the same value,
preliminary set of refinements was carried out based only omhich will be longer than the simple Mn{®) “AFM" bond
the 1.594 A data above 30°. After the determination of thealong theb axis, hence mimicking the presence of an “api-
details of the magnetic structu¢see below, both 1.594 and cally compressed” octahedron. These results clearly demon-
2.400 A data were simultaneously used in the refinemenstrate that there is close link between the lattice parameters
procedure. On the basis of the x-ray diffraction results, weand the presence of J-T distorted M, octahedra with the
would expect the appearance of nuclear superlattice reflect? orbital oriented in the-c plane. This supports the inter-
tions in the neutron-diffraction patterns as well. In fact, thepretation of the multiple “phases” with different lattice pa-
strongest nuclear peak predicted on the basis of the aforeameters observed by x-ray diffraction betw@gnand T as
mentioned quasicommensurate superstruc(lirg-s,2,2 is  different stages of the development of orientational orbital
visible near 67°(for A=2.400 A as a small hump in the ordering. It should be remarked that conventional diffraction
difference curve, even after accounting for all the magnetidechniques, being sensitive to thgeragestructure, are un-
reflections(Fig. 6). However, the scattering at the superlat- able to unambiguously determine the nature of the high-
tice positions is dominated by the much larger magnetic retemperature structure, which may contain either undistorted
flections, leading to instabilities in the refinements based owr orientationally disordered MnQoctahedra(either stati-
the lower symmetry of the quasicommensurate structuresally or dynamically. This ambiguity could be resolved only
namelyP2,/m. Therefore, subsequent refinements based oby employing techniques which are sensitive to the local
neutron-diffraction data were carried out in the higher sym-structure, such as extended x-ray-absorption fine structure or
metry Pnma space group, characteristic of the structurepair distribution function analysis.
above the transition. It should be clear that this procedure The magnetic reflections in the low-temperature neutron
will yield only a structure averaged over the symmetry op-powder diffraction patterns may be indexed on the basis of
erators of thePnma space group. The corresponding the a~c~2xv2a, and b~2a, unit cell, previously pro-
Lag <Cay sMnO; structural parameters at 300 and 1.5 K areposed by Wollan and Koehlé?. The magnetic structure,
reported in Table Il and selected bond distances and angldsiown as CE-type, is characterized by two Mn sublattices.
are reported in Table IV. As we have seen, based on the sizes and the distortions of the
The most significant difference between the room-octahedra on the inequivalent Mn sites in the modulated
temperature and low-temperature structures is in the Mn-Qtructure(orbital ordering, there is strong circumstantial evi-
bond lengths. At room temperature, the octahedral coordinadence for charge ordering in this system. Furthermore, as we
tion of manganese with oxygen is almost undistorted, withshall see in further detail, all the neutron observations are
six equal Mn-O distances. At low temperatures, the two Mn-consistent with the charge ordering beisgmmensurate,
O(1) distances(along theb axis) become shorter than the long range andcoupled with the magnetic orderind\s a
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TABLE lll. LayCa sMnO; structural parameters at 300 and TABLE IV. Selected bond distances and angles for
1.5 K, as determined from Rietveld refinements based on neutroba, :Ca, gMnO;, as obtained from Rietveld refinements of neutron
powder diffraction data. A single wavelength.594342) Al was  powder diffraction data. Numbers after the multiplication sigt
used for the 300-K data, while, for 1.5 K, data obtained at twoare bond multiplicities. Estimated errors are in parentheses.
wavelengthg1.594342) and 2.3997@8) A] were simultaneously

refined. The space groupnma(No. 62 was used at both tempera- Parameter T=300 K T=15K
tures (see text The atomic sites are: La/CacElx,;ll,z]; Mn
4a[0,0,0]; O(1) 4c[x,3,z]; O(2) 8d[x,y,z]. The fractional occu- Mn-O(1) (A)x2 1.94063) 1.91483)
pancies were fixed to 0.8or La and Ca and 1 for all the other Mn-0(2) (A)x2 1.9442) 1.9541)
atoms, and not refined. Numbers in parentheses are statistical errors 1.9482) 1.9591)
in the last significant digit. La/Ca-Q1) (A)x1 2.8813) 2.9042)
2.591(2) 2.5932)
Parameter T=300 K T=15K 3.0262) 3.0762)
aA) 5.42481) 5.446@3) 2.4172) 2.4102)
b (A) 764702 7.52474) La/Ca-02) (A)x2 2.6332) 2.5921)
¢ (A) 5.43551) 5.47633) 2.7161) 2.7281)
V(A 225.48%9) 224.442) 3.0881) 3.0641)
La/Ca X 0.01953) 0.01943) . 2.4432) 2.4422)
. 0.49524) 0.49642) 0O(1)-Mn-0O(2) (°) 89.797) 89.406)
U(R?) 0.00992) 0.009G3) 89.946) 89.816)
Mn U(A?) 0.004G3) 0.00175) 90.217) 90.606)
o) x 0.49264) 0.49054) . 90.016) 90.196)
Z 0.56083) 0.56452) 0(2)-Mn-0(2) (°) 90.941) 91.251)
U,(A? 0.0141) 0.008G9) . 89.041) 88.751)
U,4A?) 0.00576) 0.00547) Mn-O(1)-Mn (°) 160.239) 158.518)
Uy A2 0.01257) 0.01478) Mn-O(2)-Mn (°) 161.656) 161.935)
Uq5A? 0.00088) 0.001(1)
02 ; 8:5;2?3 832233 we wiII_assume the propagation vector of the 1\?_1mnagnetic
. 0.22342) 0.22712) sublattice to be parallel to theaxis. R|etvelq reflnements of
2 : ' the low-temperature neutron powder diffraction patterns
Ul 2) 0.00835) 0.00316) clearly indicate that the magnetic moments are predomi-
UZZ(AZ) 0.01444) 0.00564) nantly oriented in the-c plane but there is a certain degree
U33(A2) 0.01085) 0.02618) of ambiguity in the determination of the spin directions
U1oA%) —0.00246) —0.00138) within the a-c plane. For Mii3, thex andz components of
U1gA?) —0.00454) 0.001G4) the magnetic moment could be refined separately, but the
Up4A%) —0.00217) —0.00288) same could not be done reliably for the Mnsublattice and
R, (%) 454 588 the_: latter were therefore constrained to _be parallel tocthe
R(Ez) (%) (\=1.594 3.69 946 axis. The refined values of the magnetic moments are re-
R(F?) (%) (\=2.400 465 ported in Table V Although the CE—pre structure accounts
5.803 6.578 for the great majority of the magnetic reflections, at 1.5 K,
% or both histograms. TABLE V. Refined magnetic moment components of the'Mn

and Mn" sublattices, for Lg<Ca sMnO; at 1.5 K. The magnitudes

consequence, we will still label the two magnetic sublattice®f the magnetic moments areuy,+:=2.98(2) and uyn+s
“Mn ™3 and “Mn **' as in the original paper by Wollan =2.572). Thesite coordinates are expressed as fractions of the
and Koehlert® The magnetic structures of the two sublattices2@*P* 2¢c magnetic cell. The Shubnikov symmetry B:2;/m
have different propagation vectofg;0,] for Mn*4 (U point ~ (Ref. 19.

of the first Brillouin zong and[0,0,3] or[3,0,0] for Mn*3 (Z
or X point of the first Brillouin zong In view of the pro-
nounced broadening of the MAreflections(see below itis  gjtes
not possible to resolve the ambiguity between the two propa
gation vectors directly from the data. However, space grou@
considerations make it very natural for the Mnmagnetic
propagation vector to be perpendicular to the structurad
modulation wave vectdil/2—¢,0,0]. In fact, in this case, the 3
space group of the ideally commensurate structural modulas
tion (P2,/m with 2axbXc) would coincide with the uni- 3
tary group associated with the Shubnikov group of the mage
netic structure(P,.2,/m with 2axbXx2c for spins in the 1
a-c plane, as discussed beltw Therefore, in what follows,

Mn ™3 sublattice Mr# sublattice

Mx Mz sites Mz
1.019) 2.804) 2.572)

—1.01(9) —2.804) —2.572)

BIWAIWBIR AR BIWAIWDBIF A
O O NIkENIENENE O O
Bl BIRBW AR AW BWAIE
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there is evidence for a small magndtid0)/[011] reflection,
which is typical of the so-calleG-type phase, in which there
is AFM coupling in all direction¥’ (this peak is absent at 50

K, but is present at 1.5 K for both the 1.594 and the 2.400 A ~ . ~

data sets, and cannot therefore be dug/focontamination 1 1 ]

Should this additional magnetic component be attributed to e 3 -

the majority phase, it would correspond te0.3ug/Mn Z B C &

atom. An alternative explanation, which we believe to be ’ l: 7

more likely, is that this magnetic signal should be attributed \KJ J
to the minority phase. y’ ™y oy

A striking feature of the LgsCa, sMnO; magnetic struc- ~ AN
ture, as revealed by the neutron powder diffraction data, is e\ , ,

the presence of two different coherence lengths for the two p -
magnetic sublattices. The low-angle portion of the full- _:; — Vaas
pattern Rietveld refinement profile for §&Ca gMnO; at

1.59 K (2.400 A data is shown in Fig. 6. It is clear by 2

inspection that, while the nuclear peaks and the magnetic E ‘,‘— +
Bragg peaks associated with the Wn sublattice are - -
resolution-limited, the Mi® reflections are significantly

broadened. This broadening can be satisfactorily modeled

using a particle-size-type Lorentzian term, from which, using

the simple Scherrer formula, a magnetic domain size of up down
~310 A can be calculatedor if an anisotropic model is @ © Mmnt AFM
used,~250 and~450 A in the directions parallel and per- © ® Mn® e FM

pendicular to the axis, respectively®® On the contrary, the

coherence length of the Mft magnetic sublattice is compa- G, 7. Proposed model for the structural/magnetic domain
rable to that of the nuclear structure, i.e:>2000 A. This  poundary responsible for the incommensurability of the structural
result is most intriguing, since it indicates that the two inter-modulation and for the selective coherence lengths effects on the
penetrating magnetic sublattices have quite different cohefmagnetic structure. The projection shows e plane(orientation
ence lengths and implies the presence, in the magnetic struig-the same as in Fig.)5Filled and empty circles are M and
ture, of domain boundaries capable of breaking themn™, respectively. Plusest) and minuse$—) indicate the direc-
coherence of the MiT sublattice, while leaving the Mi#  tions of the spingactually oriented in the sameec plane. Arrows
sublattice unperturbed. It is not difficult, however, to showindicate the direction of the displacements giving rise to the struc-
that several such domain boundaries can exist: among therwral modulation. AFM and ferromagnetic couplings are indicated
a “twin” boundary, at which there is a change by 90° in the with continuous and dashed lines, respectively. The domain bound-
direction of the Mn*® propagation vector with respect to the ary is indicated with a horizontal dotted line.

crystallographic axes and a “spin-flip” boundary, that re-

verses the directions of the spins on the Msublattice. The netic lattice is not perturbed through the domain boundary.
striking similarities between theseagneticdomain bound- However, the directions of the spins on the Mrsublattices
aries and thestructural domain boundaries, which were re- are reversed, and the phase of the structural modulation wave
cently observed by electron diffraction and imaging, strongly(indicated by arrowsis abruptly changed byr. Therefore, a
suggest that these structures actually coincide. Since trgingle type of defect is able to explain both the incommen-
Mn™3 propagation vector is probably coupled magnetoelassurability of the structural modulation and the selective co-
tically rather strongly to one of the two inequivalent in-plane herence length effects on the magnetic structure.
crystallographic axe& or c), the magnetic twin boundaries

are likely to be associated with the structuaat twins and

also with the charge ordered dom&®OD) boundaries, ob- CONCLUSIONS

served by ED? On the other hand, the magnetic “spin-flip” The early work on LgsCa gMnO; established a fairly
boundaries are likely to coincide with the much more finelysimple picture of this system, in which magnetic ordering
spaceddiscommensuratiorDC boundaries, which are re- was associated with commensurate charge ordering, through
sponsible for the incommensurability of the structurala separation of Mf® and Mn"™* onto two interpenetrating
modulation'? This hypothesis is confirmed by the fact that commensurate sublattices and with commensurate orbital or-
the relationship between the incommensurabilitand the  dering. A comparative evaluation of our x-ray and neutron
domain sizeL (L=2w/pe, with p=2 (Ref. 2) and diffraction results, as well as recent ED data, clearly indi-
£~0.009 at 20 K would yield L~350 A, which is very cates that this scenario is oversimplified and that the true
similar to the magnetic coherence length found for the'RIn nature of this system is considerably more complex. The
sublattice. In Fig. 7, we depict a model for such a magnetiadegion betweef - and T is characterized by a rapid change
and structural domain boundary. It can be seen that, at thef the lattice parameters, associated with the development of
domain boundary, there is no loss of coherence for the J-T distortion of the octahedra as well as partial orbital
charge and magnetic ordering into “M#’ and “Mn **" ordering, by which the average angle between the long
sublattices. Likewise, the spin structure of the Mmmag-  Mn-O bond (d2 Mn orbital) and theb axis gradually ap-
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proaches 90°. The different “phases” observed by x-ray dif-structure, are distributed among three crystallographically in-
fraction (characterized by different values of theaxis) are  equivalent sites in the ideally commensur&2,;/m super-
likely to be discrete intermediate stages in this process. Astructure: for two of these sites, each having twofold multi-
the same time, ED indicates that, in the same temperatunglicity (Mn*3), the coordination oxygen atoms form strongly
range, there is a certain degree of incommensurate orbitdtT distorted octahedra, whereas the other site, with fourfold
ordering in thea-c plane as well. Belowl, the observation multiplicity, (Mn**) has almost undistorted coordination.
of satellite peaks by x-ray diffraction, as well as the ED andThe systematic broadening effect on the magnetic reflections
real-space imaging evidence, indicate that orbital ordering imssociated with the Mt sublattice can be explained by the
the a-c plane locks into a quasicommensurate propagatiopresence of finely spaced “magnetic spin-flip” boundaries,
vector at sufficiently low temperatures, characterized by thavhich break the coherence of the Nfhmagnetic sublattice
presence of phase-breaking discommensuration boundaridsut not that of Mi*. These structures are likely to coincide
Structural refinements based on the integrated intensities ofith the DC boundaries, which would therefore break the
the satellite peaks allow the formulation of a plausible modekoherence of the orbital ordering but not that of the charge
for the superstructure, in which the symmetry lowering isordering. This constitutes indirect evidence that the charge
obtained by correlated displacements of cations and oxygewrdering modulation has the same very long coherence
The Mn atoms, which are symmetry-equivalent in Blema  length as that of the Mi magnetic sublattice.
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