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The structural phase diagram of the,LaSr,MnO; system in the compositional range 0s98<0.125 has
been investigated by high-resolution synchrotron x-ray powder diffraction techniques betwe&@K.
Recent studies have reported that there is an unusual reentrant-type phase transition in this range involving an
abrupt change in lattice parameters but no change in the crystal symmetry, which remains orthorhombic
Pbnm The transition to the reentrant phase is from a ferromagnetic metallic to a ferromagnetic insulating
phase with some unusual properties. Our results demonstrate that for samples-@ifli—0.125 there exist
two lower-symmetry structural regions having monoclinic and triclinic symmetry, respectively. There is a
sharp first-order transition from the monoclinic to the triclinic phase coinciding with the transition to the
ferromagnetic insulating phase, and an abrupt crossover from the orthorh®&hhim region with a near-
vertical phase boundary just belox=0.11. The new phases indicate the presence of some novel type of
orbital ordering unlike that found in LaMnQO
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[. INTRODUCTION a weak antiferromagnetic component with théype mag-
netic structure similar to that found in LaMge® In another
Since the recent discovery of colossal magnetoresistanggeutron diffraction study of crystals witk=0.10 and 0.15,
in doped rare-earth manganate perovskites of the typ¥amadaet all’ observed that the FMI phase gave weak su-
La, _,A,MnO; (A= Ca,Sr,Ba)! there has been an enormous perlattice peaks which they attributed to long-range ordering
amount of attention focussed on the relationships amongf Mn** ions over 1/8 of the Mn sites, and this type of
magnetic, electrical, and structural properties, especially wittfharge-ordering scenario has been accepted in most subse-
respect to the delicate and complex balance between charg@/ent publications in the literature. However, a recent neu-

orbital, and magnetic ordering. Considerable progress ha&on and synchrotron x-ray study of a crystal witk-0.12
been made in understanding the physics of these material'g‘,"ls demonstrated that conventional charge ordering does not

and it is now widely accepted that although the traditional®ccur: and that the key parameter in the transition to the FMI
double-exchange mechanism originally proposed byPhase is the orbital degree of freedom of dyeelectrons®*

zenet s qualtaiuey aie o account for th feromagy  T1€, Dreset paper descrbce e fesuts of 3 o
netic metallic(FMM) state observed at intermediate doping y yp Y

levels ofx~0.2—0.458 it is not capable of explaining many out on several compositions in the range 0.08-0.125.

f the oth i dt . fsome | The samples were obtained from fragments of crystals grown
ol the other magnetc and transport propertisnme impor- exactly the same way as the one used by Eneloal 1®

tant recent advances have been the reco%gtion of the IMPOie resuits demonstrate the existence of two previously un-
tance of electron-phonon coupling effects,calculations  yeported lower-symmetry phases with monoclinic and tri-

which show a tendency for these materials towards phasginic symmetry respectively in this region of the phase dia-

separatiort®** and the application of x-ray resonant scatter-gram, separated by a sharp boundaryxat0.11 from the

ing techniques as a probe of orbital ordertAgn the case of  JT_ordered LaMn@type orthorhombic phase which exists
LaMnQ;, such techniques have provided direct evidence oft |ower values ok.

the orbital ordering of distorted Mnoctahedra associated

with a cooperative Jahn-Tell&dT) effect previously inferred

on thte_z basis of bond distances obtained from structure deter- Il. STRUCTURAL CONSIDERATIONS
minations.

One of the important and intriguing remaining questions Before describing the results of the present study, we first
is the nature of the ferromagnetic insulati(fgMl) phase in  review briefly some of the relevant structural literature. The
lightly doped La_,SrMnO; with x~0.10-0.152* A usual ~ room-temperature structure of the parent compound LajnO
feature of this phase is that neutron diffraction measurementsas been reported by several groups to have a distorted per-
have shown that fok=0.125 there is first a transition to a ovskitelike structure with orthorhombi®bnm symmetry,
FMM phase from the paramagnetic insulatif®M|) state at and lattice parameters~ 22X ay, b~\2xa,, c~2Xa,,
higher temperatures, followed by an abrupt first-order transiwherea, is the parameter of the ideal cubic latti¥e? As
tion to the FMI phasé}**accompanied by the appearance ofdescribed in a detailed neutron powder diffraction study by
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Rodriguez-Carvajakt al,?® the structure has lattice param- La. SFMnO. T=300K X\=0.8000A
etersa=5.5367,b=5.7473,c=7.6929 A, and is character- e °
ized by an octahedral tilt arrangement of the typea ¢*
(Ref. 24 and antiferrodistortive orbital ordering in theb
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plane associated with a cooperative JT effect, resulting in _¢ = ST
two long Mn-O bond distances of 2.18 A and four shorter B[ S
ones (2<1.91 and % 1.97 A). Because of the orbital or- ol
dering, the spontaneous orthorhombic straim the basal 3
plane [defined ass=2(a—b)/(a+b)] is unusually large Sk
( about —3.7%) in LaMnQ@ compared to that in most ° of
Pbnmtype perovskites, and theaxis is significantly short- _& —
ened €/\/2=5.4397 A). The orbital ordering disappears at ok ol
~750 K, above which the lattice is metrically cubic. How- § ° § 3
ever, Rietveld refinements show that the octahedral tilt angle@& [ ®
decreases very little through the transition, and the structuregg 897
is still unequivocally orthorhombic. At-1010 K thereisa 2"} > I
further transformation to a rhombohedral structure ViRB8t _qg_, _é ©

c C

symmetry, but thisR3c phase will not be of any concern in
the present paper. The JT-ordered structure is usually desic
natedO’, and the “pseudocubic” disordered structu@eor

O*. The latter notation will be used hereatfter.

In contrast to the LaMn@ samples used in the other
structural studies, which were prepared by conventional
solid-state synthesis, the one used by Rodriguez-Carvaja
et al?® was prepared by crushing single-crystal ingots grown
by the floating-zone method. They emphasize that the struc .
tural properties are very sensitive to the amount of*fn 16.2
introduced during synthesis; for example, the spontaneous
orthorhombic strain decreases, thearameter increases, and  FG, 1. Peak profiles of the pseudocutld0) and(200) regions
the transition temperatures to the pseudocubic and rhomb@t 300 K for the five nominal compositions=0.08,0.10,0.11,0.12,
hedral phases decrease quite rapidly with increasing"Mn and 0.125. Peaks from the minority phases are indicated with aster-
content. isks. Note the splitting of thé112) reflection forx=0.11.

The influence of oxygen partial pressure and the forma-
tion of Mn** during the synthesis of ceramic samples waswho found the low-temperature reentrant phase existed only
earlier discussed by Mitchet al® in an investigation of  in the narrow range of composition 04&<0.14.
the room-temperature structural phase diagram of |n the meantime, Yamadet all’ reported a neutron dif-

La; xSKMnOs, 5. For x<<0.125, oxygen partial pressures fraction study of single crystals wita=0.10 and 0.15, in
p(0,) of <10 2 are needed to stabilize tfebnm phase. which they noted the appearance of superlattice peaks in the
These authors also report that LaMp@repared under a FM| region which could be indexed in terms of a doubling of
p(0,) of <1072 has a monoclinic structure witR2;/c  the orthorhombicc axis. They proposed a model structure
symmetry, with lattice parameters and atomic positions veryonsisting of alternating layers of M ions ordered on 1/4
similar to those of the orthorhombRbnm structure?® of the Mn sites interleaved with layers of orbitally ordered

The variation of room-temperature lattice parameters inrvin3* ions similar to those in LaMng but did not provide
single crystals of La_,Sr,MnO; with increasingx is nicely  any quantitative intensity data in support of this model.
illustrated in Fig. 1 of Urushibarat al,** which shows a Similar superlattice peaks were observed in a high-energy
rapid decrease in spontaneous orthorhombic strain and aiynchrotron x-ray study of crystals wii+ 0.125 and O_]_é(,)
increase inc/\2 up to x=0.1, a pseusocubic cell at  and in a recent neutron and synchrotron x-ray study of a
=0.15, and a transition to the rhombohedral structur& at crystal withx=0.128 A striking result of the latter study
=0.175. The electronic phase diagram shows a narrow FMlvas that x-ray resonant scattering techniques revealed the
region betweerx~0.10-0.15 at temperatures below150  existence of orbital ordering in the FMI region below 145 K.
—200 K. Subsequent neutron diffraction studies on sampleslthough this behavior shows a resemblance to that reported
with x=0.125 (Refs. 15,27,2B revealed a very unusual for LaMnO;,*? there is a very significant difference, namely
structural transition around 150 K from a JT-distort®d  that a resonant signal wamt observed in the JT-distorted
phase to a pseudocubic structure metrically similar to that ategion above the transition, bonly in the pseudocubic re-
300 K and designate@* by Kawanoet al,'® who described entrant region. Thus, the nature of the JT-type order in the
this as a “reentrant” transition, and presented schematiéntermediate region is clearly different from the
structural and magnetic phase diagrams. A more detaileds,2 ,2/dsy2_,2)-type orbital order in LaMn@ Further
structural phase diagram was reported by Pinsstrdl,?®  evidence for such a difference is provided by the spin-wave
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dispersion measurements of Hirq_:[taal,,31 who found a di- TABLE I. Indices of split peaks derived from a cubic perovskite
mensional “crossover’ at arounck=0.1 from the two- cell with lattice parametea, in a distorted cell witha~ V2% a,
dimensional state in LaMn{to a three-dimensional isotro- b=~+2xa,, c~2Xay, as the symmetry is successively lowered to
pic ferromagnetic state. Endoét all® also note that the orthorhombic, monoclinic and triclinic. The relative intensities
superlattice peaks do not show the expected resonance fe#thin each group are approximately equal to the multiplicities of
tures characteristic of charge-ordering. Thus although ther#e powder reflections given in parentheses.

is clearly some kind of structural modulation along the _ i — —

axis, it cannot be attributed to conventional charge or orbitaf*uPic Orthorhombic Monoclinic Triclinic

ordering. Furthermore, magnetization measurements show (a,B,y=90°) (a#90°) (@, ,y7#90°%)
clearly that the low-temperature ferromagnetic phase is sta- 110(2)
bilized by the application of a magnetic fielt);**whereas a 104 - 1104 <
charge-ordered structure would be expected to melt in high 170 @)
magnetic fields. The experimental features of the transition
are well accounted for by a theory in which the orbital de-100 ® <
gree of freedom is considered in the presence of strong elec- 002(2) - 002 - 002(2)
tron correlations?’ and Endotet al.*® conclude that it is this 2002 - 2002 -  200(2
orbital degree of freedom which is the key parameter in the 020 (2) - 0202 - 020 (2)
transition.
110 112(12)
lll. EXPERIMENTAL DETAILS < 112(4) <
. . . . (12 112 (2)
Single crystals of La ,Sr,MnO; with nominal composi- 112(8) -
tions x=0.08,0.10,0.11,0.12, and 0.125 were grown in a —
floating-zone furnace. For subsequent powder diffraction _ 112 (2)
studies, particular attention was given to the preparation of 112(4) =<
suitable samples in order to minimize possible broadening of 112 (2)
the peak profiles due to induced microstrain or too small a
particle size. Small fragments of the crystals were crushed 202(2)
and lightly ground in an agate mortar under acetone, and the 202(4) - 202(4 < o
fraction retained between 32500 mesh sieves ~38 202 (2)
—44 um) was loaded into an 0.2 mm glass capillary which
was then sealed. High-resolution synchrotron x-ray data weréll (8) < 022(2) - 022(2)
collected on several different occasions at beamline X7A at 022 (4) <
the Brookhaven National Synchrotron Light Source with a 0222 - 022 (2)

flat G€220) analyzer crystal, set for a wavelength between
0.7-0.8 A. With this diffraction geometry, the instrumental
resolution over the & range 5-30° is 0.005-0.01° full  the identification of coexisting perovskitelike phases with
width at half maximum(FWHM), an order-of-magnitude low symmetry and similar lattice parameters.
better than that of a typical laboratory diffractometer. In  The crystal symmetry of a distorted perovskitelike struc-
some cases, extended data sets were obtained with a lindaire can be determined uniquely from the characteristic split-
position-sensitive detector, which has the advantage of givting of the pseudocubichQ0), (hh0), and fihh) peaks. As
ing greatly improved counting statistics but with lower reso-mentioned above, the parent compound LaMm@s ortho-
lution (FWHM =0.03°). rhombic Pbnm symmetry, with unit cell dimensiona

For low-temperature runs the capillary was mounted in a~+2xa,, b~\2xa,, c~2xa,, Wherea, is the edge of
closed-cycle helium cryostat, and scans were made over s#ie simple cubic cell, and the split peaks have the indices and
lected angular regions with a step-size of typically 0.005° relative intensities listed in Table I. For lower crystal sym-
During each counting interval, the sample was rocked ovemetries, additional splittings of some of the peaks occur, as
several degrees, which is essential to achieve powder avewill be described later. Another feature of the distorted
aging over crystallites of this size. For runs above room temPbnmstructure is the appearance of weak superlattice peaks
perature, the capillary was mounted in a wire-wound bororresulting from a combination of octahedral tilts and shifts of
nitride tube furnace, and rotated continuously at about 1 Hzhe largeA-site cations from the ideal cubic positions. The
during data collection. Data were collected over regions cor{021) superlattice peak is especially significant in this re-
responding to the pseudocubi@00), (110, (111, (200,  spect, since it provides the means to uniquely identifylthe
(220, and(222) reflections, and also the orthorhomlio@21) parameteifthe corresponding202) reflection being forbid-
region on selected occasions. Least-squares fits to the obden in Pbnm for symmetry reasorjsand is well resolved
served peak profiles were made based on a pseuso-Voiffom the adjacent fundamental reflections. It cannot be over-
function with appropriate corrections for low-angle asymme-emphasized that for the very small distortions observed in
try due to axial divergenc®. This procedure provides an some of these materials, extremely high resolution is needed
accurate description of the peak shapes, which is crucial fofor a correct assignment of the crystal symmetry. The task is
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TABLE II. Lattice parameters and unit cell volumes at 300 K for the majority and minority phases in
La; ,Sr,MnO; with nominal compositiong=0.08,0.10,0.11,0.12, and 0.125. The ratios of the majority and
minority phases were estimated from the relative intensities of the) (@A) pairs of reflections, and the
x-ray compositions were derived from these ratios and the unit-cell volume as described in the text. The
temperature of th©* — O transition was chosen to be where the sharpest decreasedtetiiee parameter

occurred.
X X Ratio a b c a Vol. Toxo Tut
(x ray) (R) (R) (R) (°) (A3 (K) (K)
0.08 0.079 80 % 5.5509 5.6549 7.7226 90.0 242.41 550
0.083 20% 5.5510 5.6476 7.7280 90.0 242.27 530
0.10 0.102 75 % 5.5469 5.6033 7.7362 90.0 240.45 435
0.095 25% 5.5472 5.6212 7.7308 90.0 241.07 455
0.11 0.110 95 % 5.5486 5.5743 7.7494 90.114 239.69 320 105
0.107 5% 5.5457 5.5828 7.7541 90.0 240.07 >325
0.12 0.125 75 % 5.5421 5.5379 7.7842 90.0 238.91 295 140
0.112 25% 5.5459 5.5734 7.7485 90.120 239.50 320 120
0.125 0.125 100 % 5.5437 5.5257 7.7929 90.0 238.72 280 140

8 stimated from lattice parameters at 325 K.
b_attice parameters from interpolation between 295 and 305 K.

further complicated by the coexistence of two phases in modb differences in oxygen content or to fluctuations in Sr con-
of the samples. centration in different parts of boule. In either casshould
be interpreted as the M content or hole concentration, but
IV. RESULTS only on a relative scale, since the actual oxygen stoichiom-
. etry of the as-grown sample is not known precisely. The
Some representative scans at 300. K over the pseudc_)cuqlgttice parameters and compositions derived from the above
(110 and (200 regions are shown in Fig. 1 for the five . '
o . rocedure are summarized in Table Il and plotted as a func-
compositions. It is clear from these scans that the sampl€s

with x=0.10 and 0.12 contain substantial amounts of a sect—Ion of xin Fig. 2. These resultisgre qualitatively similar to
l,>"i.e.,b decreases sharply,

ond phase with slightly different lattice parameters. Further-thqSe reported by Urushlbaeaa .
more, a careful analysis of the pseudocut®60) peak pro- C Increases falrl_y r_apldly, _anda decreases slowly v_wth
files reveals that there is also a second minority phase in thECréasing x. It is interesting to note that there is a
samples wittx=0.08 and 0.11, and that only the=0.125 crossover” at ~300 K for thea and b parameters ak
sample can be considered to be single phase. However, tfie0-12, signifying a change of sign in the basal-plane strain
most striking feature in Fig. 1 is the splitting at the ortho- S=2(a—b)/(a+b), corresponding to the disappearance of
rhombic (112) position forx=0.11 into two roughly equal JT-type orbital ordering. The rapid changetods a function
components, which is conclusive evidence of a lower symof x is reflected in a tendency for tl{620) peak to be some-
metry (Table ). Analysis of the complete set of peak profiles what broadened with respect to the others, as can be seen in
for this material revealed the true symmetry to be mono+ig. 1 forx=0.08 and 0.10, for example. From the measured
clinic. An approximate estimate of the phase fractions in thepeak widths it is possible to estimate the compositional fluc-
two-phase samples was obtained from the relative intensitigsiationAx to be 0.00% 0.002(FWHM) after correction for
of the two sets of peaks and consideration of the predictethstrumental resolution.
intensity ratios in Table I. Several sets of measurements were carried out as a func-
The lattice parameters at 300 K were determined frontion of temperature in order to map out the features of the
least-squares fits to the peak positions for each of the fivstructural transition. For nominalk=0.08, JT-type orbital or-
samples, including the minority phases. If the nominal com-dering transitions occurred for the majority=€0.079) and
positions of the samples are assumed to be correct, a fairlypinority (x=0.083) phases at 550 and~530 K respec-
accurate estimate of the “true” compositions in the two- tively, as inferred by a sharp downturn in tleeparameter.
phase samples can be obtained from the estimated phab® indication of any reentrant behavior was observed down
fractions and either the variation of theparameter or the to 20 K. The variation of the lattice parameters of the
unit-cell volume, both of which are quite sensitive to small =0.079 phase was qualitatively similar to that of LaMyf®
changes inx. The coexistence of two phases in crystalsbut the maximum strais was much less, about 2.0 % vs.
grown by the floating-zone technique can be attributed either- 3.7 %. Similar behavior was found for nomine# 0.10, in
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- . . FIG. 3. Peak profiles of the pseudoculfid1) and (200 scans
5450 . ) . . A . . . ] for the nominal compositiox=0.11 at three temperatures, 325,
"0.05 0.10 0.15 200, and 20 K, showing the evolution of the monoclinic and tri-
hole concentration x clinic phases from the orthorhombic one.

FIG. 2. The variation of lattice parameters for the five nominal . . .
compositionsx=0.08,0.10,0.11,0.12, and 0.125. The estimated “x- reflections derived from the forbidden orthorhomiz01)

ray” compositions are derived from the unit-cell volumes based on"eerCtIon were also absent in the lower symmetry phases.

the assumption that the actual overall composition is the nominaf N€S€ assignments are consziYStztgant with those reported in pre-
one. vious studies of x=0.125""“" The orthorhombic-to-

monoclinic phase transformation occurs over a coexistence

which orbital ordering transitions were observed for the ma+ange of abou5 K centered around 320 Kig. 4), at which
jority (x=0.102) and minority X=0.095) phases at 435 point the two phases are present in roughly equal propor-
and ~455 K respectively, with values afof —1.2% and tions, and there are small but abrupt changels, iy anda,
—1.5% respectively at 20 K. respectively, indicative of a weakly first-order transition. In

The behavior of the nominat=0.11 sample was strik- the coexistence region there are small changésandc for
ingly different, as illustrated by the scans of the pseudocubi®oth phases which can be attributed to compositional fluc-
(111 and (200 reflections shown in Fig. 3. At 325 K the tuations withAx~0.002. No hysteresis was observed within
peak splittings and intensity ratios confirm that the symmetryan experimental accuracy ef1 K. Between 326-150 K,
is orthorhombic(Table ). Between 320—105 K, the separa- there is a smooth increase manda, and a decrease io
tion between the220) and (004 peaks is approximately indicative of a cooperative JT ordering, but the orthorhombic
doubled, indicative of a cooperative JT ordered structure irstrains is much less than in LaMnQ Below 150 K there is
the ab plane, and the(022) reflection is split into two @ slight downturn irb and upturn irc, followed by an abrupt
roughly equal peaks, consistent with the monoclinic symmechange at~-105 K associated with the reentrant-type transi-
try noted above. Quite remarkably, in addition to the abruption from monoclinic to triclinic symmetry. There is coexist-
change in lattice parameters previously repdré@2®3® ence of the two phases over5 K, with a hysteresis on
there is another distortion of the lattice below 105 K, clearlyheating of~2—3 K. The behavior shown in Fig. 4 is quali-
shown by the splitting of th€220) peak into two compo- tatively similar to that previously reported for samples with
nents with about the same intensity. Determination of thex=0.1252"2° but the reentrant-type transition is much
crystal symmetry is complicated by the large number ofsharper in the present sample.
peaks and the high degree of overlap, but from a careful It is interesting to note the behavior of the very weak
analysis of the peak positions and intensity ratios it is pos{220) peak from the minority phase witk 0.107, which is
sible to conclude that the structure must be triclinic. well resolved at 325 K and below 105 ¢as shown by as-

The variation of the lattice parameters and cell volume agerisks in Fig. 3, and just discernible as a small shoulder in
a function of temperature is shown in Fig. 4. In order tobetween. There is very little change in the position of this
differentiate between tha and b axes it was assumed that peak over the whole temperature range, and it is accordingly
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Lag ggSrg MO, (JT-ordered monoclinjc andT (triclinic). Also tabulated are
M T T T the basal-plane straswhich is seen to be positive in ti@*
T [ Triclinic Monoclinic gy Ortho. ] andT regions, but negative in th®}; andM j; regions. The
e [[ = Heating . u " 1 assignment of triclinic symmetry to the=0.125 sample at
E o3oll Coolingﬁpﬂ = v ] 75 K must be regarded as very tentative, since it relies
° - mainly on the decomposition of th@20) profile into two
% [ . a % ] peaks.
o : Based on the temperature dependence of the lattice pa-
238 [ rameters of both the majority and minority phases, it is pos-
< 902F. I ﬁ " . sible to construct a revised structural phase diagram in this
3 [ 4 fs e N N L ] narrow region of composition, as illustrated in Fig. 5. This
- I g ? ] new phase diagram contains the essential features of the ones
L 900 o« o . proposed by Kawanet all® and Pinsaret al,;?° in particu-
Z [ 4 ‘4 §A ] lar, the existence of a narrow “reentrant” region between
89.8 1ty . x~0.11-0.13 at low temperatures, associated with a transi-
N tion from a JT-ordered phase to a less-distorted FMI phase.
=z 560 b ] However, in striking contrast to the previous results, this
e [ ﬁpﬂ L ] region is structurally far more complex than hitherto sup-
fol [ i -11?% ] posed: it does not retain orthorhombic symmetry, but instead
o S55r a &mﬂ:ﬂl P m e R ] undergoes a sequence of transitions from orthorhombic-
g 4 g a ] monoclinic-triclinic symmetry. Furthermore, the line separat-
) 4 A ] ing theO); andM ;7 regions is extremely sharp, lying within
D . .
g [ ch2 cH2 ijjg ] a narrow region of hole concentration betwees 0.107
I [ . ] —0.112. In this region, there is also a distinct discontinuity
5.451 y between the rapidly-decreasing slope of g o and the
T T T e T e 500 More gradually decreasing slope sy . There is an indi-

cation of similar behavior in the data reported by Pinsard

Temperature (K) et al,?® although theirT o values are significantly lower
than those determined here. This could be due to small dif-
ferences in hole concentration, which for lower values isf
yvery sensitive to the final heat treatment and gas
atmospheré® In this context, we note that after heating one
sample ofx=0.10 to 550 K, the initial orthorhombic phase
clear that this phase does not undergo a reetrant transitionwas not recovered on cooling, but instead a monoclinic

The sample with nominak=0.12 shows well-resolved phase. Inspection revealed that the capillary had not been
peaks from two phases at 300 K in the approximate ratio 3:roperly sealed, from which we infer that some oxidation in
(Fig. 1). In this case, the majority phase with estimated air must have occurred even at this low temperature.
=0.122 transforms to a JT-ordered monoclinic phase at

FIG. 4. Temperature dependence(ip) cell volume,(middle)
angles, andbottom lattice parameters for the nominal composition
x=0.11. The vertical dashed lines indicate the two-phase coexis
ence regions.

~295 K arjd undergogs a'reentrant trapsitionvalt40 K. V. DISCUSSION

The behavior of the minority phase, with an estimated

=0.112, is essentially the same as that of the0.11 The experiments described above have given a clear de-
sample, with transitions at+ 320 and~120 K. scription of the different types of structure in terms of crystal

Finally, the nominalx=0.125 sample, which appears to symmetry, but a detailed determination of the corresponding
be single phase at 300 K, undergoes a first-order transitioatomic shifts in the monoclinic and triclinic phases is a far
from orthorhombic to monoclinic at 280 K with a narrow  more difficult challenge. Extended data sets were collected
range of two-phase coexistence. Between-1880 K, there with the linear PSD in these regions from tkre 0.11 sample
is a fairly gradual approach to a reentrant transition with ain order to check for any weak superlattice peaks associated
complex two-phase coexistence region, followed by arwith the lowering of symmetry, but no extra peaks were
abrupt jump into a single-phase reentrant region. Howevemgbserved at intensity levels ef0.1% of those of the strong
in this case the only indication of lower symmetry is a slightpeaks. In a recent powder diffraction study of charge order-
broadening of thg220) peak. The overall variation of the ing in LagsCa sMnO;3, several superlattice peaks were found
lattice parameters is in good agreement with the results ot this intensity levef/ but even if charge-ordering were to
Pinsardet al;?° in particular, the unit-cell volumes at 300 K occur in the present samples one would anticipate that any
agree very closely, indicating that the hole concentrations additional peaks would be an order-of-magnitude weaker
are the same within 0.002 of each otlisee Fig. 2 than for the latter compound due to the much smaller frac-

Values of the lattice parameters are listed in Table IIl fortion of Mn** (1/8 vs 1/2 .
the majority phase in each of the five samples at selected At this stage, we can only speculate about possible fea-
temperatures in the different symmetry regions, designatetlires of the structures which are consistent with the crystal
by O* (pseudocubig O}; (JT-ordered orthorhombicM ;r  symmetry and variation of the lattice parameters. In this con-
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TABLE lll. Lattice parameters of the majority phase in each of the five samples studied at selected
tempreatures in the various temperature regions, designated gsrthorhombic pseudocubicOj; (JT-
ordered orthorhombj¢ M ;1 (JT-ordered monoclinjgc and T (triclinic). The assignment of tha and b
parameters in théVl ;7 and T regions is based on the assumption that the forbidden orthorho{20ic
reflection is also absent in the latter regiosss the spontaneous basal plane strain defined as-Bj/(a
+b). The figures in parentheses represent the estimated standard deviation from the least-squares fits, re-
ferred to the least significant di¢s).

X T(K) a(A) b(A) c(A) s (%) Phase

0.079 580 5.567(6) 5.54966) 7.8569) 0.32 o*
20 5.54979) 5.66469) 7.684518) ~-2.05 o)

0.102 570 5.567) 5.53444) 7.83877) 0.60 o*
20 5.55343) 5.621211) 7.710815) -1.21 o)

0.110 325 5.545@) 5.55472) 7.78112) -0.15 o*
200 5.54682) 5.58532) 7.72512) ~0.69 My

a=90.115(4)
20 5.53585) 5.52955) 7.79031) 0.10 T

a=89.95(1) $=90.15(1)  y=90.19(2)

0.122 305 5.542%) 5.53465) 7.78574) 0.14 o*
175 5.54484) 5.56904) 7.72433) —0.44 My
a=90.103(9)
65 5.531%9) 5.51968) 7.78931) 0.22 T

a=89.93(2) $=90.18(1)  y=90.09(1)

0.125 300 5.543B) 5.52576) 7.79298) 0.33 o*
200 5.54582) 5.56222) 7.73333) -0.30 My
a=90.134(2)
75 5.53381) 5.51803) 7.78791) 0.29 T

a=89.96(1) $=90.14(1)  y=90.03(1)

text, it is important to note that pulsed neutron studies in thive consistent with a change in JT order fr@ntype to G
composition range have shown that a local JT distortion isype, in which there is antiferrodistortive coupling of MgO
present even when the long-range crystallographic structurectahedra along the direction instead of parallel coupling.
shows no such distortioff. What is quite clear from the The corresponding space gro?2,/c (P2,/b11 in our
present experiments is that there must be fundamental diffefonstandard settingwould now permit reflections of the
ences between the conventional JT-distorted structure in thgpe (hol) with h+1=odd, which are forbidden in space
orthorhombicOj; region, the JT-distorted structure in the groupPbnm Although no peaks of this type can be detected
monoclinic M1 region, and the orbitally ordered triclinic in the diffraction pattern, intensity calculations suggest that
structure in the FMI region. Although the behavior of the such peaks would be very weak as long as there is no change
lattice parameters fox=0.11 in theM;; region shown in  inthea a c¢* octahedral-tilt system characteristicPbnm
Fig. 4 implies some kind of JT ordering in tia plane, the  symmetry. Note that th&-type JT order in théM ;; region is
fact that there is a monoclinic distortion and the results of theonsistent with thelisappearancef the C-type orbital order
X-ray resonant scattering experiments both demonstrate that inferred from the missing of resonant x-ray scattering at
this cannot be the usud-type antiferrodistortive arrange- (001) with |=odd of LagggSroMnO3.28 It is natural to
ment found in theOj; region. The fairly abrupt crossover assume that th&-type JT order is associated with tGetype
from the latter region to th& /T region atx~0.1, which  orbital order, which should have resonant scattering.@f)
may be related to the dimensional crossover in the magnetiand(011) instead of(001). Since(011) is structurally forbid-
excitations noted by Hirotat al,>! is further evidence of a den inP2;/b11, while(101) is permitted, we would be able
quite different type of orbital order. to see the resonant scattering if tBetype orbital order is
One possible structural picture is suggested by the natunealized in theM ;1 region. This structure is also related to
of the monoclinic distortion, namely, that the unique axis isthe ordered-polaron model for the FMI phase proposed in
along[100] in the Pbnmreference framed#90°), so that  Fig. 4 of Yamadaet al.!’ to the extent that it corresponds to
the b glide-plane symmetry element is preserved whilerthe the configuration in the first and third layers along the
andm elements are lost. The loss of the mirror plane woulddoubledc axis, with the charge-ordered second and fourth
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La;_,Sr,MnO, ciated with orbital hybridization of the type proposed by En-
7 doh et al® Elucidation of this structure will certainly have
to await a detailed single-crystal study.

After this paper was submitted, the results of a neutron

6001 ] diffraction reinvestigation of the low-temperature polaron-
Too ] ordered structure of a crystal with=0.1 were published It
[ . ] was found that neither the previously proposed model in Ref.
2001 O ] 17 nor a subsequent one proposed by Inatl *® was con-

sistent with the intensities of the observed satellite reflec-
tions. From a theoretical consideration of the interhole inter-
actions a new type of polaron-ordered structure was
proposed, involving ordering of two kinds of Mn atoms; in

: ] “hole-deficit” sites occupied solely by Mit and in “hole-
3001 E.\ELD ] excess” sites occupied by “Mif>".” The orbital state of

i o M ' Mn325" is considered to be analogous to the state of a single

T T Mn** in LaMnO;, characterized as an “anti-JT” polardf,

and the most stable orbital configuration is found to be an

[ Tur ] orbital (polaror) wave along thec axis which results in a
100k A}/A/A ] doubling of the lattice parameter in this direction. The lattice
o O & Majority phase T ; distortion can be visualized as the superposition of a normal
e = a Minority phase ] JT mode and a breathing mode, alternating in a complex
oL fashion along the axis. The resulting structure is consistent
0.05 0.10 0.15  with both the orbital order reported by Endehal,'® and
also the observation of triclinic symmetry reported here,
since this structure does not retain any of the symmetry

FIG. 5. A schematic plot of the phase diagram as a function ofplanes and axes of tfebnmstructure. However, it does not
temperature for the “x-ray” compositions from the samples with provide an intuitive explanation for the abrupt increase in the
nominalx=0.08,0.10,0.11,0.12, and 0.125. c lattice parameter, since the long Mn-O bond is still con-
fined to theab plane.

400 ]

Temperature (K)

200]- ]

hole concentration x

layers removed. Direct confirmation of such a structure from
powder data would most likely require a combination of
high-resolution and counting statistics that only an undulator We would like to thank G. Shirane for many helpful com-
beamline could provide, and may in fact require a very carements. Work at Brookhaven was supported by the U.S. De-
ful single-crystal study. partment of Energy, Division of Materials Sciences, under

It is even more difficult to speculate about the nature ofContract No. DE-AC02-98CH10886. The National Synchro-
the triclinic structure. Clearly there is a drastic change in theron Light Source is supported by the U.S. Department of
type of orbital order in which thé glide plane is lost and Energy, Divisions of Materials Sciences and Chemical Sci-
presumably only the inversion center is retained. The douences. This work was partly supported by a Grant-in-Aid for
bling of the ¢ axis observed in single-crystal studies mustScientific Research from the Ministry of Education, Science,
also be taken into account. The behavior of the lattice paranSports and Culture, by Core Research for Evolutional Sci-
eters implies a much more complex type of JT orbital orderence and TechnologyCREST from Japan Science and
which is no longer confined to theeb plane, possibly asso- Technology Corporation.
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