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Structural and magnetic properties of the colossal magnetoresistance perovskite La0.85Ca0.15MnO3
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A single phase sample of La0.85Ca0.15MnO3 with uniform cation distribution and complete oxygen stoichi-
ometry was synthesized by freeze-drying technique and studied by a variety of methods. The sample is
ferromagnetic belowTC5170 K with mMn52.9(1)mB at 10 K. Precise examination of the crystal structure by
a combination of electron diffraction, high-resolution electron microscopy, and neutron powder diffraction
revealed a monoclinic distortion of the GdFeO3-type structure @S.G. P21 /c, a57.74476(6) Å, b
55.50398(4) Å,c55.47351(4) Å,b590.091(2)0# with nonequivalent MnO2 layers alternating along thea
axis. The crystal structure is characterized by a specific pattern of Mn-O distances implying an unconventional
orbital ordering type. A possible relation to charge ordering is described within the bond valence sum
framework.
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I. INTRODUCTION

The interest in the perovskites of the La12xCaxMnO3 fam-
ily has been renewed in connection with the discovery
colossal magnetoresistance~CMR!.1 The magnetic structure
of these compounds~for a Ca content below the charge o
dering pointx50.5) evolves from antiferromagnetic~AFM!
for undoped LaMnO3 to ferromagnetic~FM! for high Ca
concentration, although there exists a quantitative disag
ment between published phase diagrams. According to
first diagram which was published by Goodenough,2 this
compound is insulating and antiferromagnetic forx<0.2;
Schiffer et al.3 have found thatx'0.17– 0.19 is the bound
ary between FM-insulating~low x! and FM-metallic~high x!
states, while in Huanget al.4 it is stated that in the entire
0.1,x,0.5 region the magnetic structure of La12xCaxMnO3
is purely ferromagnetic and the resistivity is low. It was al
stressed in this paper that the observed discrepancies
probably due to different synthesis conditions. Variation
the latter affects the stoichiometry of the compound; dev
tions from the ideal one~due to formation of cation or anion
PRB 610163-1829/2000/61~13!/8941~9!/$15.00
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vacancies! change the charge carrier concentration, thus
tering the magnetic state through double exchange.5 More-
over, conventional ceramic technique traditionally appli
for the complex oxide preparation often suffers from ins
ficient homogeneity of cation distribution resulting in
variation of composition for the different crystallites withi
the bulk sample. IncorrectTc determination caused by suc
effects may also account for the discrepancies betweenTc

values reported for the same average composition. The
also a certain ambiguity in the interpretation of the magne
state at the crossover region (x50.1– 0.2) including the pos
sibility of phase separation.6

The CMR perovskites also exhibit a large variety of pha
transformations and lattice distortions determined by sev
structural factors including the average size of theA cations
and the formal Mn valence. TheA-cation size influences the
tilting distortion of the octahedral perovskite framewo
whereas the Jahn-Teller effect, typical for the Mn13 cation,
leads to the imperfection of MnO6 octahedron itself. Both
effects superimpose and lead to a complicated behavio
the crystal structure upon varying the chemical composit
8941 ©2000 The American Physical Society
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FIG. 1. Temperature dependence of magnetic susceptibility for La0.85Ca0.15MnO3 sample. Fit of the data to Curie-Weiss law is shown
the inset.
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and the synthesis conditions. According to the stand
structural phase diagram,3 compositions belonging to th
crossover region are within the stability range of the orth
rhombic ~space groupPnma! structure.

Sr-containing compositions corresponding to the cro
over region have recently been studied in detail. It w
shown by the use of single crystal neutron and x-ray s
chrotron diffraction for the particular compositio
La0.88Sr0.12MnO3 that a sequence of temperature-induc
structural transformations7 occurs. A specific superstructur
appearing at low temperature8,9 was attributed to the forma
tion of a polaron ordered phase with relation to transp
properties~resistivity minimum well belowTc). Recently
Cox et al.10 showed that a phase separation into two pha
occurs below 350 K with splitting of some majority-pha
reflections indicative of a monoclinic (b'90.1°) distortion
of the parent orthorhombic structure. Several recent HR
observations11,12 indicate a breakdown of orthorhombic sym
metry for Ca-containing compositions, at least on the mic
domain scale. Similar complications arise also in the Ca-r
region of the La12xCaxMnO3 system, where a stripelike con
trast with ;16.5 Å periodicity was observed by HREM to
gether with superstructure reflections on the electron diffr
tion patterns13,14 for the x52/3 composition. These
observations led to the tripling of one of the in-plane latt
parameters, and it was shown in a recent work of Rada
et al.15 with the use of x-ray synchrotron data that the cry
tallographic superstructure can be described within a
called ‘‘Wigner crystal’’ model.

We therefore attempted to prepare a stoichiometric co
pound with composition La0.85Ca0.15MnO3 belonging to the
crossover region in order to clarify its structural and ma
netic properties.

II. SAMPLE PREPARATION AND CHARACTERIZATION

To avoid possible inhomogeneous cation distribution a
also to reduce the synthesis temperature to avoid anion
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cancy formation we applied a freeze-drying technique wh
is characterized by atomic-scale homogenization. Stoich
metric mixtures of titrated aqueous solutions of Mn acet
and La and Ca nitrates were sprayed into liquid nitrog
dehydrated by sublimation~SMH-15 ‘‘Usifroid’’ equipment!
and then decomposed by slow heating in air. Then the m
tures were annealed in air at 900 °C for 40 h. Single ph
composition of the sample was confirmed by x-ray powd
diffraction. The x-ray pattern of the La0.85Ca0.15MnO3

sample exhibits an orthorhombic distortion of the perovsk
cell (a'aperA2, b'2aper, andc'aperA2).

Quantitative energy-dispersive x-ray analysis~EDX! was
performed with a CAMEBAX-Microbeam system. The me
surements were made for 15 crystallites on theKa peaks of
Mn, Ca, and on theLa peak of La. The cation compositio
inferred from EDX corresponds to the La:Ca:Mn rat
0.84~2!:0.149~3!:1.00~1!, in good agreement with the nom
nal cation stoichiometry. The ratio is virtually identical fo
different crystallites; numbers in parentheses are calcula
statistical errors; their magnitudes indicate a highly unifo
cation distribution.

The determination of the average Mn oxidation state w
performed by iodometric titration.16 About 70 mg of the
sample was dissolved in concentrated HCl. The released2
was transferred by Ar flow to react with KI solution.I 2 was
titrated by a standard Na2S2O3 solution with starch added a
an indicator. The analysis revealed 1565% of Mn41 corre-
sponding to the oxygen index 3.00~3!. Thus, combination of
EDX and chemical analysis confirms the complete stoic
ometry of the compound and the absence of significant
viations from the nominal composition.

Temperature dependence of the magnetic susceptib
was measured in the ac mode (Hmax510 Oe, v527 Hz)
down to 12 K. Ferromagnetic transition was detected at
proximately 170 K. For resistivity measurements a conv
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tional four-probe ac- method (v532 Hz) was applied. The
electrical resistivity vs temperature curve has a typical ma
mum indicative of the onset of a metallic state and an upt
at about 13 K. Negative magnetoresistance was also dete
near the resistivity maximum. Temperature dependencie
magnetic susceptibility and electrical resistivity are shown
Figs. 1 and 2, respectively.

III. MAGNETIC STRUCTURE –NEUTRON
DIFFRACTION DATA

Neutron data for magnetic structure refinement were c
lected with the powder diffractometer DMC@d-spacing range
~1.7–14.7! Å, dd/d'1%# at the SINQ spallation source a
PSI in Villigen, using a neutron beam with wavelengthl
52.5616 Å. Figure 3 shows typical diffraction patterns a
temperature just aboveTc and at 25 K. A ferromagnetic con
tribution is clearly observed at low temperature. No ad
tional antiferromagnetic peaks were detected at any temp
ture. Rietveld refinement was carried out using theFULLPROF

program over the scattering angle range 2u519– 98°, corre-
sponding to thed-spacing range~1.7–7.7! Å. The atomic
positions obtained from the high-resolution neutron diffra
tion data for thePnmaspace group~see Table I! were fixed
in the refinement of the DMC data. A ferromagnetic tran
tion was revealed belowTc5170 K as an increase of th

FIG. 2. Temperature dependence of electrical resistivity
La0.85Ca0.15MnO3 sample. The position of low-temperature min
mum is indicated by an arrow.

FIG. 3. Diffraction patterns of the La0.85Ca0.15MnO3 sample
measured with DMC atT525 K and 250 K. ForT525 K the y
scale is shifted by 5000 counts. Miller indices highlight the m
intense FM peaks.
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intensities of the nuclear reflections by magnetic contrib
tions. The temperature of the ferromagnetic transition
about Tc5170 K, coincides well with the data of Schiffe
et al.3 for the magnetic phase diagram of La12xCaxMnO3.

The refinements show bestx2 for Mn spins directed along
the c axis. However, the refined value of the Mn moment
not sensitive to the Mn-spin direction. The low temperatu
data obtained at HRFD show that the main magnetic con
bution is to the~200! peak, which means at least thatmMn is
nonparallel to thea axis. The temperature dependence of t
ferromagnetic moment of Mn is shown in Fig. 4. The lo
temperature value of the magnetic moment ism
52.9(2)mB , and agrees well with Mn moments measur
for the same compositions in Huanget al.4 It should be men-
tioned that this value is significantly less than an avera
total moment arising from a mixed Mn31/Mn41 lattice
which amounts to 3.85mB for 15% Mn41.

IV. ELECTRON DIFFRACTION AND ELECTRON
MICROSCOPY DATA

In order to determine the actual symmetry selected a
electron diffraction~SAED! and high-resolution electron mi
croscopy~HREM! were performed using a PhilipsCM20
and a Jeol 4000 EX instrument operating at 200 kV and 4
kV, respectively.

Most crystallites of La0.85Ca0.15MnO3 exhibit complicated
electron diffraction patterns~EDP! where, because of twin
ning, two or more zone axis patterns are superimpos
Single SAED patterns were found occasionally; such p
terns taken along the@010#* , @100#* , @101#* , and @111#*
zone axis are shown in Fig. 5~the indexation is based on a
orthorhombic unit cell with cell parametersa55.473 Å, b
57.745 Å, andc55.504 Å. The array of brightest spots o
these patterns satisfy the extinction conditions imposed
the Pnma space group (0kl, k1 l 52n, hk0, h52n). The
presence of 00l and h00 reflections withh, lÞ2n in the
@010#* pattern is caused by double diffraction. However, t
spots 0k0, kÞ2n are present in@101#* . A tilting experiment
along @0k0#* reciprocal lattice row shows that these spo
become hardly visible, but do not disappear completely
the diffraction conditions do not allow these spots to be p
duced by double diffraction. Moreover, very weak 0kl, k
1 lÞ2n reflections were found in@100#* where no condi-
tions for double diffraction exist. One might argue, howev

r

t

FIG. 4. Temperature dependence of the Mn magnetic mom
~in Bohr magnetons! calculated from the neutron diffraction dat
~DMC!. The line is a guide to the eye.
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8944 PRB 61M. V. LOBANOV et al.
that these weak reflections could result from other orien
tion variants. The electron diffraction data provide an e
dence ofPnma symmetry breaking; the weakness of ad
tional reflections means that the atomic shifts leading
symmetry lowering are relatively small. The observed e
tinction conditions are consistent with either an orthorho
bic Pmc21 or a monoclinicP21 /c symmetry.

The @101# HREM image~Fig. 6! shows a square patter
of bright dots spaced by 3.8 Å. Rows of dots with differe
brightness alternate along@010# resulting in a 7.7 Å period-
icity. It has been verified that this effect is not introduced
crystal tilt or microscope misalignment. The GdFeO3-type
perovskite structure, based on aPnmaspace group, contain
only single type of bothA and Mn cations and the projec
tions of all MnO2 or AO layers along the@101# direction
should exhibit an identical contrast. The 7.7 Å ‘‘period do
bling’’ along @010# implies that two successive layers are
longer identical and, possibly, have a different geome

FIG. 5. Electron diffraction patterns taken along the@010#* ,
@100#* , @101#* , and@111#* zone axes.

FIG. 6. HREM image along the@101# zone. The inset repro
duces theoretical images calculated withP21 /c model (D f 5
260 nm).
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The difference in the brightness of the layers is almost inv
ible in the thin part of the crystallite~close to the crystal
edge! and gradually increases with increasing thickness.
used the results of the neutron atomic structure refinem
described below~Table I! to reproduce the features of th
experimental image contrast on the calculated@101# HREM
images. The calculations were made by means of
MacTempas software. It was found that calculations ba
on a GdFeO3-type structure with space groupPnmacannot
provide a good correspondence between experimental
theoretical images at any thickness and defocus value.
correspondence was found to be satisfactory only when
monoclinic P21 /c model was used. The set of calculate
images obtained atD f 5260 nm is shown in the inset in Fig
6. It perfectly reproduces the intensity difference betwe
successive layers as well as the variation of this differe
with the thickness of the crystallite.

V. ATOMIC STRUCTURE –NEUTRON DIFFRACTION
DATA

ED and HREM experiments reveal a violation of th
Pnmasymmetry. In order to determine precisely the orig
of this phenomenon and to choose the correct model neu
powder diffraction~NPD! experiments were performed wit
a high resolution TOF Fourier diffractometer HRF
@d-spacing range~0.7–3.5! Å, dd/d'0.1%# at the IBR-2
pulsed reactor in Dubna for 10<T<290 K. Rietveld refine-
ments were carried out using the MRIA program over t
d-spacing range~0.8–2.5! Å.

It was found that the diffraction patterns could be rath
well described in average by the standard structural mo
with the orthorhombicPnmasymmetry. In this approxima-
tion the temperature behavior of the average bond leng
and angles was found as typical:4,17 ^Mn-O& goes down with
decreasing temperature and changes slope atTc ; ^Mn-O-
Mn& also goes down untilTc , but then starts to increase~Fig.
7!.

However in certain regions of the spectrum, especia
around the~220!/~022! doublet, the agreement between t
experimental and calculated pattern was unsatisfact
Analysis showed that within the frame of thePnma space
group variation of any parameter including atom occupan
factors does not give an adequate description of this doub
The general outlook of the diffraction pattern including t
doublet region is only slightly affected by temperature var
tion ~except for the appearance of a ferromagnetic com
nent belowTc). Thus the fit was performed for the da
acquired with the best statistical accuracy atT5200 K.

As electron diffraction indicates a violation of the extin
tion conditions for thePnmaspace group, we suggested th
the actual structure should be adequately described in on
its subgroups. Electron diffraction data are consistent w
either Pmc21 or P21 /c space groups. The former spac
group allows possibilities of splitting bothA or B sites of the
perovskitetype structure with a ‘‘layer-by-layer’’ ordere
distribution in both cases. The GdFeO3-type structure
~Pnma! is derived from the cubic perovskite by a combin
tion of MnO6 octahedra tilts around (110)c and (001)c
~Glazer notationa1b2b2).18 Splitting of the cation positions
due to a symmetry lowering fromPnma to Pmc21 is pos-
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sible only if they are located on am mirror plane passing
through theAO layers in thePnmastructure. Thus the group
subgroup relations allow a splitting of theA site only provid-
ing the tilt system remains unchanged. If we attempt to s
the B position only the (001)c tilting component is possible
since the (110)c component is suppressed by them plane
passing through the MnO2 layers. Nevertheless this possib
ity exists and was also verified by the Rietveld refinem
using the NPD pattern.

With the octahedral tilt systema1b2b2 maintained, the
splitting of the Mn position inevitably leads to a monoclin
distortion of the crystal structure. Mn atoms may adopt d
ferent arrangements; the possibility consistent with
SAED data corresponds to aP21 /c space group with a
‘‘layer-by-layer’’ ordering of the Mn atoms.

The three possibilities~two models forPmc21 and one
model forP21 /c) were verified by the Rietveld refinemen
The refinement of thePmc21 model with twoA-cation sites
yielded reliability factors (x251.58, RP50.116, Rw
50.078), atomic positions, and interatomic distances alm
identical with those for thePnmamodel. The refinement is
not sensitive to the relative occupation of nonequivalenA
sites by La and Ca in spite of a significant difference in th
atomic scattering factors~0.824 and 0.490 for La and Ca
respectively!. The variation of the occupation factors do
not provide a better profile description or ax2 value lower-
ing. On the other hand, thePmc21 model with two Mn sites
gives a satisfactory description of the~220!/~022! doublet,

FIG. 7. Temperature dependence of average Mn-O distance
Mn-O-Mn bond angle, calculated inPnma model. The lines are
guides to the eye. Temperature of FM transition is shown by
arrow.
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but the general fit is much worse compared to thePnma
model (x253.21,RP50.139,Rw50.111).

The refinement in theP21 /c space group leads to a sig
nificantly better fit of the experimental neutron diffractio
pattern (x251.43,RP50.107,Rw50.074). The main differ-
ence with thePnmacase arises from a much more accura
fit of the doublet. The example of the Rietveld refinement
the P21 /c model is shown in Fig. 8. The fitting of the pa
tern in thed-spacing interval around the~220!/~022! ortho-
rhombic doublet for the two structure models is illustrated
Fig. 9. The refinement of the occupation factors did not
veal any deviation from the full stoichiometry within th
error limits, in agreement with the chemical analysis da
The final refinement was carried out with a fixed full occ
pancy for the atomic positions. The comparison of the
fined structural parameters with the parentPnma model is
shown in Table I; most relevant interatomic distances a
bond angles for theP21 /c model are listed in Table II.

A two phasePnma model as another possibility for
better fitting of the high-resolution neutron diffraction pa
tern gave reliability factors very close to those of theP21 /c
model and could not be rejected on the basis of a neu
diffraction data. The refinement of this model was perform
with the positional parameters for two phases forced to
incide and yielded reliability factors comparable with th
P21 /c model (x251.47, RP50.110, Rw50.075). Refined
lattice parameters for the two phases area55.4764(1) Å,
b57.7488(2) Å, c55.5036(2) Å anda55.4680(2) Å, b
57.7383(4) Å, c55.5058(4) Å, respectively. The ratio o
phase volume fractions is approximately 2:1. However, t
possibility does not account for ED and HREM data ava
able. Thus we may conclude that the actual symmetry
monoclinic P21 /c. The neutron diffraction pattern has th
general outlook close to that for thePnmamodel, but some
features are reproduced only if ordering in theB sublattice is
taken into account.

The temperature dependencies of the lattice parame
and the cell volume for theP21 /c symmetry are shown in
Fig. 10. A very small but clearly seen cell volume discon
nuity occurs at a temperature just belowTC . The volume
jump in this compound is about 0.035% which is nearly fo

nd

n

FIG. 8. Neutron diffraction pattern of La0.85Ca0.15MnO3 sample,
measured at 200 K with the HRFD diffractometer. Experimen
calculated (P21 /c space group!, and difference curves are show
The difference curve is normalized on the mean square deviati
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times smaller than was found for La0.75Ca0.25MnO3,
19 or for

La0.35Pr0.35Ca0.30MnO3,
20 but still more than 100 times large

than the typical value for conventional FM crystals.

VI. MAGNETIC DISORDER –mSR DATA

To get more insight into the La0.85Ca0.15MnO3 magnetic
structure muon spin relaxation~mSR! experiments were car
ried out at PSI~Villigen! on the GPD spectrometer at th
mE4 muon beam line, using high energy muo
(70 MeV/c). A powder sample of La0.85Ca0.15MnO3 was
pressed into a round pellet with a 19 mm diameter and 8
height. Measurements were performed in zero~ZF! and
transverse to the initial muon spin polarization~TF! external
magnetic field. The pellet was glued to the silver hold
which was mounted on the cold finger of the closed cy
helium refrigerator. The external magnetic field was appl
perpendicular to the pellet axis.

ThemSR data show that the local spin configuration ha
high extent of disorder because no precession or detec
fast relaxing signals were detected in the zero field exp
ment at low temperatures belowTC . It means that the loca
magnetic field on the muon produced by Mn spins belowTC
has an extremely wide distribution,^DB2&'^B2&, thus the
signal is strongly damped resulting in the loss of polari
tion. However, a transition to a magnetically ordered st
has been detected in the TF-mSR experiment by decrease
muon fraction precessing with the external magnetic fi
frequency. The transition temperature determined in this

FIG. 9. A part of La0.85Ca0.15MnO3 diffraction pattern around
the ~220!/~022! doublet refined inPnma~top! andP21 /c ~bottom!
models.
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periment scales well with the magnetic susceptibility and
neutron diffraction data.

In themSR experiments21 performed on La0.67Sr0.33MnO3
strong damping of the signal was also observed; the li
width measured was roughly consistent with an incoher
mixture of Mn13/Mn14 and the calculated distribution o
demagnetization factors arising from varying grain shap
Moreover, the presence of a Mn13/Mn14 mixture causes
structural disorder as the PDF analysis shown.22 However, in
the present case it is not connected with a nonuniform ca
distribution or vacancy clustering as follows from EDX an
chemical analysis. The reduced value of the ordered m
netic moments of Mn determined from neutron diffractio
2.9mB) evidences the existence of spatial fluctuations of
Mn spin direction leading to a further increase of the loc
field value dispersion.

TABLE I. Comparison ofPnmaandP2l /c models refined from
neutron diffraction data (T5200 K).

Space group Pama P2l /c

a,Å 5.47332~8! 7.74476~6!

b,Å 7.74525~13! 5.50398~4!

c,Å 5.50387~8! 5.47351~4!

b, deg 90 90.091~2!

0.85 La10.15 Ca 4c 4e
x/a 0.0190~4! 0.2483~6!

y/b 1/4 20.0033~3!

z/c 20.0034~4! 20.0174~3!

Mn1 4b,(0,0,1/2) 2c(0,1,1/2)
Mn2 2d(1/2,0,1/2)
O1 4c 4e
x/a 0.4991~8! 0.2465~9!

y/b 1/4 0.0637~2!

z/c 0.0637~4! 0.5013~5!

O2 8d 4e
x/a 0.2712~4! 0.0315~2!

y/b 0.0327~2! 0.7363~5!

z/c 0.7326~5! 0.7230~4!

O3 4e
x/a 0.4671~2!

y/b 20.2253~5!

z/c 0.2319~4!

x2,Rp ,Rw 1.58,0.116,0.078 1.43,0.107, 0.074

TABLE II. Selected interatomic distances~Å! and angles~deg!
for the PnmaandP2l /c models (T5200 K).

Pnma P2l /c
Mn-O1 231.9678(4) Mn1-O1 231.941(7)
Mn-O2 231.949(3) Mn1-O2 231.912(3)

231.976(2) 232.013(2)
Mn2-O1 231.994(7)
Mn2-O3 231.938(2)

231.991(3)
Mn-O1-Mn 159.5~2! Mn1-O1-Mn2 159.5~3!

Mn-O2-Mn 162.8~2! Mn1-O2-Mn1 162.9~1!

Mn2-O3-Mn2 162.2~1!
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VII. DISCUSSION

We performed a detailed crystal structure investigat
for the La0.85Ca0.15MnO3 composition by a combination o
electron diffraction, high resolution electron microscopy, a
neutron diffraction. Various possible crystal structure mod
allowed by ED were verified by Rietveld refinement of t
NPD data. On the basis of the entire set of data we claim
the actual crystal structure is monoclinicP21 /c.

The schematic representation of the structural evolu
upon the symmetry lowering fromPnma to Pmc21 ~two
A-cation sites! or P21 /c ~two Mn sites! is presented on Fig
11. The scheme of Mn-O bond arrangements and co
sponding orbital ordering for theP21 /c case is shown in

FIG. 10. Temperature dependencies of lattice parameters~a!,
monoclinic angle~b!, and cell volume~c! after La0.85Ca0.15MnO3

refinement in the frame ofP21 /c space group. For this settingam

'b0'2aper, bm'c0'A2aper, and cm'a0'A2aper, where
(a,b,c)m are monoclinic, (a,b,c)0 are orthorhombic, and
(a,b,c)per are perovskite cell constants. Lines at~b! are guides to
the eye. Lines at~c! are linear fits for 40<T<100 K and 160<T
<240 K. Temperature of FM transition is shown by arrows.
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Fig. 12. Within this model two nonequivalent Mn sites ha
significantly different oxygen environment, the Mn1O6 octa-
hedra being ‘‘apically elongated’’~two long and four short
Mn1-O distances are present! and the Mn2O6 one being
‘‘apically compressed’’~two short and four long Mn2-O dis
tances!. The ‘‘apically elongated’’ Jahn-Teller distortion i
the most common case and it was reported in particular
undopedRMnO3 perovskites.23,24 ‘‘Apically compressed’’

FIG. 11. Schematic representation of cation ordering co
sponding toPmc21 and P21 /c models. Nonequivalent position
for A cations in thePmc21 model and nonequivalent MnO6 octa-
hedra in theP21 /c one are shown as light and dark ones.

FIG. 12. ~Top!: Scheme of Mn-O bonds arrangement for t
P21 /c model. Long and short Mn-O bonds are shown as filled a
empty, respectively.~Bottom!: Orbital ordering scheme.dz2-type
orbitals are shown for the ‘‘apically elongated’’ octahedra a
dx22y2-type orbitals for the ‘‘apically compressed’’ ones.
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distortion is a more rare possibility found for instance
cation-deficient La0.9MnO3 ~Ref. 25! and charge-ordered
La0.5Ca0.5MnO3.

26 Undoped RMnO3 compounds exhibit
d-type orbital ordering~corresponding to the so-called O8
structure! with the long axes of the Jahn-Teller distorted o
tahedra in two successive (MnO2) layers in the~010! direc-
tion connected by a mirror planey51/4 ~all designations
refer to Pnma!. In this case no symmetry lowering is re
quired for the description of the ordered state; this becom
necessary if two Mn sites are no longer equivalent.

The estimate of local modes characterizing the degre
Jahn-Teller distortion defined asQ252(12s)/A2 and Q3

52(2m212s)/A6,27 wherel, m, ands stand for long, me-
dium, and short Mn-O distances, respectively, yieldsQ2
50.143(1), Q3520.035(7) for the Mn1O6 octahedron and
Q250.079(7), Q350.041(2) for the Mn2O6 one; positive
and negative values for theQ3 mode correspond to an elon
gation or a compression of the octahedra along thedz2-type
orbital direction. Corresponding values for the parentPnma
structure scale toQ250.038(1), Q350.009(3), so thesym-
metry lowering is connected with the development of a sta
Jahn-Teller effect.

The different oxygen environment for two nonequivale
Mn atoms suggests the possibility of a structural distortion
a consequence of charge ordering. For the elucidation of
possibility bond valence sum~BVS! calculations were per
formed using Mn-O distances obtained from NPD data
finement. The Mn valence (VMn) was calculated as a sum
over the first coordination sphere of bond valences
exp@(R02R1)/B#, where R051.759 Å ~weighed average o
values 1.753 Å for Mn14 and 1.760 Å for Mn13) and B
50.37.28 The calculations revealedVMn153.55, VMn2
53.36. The absolute values are substantially overestim
as is typical for cations exhibiting a strong Jahn-Tel
effect.29 Similar results were obtained for SrMnO32d with a
composition close to stoichiometric, and instead we u
R051.725 Å, which was proven to give reliable results f
the latter compound. The obtained values wereVMn153.24
and VMn253.06, indicative of a possible charge orderin
Thus one may treat the Mn2 site as occupied by Mn~III ! only
and Mn1 site as occupied commonly by Mn~III ! and Mn~IV !
and we propose charge ordering as a microscopic reaso
the splitting of theB site and consequently the symmet
lowering.

The ordered placement of Mn atoms can lead to a p
found modification of the physical properties. Since order
has a two-dimensional character, it would not necessa
9

y

s

-

s

of

c

t
s
is

-

s

ed
r

d

.

for

-
g
ly

lead to an insulating behavior. Nevertheless, the existenc
different Mn-O-Mn angles~see Table II! may lead to a com-
plicated pattern of exchange interactions, different fro
those expected from thePnmamodel.

The origin of the upturn in the resistivity vs temperatu
curve is not unambiguous. The appearance of a similar
turn in samples with La0.9Sr0.1MnO3 and La0.85Sr0.15MnO3
compositions was connected3 with the formation of a ‘‘po-
laron ordered’’ phase. This phase, as described by Yam
et al.,3 has also nonequivalent oxygen surrounding for M
atoms in successive layers, but has an additional orde
within layers leading to a localization of the holes. Pha
separation with charge carriers localized within the FM dro
lets is hardly possible since the sample was characterize
purely FM. Such a behavior can also be a result of we
localization30 since a high extent of disorder was detected
mSR and the resistivity value is close to Mott’s maximum.
similar (Tmin;15 K) behavior in (Pr0.1Ce0.4Sr0.5!MnO3 was
attributed31 to a Kondo-like effect. Since no structural dat
are available in this temperature range we cannot say d
nitely whether such a behavior has a structural origin or n

One should also note that most probably the observ
monoclinic distortion is not only confined to this single con
centration. A monoclinic symmetry was also observed
TEM in different CMR thin films11 as well as in bulk
manganites.12 Similar distortions are expected to occur he
also. The observed monoclinic distortion is stable aroundx
50.125, a point where polaron ordering of the type propos
by Yamada8 sets in. This transition to the‘‘Yamada’’ state
would probably be similarly represented as a valence ord
ing as described in our model. It is not clear however
which doping level this ordering will be most pronounce
Samples are being prepared to investigate this effect.
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