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Monoclinic structure of La 1ÀxSrxMn zO3 „xÄ0.212,zÄ0.958…
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Single-crystal x-ray diffraction is used to show that the crystal structure of La0.788Sr0.212Mn0.958O3 is mono-
clinic at room temperature. The Curie temperature of this sample is 324 K. The space group is determined as
I2/c with lattice parametersa55.4863~3! Å, b55.5361~3! Å, c57.7941~4! Å, and b590.74 (2)°. The
crystals are found to be multiply twinned with nonequal volume fractions of the twin domains. A structure
refinement against the diffraction data of a twinned crystal converged atR50.040. The structure model
involves the same pattern of tiltings of the MnO6 octahedra as was found in the rhombohedral structure. The
principal distortions of the monoclinic structure as compared to the rhombohedral structure are deviations of
the O-Mn-O bond angles within the MnO6 octahedra from 90°. It is argued that the small size of the mono-
clinic splitting and the very weak additional reflections might not have been visible in neutron diffraction. Our
finding of monoclinic symmetry for this compound calls for a revision of the phase diagram of La12xSrxMnO3

compounds (0,x,1).

DOI: 10.1103/PhysRevB.66.224111 PACS number~s!: 75.30.Vn, 61.66.Fn, 61.50.Ks
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I. INTRODUCTION

The compounds La12xSrxMnO3 have been studied exten
sively as one of the classes of compounds in which the
lossal magnetoresistance~CMR! effect has been found.1,2

Depending onx, they have various properties, includin
CMR, a metal-insulator transition, different magnetically o
dered states, and charge and orbital order.3

The first model explaining CMR was the doubl
exchange~DE! mechanism.4 However, more recent work ha
shown that CMR as well as the other properties canno
explained by the DE mechanism alone, and other inte
tions, like superexchange, are important too.5–7 The charge
and spin degrees of freedom interact with both static
dynamic structural distortions,8 which need to be taken into
account for an explanation of the physical properties of th
compounds. With the regular perovskite structure as re
ence, the modes of distortions involve a Jahn-Teller~JT! dis-
tortion of the MnO6 octahedra and different patterns of til
ing of these octahedra. Both distortions are correlated w
the valence state of the Mn atoms. Because the princ
effect of the substitution of trivalent La by divalent Sr is
oxidize a fractionx of the Mn31 towards Mn41, the distor-
tions will depend onx. Alternatively, the distortions deter
mine the size of the cavity in which the La12xSrx atoms are
located, and the distortions thus depend on the average
of La12xSrx . Again this average size is determined by t
value ofx. Furthermore, the magnitudes of the magnetic
teractions depend on the mode of distortion.

Structure refinements based on x-ray and neutron diff
tion data have been used extensively to characterize
phases and phase transitions of CMR compounds.9,10 For
La12xSrxMnO3 at room temperature three phases have b
established.3,11 For very smallx the structure has orthorhom
bic symmetryPbnm with a large JT distortion. This phas
has been denoted asO8 in the literature. For approximatel
0163-1829/2002/66~22!/224111~7!/$20.00 66 2241
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0.1<x<0.16 the phaseO* is stable, which has the sam
orthorhombic symmetry asO8, but with a much smaller JT
distortion. Forx.0.16 the rhombohedral phaseR is stable

with space groupR3̄c and without JT distortions. Again de
pending onx several phase transitions have been found a
function of temperature.3 Structurally, they have been cha
acterized as transitions between the phasesO* , O8, and
R.12,13 However, monoclinic and even triclinic phases ha
been reported too.14–17A structure with space groupP21 /c
and lattice constantsA2ac3A2ac32ac , with b'90.1° (ac

being the lattice constant for the ideal, cubic perovskite!, has
been reported for samples with Sr concentrations in the ra
x50.11–0.125. The same samples are orthorhombicPbnm
at high temperatures and they become triclinic at l
temperatures.14 A similar monoclinic structure was observe
for a sample La0.85Ca0.15MnO3 at room temperature.15 A
monoclinic structure with the same space groupP21 /c but
with different lattice constants 2ac32ac32ac with b
'91° has been observed for samples with Sr concentrat
x,0.1 that were synthesized at low partial oxygen pressu
@P(O2),331023 atm#.16 The third monoclinic structure
has been reported to have lattice constantsA2ac3A2ac
32ac and b'90.7° ~no space group is given!.17 It differs
from the monoclinic structure reported by Coxet al.14 by the
relatively large deviation of the monoclinic angle from 90

In addition to the structures listed above, Jirak a
co-workers18 reported a tetragonal structure fo
La0.5Sr0.5MnO3. Furthermore, superstructures have been
ported that would correspond to the formation of charg
ordered states.19

In the present contribution we report a structural analy
of La0.788Sr0.212Mn0.958O3 by single-crystal x-ray diffraction.
We find that the true symmetry of this compound at roo
temperature is monoclinic, space groupI2/c, with lattice
constants close to those reported by Mohanet al.,17 and we
©2002 The American Physical Society11-1
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report its crystal structure. A detailed comparison is ma
between this new structure model and theR3̄c structure,
which was previously reported for similar compositions. T
new possibilities for the structural rearrangements at
phase transitions and their implications for the understand
of the magnetic and electronic properties are discussed.

II. EXPERIMENT

A cylindrical rod of single-crystalline La0.8Sr0.2MnO3 was
grown by the floating zone technique with radiatio
heating.20,21 Feed rods were prepared from Mn3O4, SrCO3,
and La2O3 powders, which were mixed in accordance w
the desired metal composition La0.8Sr0.2Mn1.0. The mixture
was milled and subsequently calcinated at 1100 °C. T
product was milled again, isostatically pressed into cylind
cal rods of 6 mm in diameter and 80 mm in length, and th
sintered at 1400 °C for 24 h to produce the feed rod.

The magnetization of the single crystal was measured
tween T54.2 K and T5400 K in magnetic fields ranging
from 0.05 to 55 kOe. The Curie temperature was determi
from the temperature dependence of the magnetization
Tc5324 K.22

The metals composition was determined by electron
croprobe experiments, using a Cameca instrument. Mi
oxides of the metallic elements were used as standards.
ratio La : Sr : Mn5 0.788 ~2! : 0.212 ~1! : 0.963~ 1! was
determined by averaging the results of independent meas
ments at nine different points of the sample.

For the x-ray diffraction experiments several samples
sizes of approximately 0.2 mm were cut off the rod. Diffra
tion experiments were carried out on a Nonius MACH3 fo
circle diffractometer with rotating anode generator, graph
monochromator~Mo Ka radiation!, and single-point detec
tor. All samples showed multiply splitted Bragg reflections
the x-ray diffraction. One sample with the shape of an alm
hexagonal prism was selected for more extensive diffrac
experiments.

In first approximation all Bragg reflections could be i
dexed on anF-centered 2ac32ac32ac supercell of the
primitive cubic lattice of the perovskite-type structure. Alte
native settings for this lattice include a primitive rhomboh
dral unit cell withar5A2ac anda r'60°, and anI-centered
unit cell with lattice parametersA2ac3A2ac32ac ~Fig. 1!.
Many of the Bragg reflections appeared to be split, indicat
that the true lattice symmetry is lower than rhombohed
and that the crystal is twinned. In order to characterize
twinning the diffracted intensities of a few selected refle
tions were measured in dependence on the crystal orienta
(v andx angles! and on the diffraction angle (2u). Figure
2~a! gives the intensity of the(110)c reflection as a function
of v and u @the indices (hkl)c refer to the primitive cubic
cell#. It is clearly seen that there are four maxima occurr
at different scattering angles and different orientations of
crystal. Multiple maxima~splitted reflections! have also been
observed for the(100)c and (111)c reflections~Fig. 2!.

Any symmetry operator of the cubic point groupm3̄m of
the perovskite structure type that does not correspond
22411
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symmetry operator of the structure may become a twinn
operator. Taking into account the lattice symmetry this
lows us to compute the expected splittings of the reflecti
for each possible space group of the low-symmetry ph
~Table I!. The comparison with the observed splittings sho
that the true lattice symmetry of the investigated crysta
C-centered monoclinic. An equivalent description is obtain
with the I-centeredA2ac3A2ac32ac unit cell that we will
adopt here.

Assuming the monoclinic symmetry to be a subgroup
R3̄c leads to the space groupI2/c. This space group was
confirmed by the structure refinements. Further evidence
the monoclinic symmetry was obtained from the compl
data collections~see below!.

Previously, the space groupR3̄c was proposed as th
symmetry for this phase. We have observed 34 weak refl
tions violating the extinction conditions implied by the glid
planes inR3̄c. These intensities remained when the x-r
diffraction was measured with a reduced voltage of the x-
tube. This showed that these reflections were not due to
fraction of l/2 radiation, contrary to intensities observed
positions violating theF centering, which disappeared o
reducing the voltage. Another origin for these weak refle
tions might be multiple scattering. ThereforeC scans~scat-
tered intensity as a function of the azimuthal angleC) were
made for several of these reflections. Figure 3~a! clearly
shows that the (1̄1̄1)R reflection, violating the extinction
rules of R3̄c, is present for all values ofC, and that this
reflection is not due to multiple scattering.~The subscriptR
indicates the indexing with respect to the primitive rhomb
hedral lattice; see Fig. 1.! Figure 3~b! shows the dependenc
on C of the intensity of the reflection (110̄)R , which is an
allowed reflection in space groupR3̄c. The observed varia-
tions of intensities withC are almost equal for both reflec
tions. This strongly suggests that variations in absorption
responsible for the variations in the intensities withC. Thus
we have observed 34 reflections that violate the extinct
conditions of the space groupR3̄c. They can all be ex-
plained by one of the orientations of a monoclinic structu
with space groupI2/c.

FIG. 1. The lattice of La0.788Sr0.212Mn0.958O3 with the
F-centered ~thin lines!, I-centered ~thick lines!, and primitive-
rhombohedral~dashed lines! unit cells indicated.
1-2
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FIG. 2. Reflection profiles as a function of half of the scattering angle (u) and of the crystal orientation (v). ~a! v-u section of the
(110)c reflection,~b! projection ontou of the scattered intensity around the(110)c reflection,~c! around(100)c , and~d! around(111)c .
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Integrated intensities were measured for all Bragg refl
tions in a half sphere with sin(u)/l<1.0. A large detector
window was selected, in order to measure the sum of in
sities of the components of each split Bragg reflection. T
22411
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data reduction with usual corrections was made using
computer programHELENA,23 and the absorption correctio
(m523.79 mm21) was made with aid of the computer pro
gramHABITUS.24 A total of 2047 reflections were measure
metry

TABLE I. Splitting of Bragg reflections in 2u ~the scattering angle! for the (100)c , (110)c , and (111)c

reflections. The expected numbers of split components are given for various symmetries of the low-sym
phases.

Point group Lattice type Number of twin domains Number of different 2u values

(100)c (110)c (111)c

1̄ P 24 3 6 4

2/m P 12 3 4 2
2/m C 12 2 4 3
mmm P 6 3 3 1
mmm C 6 2 3 2
4/mmm P 3 2 2 1

3̄m R 4 1 2 2

Present experiment on La0.788Sr0.212Mn0.958O3 2 4 3
1-3
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TAMAZYAN et al. PHYSICAL REVIEW B 66, 224111 ~2002!
of which there were 1320 observed reflections withI
>3s(I ). Because different volume fractions were found f
the 12 possible twin domains, the diffraction symmetry w
only 1̄.25 This symmetry was used for averaging the refle
tion intensities, resulting in 1249 unique observed reflecti
that were used in the refinements. The internalRI factor,
describing the disagreement of measured intensities
symmetry-equivalent reflections, wasRI50.049. Alterna-
tively, averaging the reflections in 3m̄ leads to 266 unique
observed reflections withRI50.088. The crystallographic
data are summarized in Table II.

III. STRUCTURE REFINEMENTS

The diffraction data can be reasonably well fitted with
structure model inR3̄c symmetry. The refinement converge
at R50.059 for the data averaged in 1¯ symmetry, and it
converged atR50.025 for the data averaged in 3m̄ symme-
try. The apparently good fit can be explained by the fact t
the monoclinic structure can be described as a relativ
small distortion from the rhombohedral structure and by

FIG. 3. Intensities of~a! the (1̄1̄1)R reflection and~b! the

(11̄0)R reflection as a function of the crystal orientation (C angle!.

Note that the (1̄1̄1)R reflection violates the extinction rules of th

space groupR3̄c, while the (11̄0)R is allowed withinR3̄c.
22411
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fact that the measured intensities are the sum of intens
from different twin domains, thus averaging out the effect
the lower point symmetry. Nevertheless, our observation
scattered intensities at points forbidden by theR3̄c space
group and our observation of split Bragg reflections de
nitely showed that the true symmetry of our sample w
monoclinic. All structure refinements were performed w
JANA2000.26

Refinements of a structure model with monoclinic sy
metry I2/c were performed starting from the rhombohed
structure. The measured integrated intensities of the Br
reflections were considered to be sum of intensities of Br
reflections of the various twin domains. The refinement c
verged to a fit withR50.040. It was found that only 5 out o
the 12 possible twin domains did have significant volum
fractions.

It is known that the oxygen content might deviate fro
the nominal composition and that it depends on the pre
circumstances of the crystal growth. Usually up to a fe
percent of excess of oxygen is found, and the chemical c
position can be represented by La12xSrxMnO31d with d
!1.16 Structurally, the excess of oxygen is accommoda
by fully occupied oxygen sites and vacancies on the La
Mn sublattices.27,28 Then, the composition can be describ
as (La12xSrx)yMnzO3. Because intensities of Bragg refle
tions in x-ray diffraction are only sensitive to the total num
ber of electrons on each site, the parametersx and y are
correlated and they cannot be varied simultaneously. Th
fore, we fixed the value ofx50.212 towards the value ob
tained from the microprobe experiment. Structure refin

TABLE II. Experimental data. Standard deviations are given
parentheses.

Temperature~K! 300

a ~Å! 5.4863~3!

b ~Å! 5.5361~3!

c ~Å! 7.7941~4!

b ~deg.! 90.74~2!

V (Å3) 236.7
Space group I2/c
rcalc. (g/cm3) 6.496
Number of measured reflections 2047
Number of observed reflections 1320
Number of unique reflections 1249
Refinement
Number of parameters 32
R 0.040
wR 0.048
Twin volume fraction 1 0.595
Twin volume fraction 2 0.068~7!

Twin volume fraction 3 0.039~7!

Twin volume fraction 4 0.177~1!

Twin volume fraction 5 0.121~4!

Occupation Mn-site (z) 0.958~8!

Occupation La-site (y) 0.998~7!

Composition La0.788Sr0.212Mn0.958O3
1-4
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MONOCLINIC STRUCTURE OF La12xSrxMnzO3 . . . PHYSICAL REVIEW B66, 224111 ~2002!
ments were performed including the variation of the s
occupanciesy andz. The result shows that the La site is ful
occupied and that the Mn site contains vacancies~Table II!.
The composition as obtained from the refinement is in go
agreement with the values determined by the microprobe
periment. The structure parameters corresponding to the
fit are summarized in Tables II and III.

IV. DISCUSSION

The crystal structures of (La12xSrx)yMnzO3 manganites
can be described as distorted perovskiteABO3 type struc-
tures (A5La12xSrx). The A cations occupy cavities of th
three-dimensional~3D! network of vertex sharing BO6 octa-
hedra. The size of the cavity in the undistorted perovsk
structure depends on the B-O bond length. Tilting of the B6
octahedra modifies the size of the cavity available for
A-type cation. It is well known thatA-type cations of various
sizes are accommodated in the structure by different ma
tudes of tilting of the MnO6 octahedra. Different patterns o
tilting correspond to different superstructures of the cu
perovskite structure type,29 including the R3̄c and Pbnm
structures as have been reported for La12xSrxMnO3.16 For
the monoclinic structure presented here we find that the
tern of tilting is similar to that of the rhombohedral structu
reported previously~Fig. 4!. It is described by a rotation o
the MnO6 octahedral groups approximately about the@111#c
direction over 17°.

A second type of distortion that has been observed in
earth manganites is the JT distortion of the MnO6 octahedral
groups. It stabilizes the Mn31 oxidation state, and it is ex
pected to be zero for Mn41. Structurally, the JT distortion is
characterized by two long and four short Mn-O bonds.16 In
pure LaMnO3 all Mn atoms are in Mn31 state. In
(La12xSrx)yMnzO3 compounds both replacement of La31 by
Sr12 ~x! and cation site vacancies (y andz) create Mn41 on
Mn sites. In this way each of the parametersx, y, andz will
influence the crystal structure, including the Mn-O bo
lengths, JT distortions, and tilting schemes of the MnO6 oc-
tahedral groups.

For the rhombohedral structures the coherent JT distor
is zero as determined by symmetry. The monoclinicI2/c
symmetry allows a JT distortion, but we find that all Mn-
bonds have approximately equal lengths~Table IV!. This re-
sult establishes that there is at most a very small coheren
distortion in La0.788Sr0.212Mn0.958O3 at room temperature
The temperature factors of the oxygen atoms are anisotr

TABLE III. Atomic coordinates~relative to the cell axes! and
equivalent isotropic temperature parametersUeq (Å2) obtained
from the final refinement.

Atom x y z Ueq

Mn 0 0 0 0.0039~2!

La/Sr 1
2 0.0003~1! 1

4 0.0071~1!

O1 1
2 0.550~1! 3

4 0.012~1!

O2 0.2249~7! 0.2759~8! 0.5253~5! 0.011~1!
22411
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with much smaller values in the directions of the Mn-
bonds than perpendicular to them~Fig. 5!. This suggests the
absence of large incoherent JT distortions as well.3 The near
absence of JT distortions can be explained by the high f
tion of Mn41 ions that exist due to vacancies on the Mn si
It is noticed thatI2/c was determined as the space group
Pr0.6Sr0.4MnO3 too.30

Previous investigations on compounds with similar co
positions have found them to be in the ferromagnetic stat
room temperature. For these compounds rhombohedral s
metry was reported with only small incoherent J
distortions.3 Presently, we find similar properties fo
La0.788Sr0.212Mn0.958O3, albeit with a different symmetry of
the structure. Apart from an, at most, very small coherent
distortion, the monoclinic structure is distinguished from t
rhombohedral structure by further distortions of the MnO6

FIG. 4. Projection of the monoclinic structure o

La0.788Sr0.212Mn0.958O3 along(001) @corresponds to (0012 )c]. Large
circles represent Mn, small circles represent O, and medium-s
circles represent La/Sr. Mn-O bonds are shown as sticks.

TABLE IV. Interatomic distances~Å! and bond angles~degrees!
for the final structure model. The number of equivalent bonds
each type is given in square brackets.

Atoms Value

Mn - O1 @2# 1.9681~8!

Mn - O2 @2# 1.966~3!

Mn - O2 @2# 1.972~4!

Mn - O1 - Mn 163.8~3!

Mn - O2 - Mn 163.6~2!

La/Sr - O1@2# 2.7569~5!

La/Sr - O1 2.490~5!

La/Sr - O1 3.047~5!

La/Sr - O2@2# 2.488~3!

La/Sr - O2@2# 2.760~3!

La/Sr - O2@2# 2.756~3!

La/Sr - O2@2# 3.049~3!
1-5
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TAMAZYAN et al. PHYSICAL REVIEW B 66, 224111 ~2002!
octahedral groups. This is exemplified by deviations of
O-Mn-O bond angles from 90°, with values between 88.9
and 88.83° in theI2/c structure.~The three O-Mn-O angles
of 180° retain this value exactly because of the symmetry! It
is likely that these small distortions do influence the state
the manganese ions and thus indirectly influence the m
netic coupling in the structure.

We have determined that La0.788Sr0.212Mn0.958O3 has a
monoclinicI2/c structure at room temperature. A monoclin
lattice has been reported previously for this composition,
without giving the space group or structure model.17 The
I2/c monoclinic structure differs from the rhombohedr
structure model by small distortions only. The monoclin
structure reported for La12xSrxMnO31d with x,0.15 has a
different lattice and different symmetry~space group
P21 /c),14–16 and obviously is not directly related to th
present structure.

V. CONCLUSIONS

We have established that La0.788Sr0.212Mn0.958O3 has
monoclinicI2/c symmetry in its ferromagnetic state at roo
temperature. The space groupI2/c is a subgroup ofR3̄c, and
the monoclinic crystal structure represents a small but d
nite distortion away from the rhombohedral structure t
was previously reported for similar compositions. On t
other hand, the low-temperature, orthorhombic structure

*Permanent address: Molecule Structure Research Center Na
Academy of Sciences RA, Azatutyan 26, 375014 Yerevan, Rep
lic of Armenia. Electronic address: rafael@msrc.am

†Correspondence author. Electronic address: smash@
bayreuth.de
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FIG. 5. Perspective view of the monoclinic crystal structure
La0.788Sr0.212Mn0.958O3. Thermal ellipsoids are drawn for all atom
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responds to an essentially different pattern of tiltings than
rhombohedral structure.16 The phase transition that occu
below room temperature has been described previously
transition from R3̄c towards Pbnm symmetry. If true, it
would correspond to a sudden rearrangement of the pa
of tiltings of the MnO6 octahedra. TheI2/c monoclinic sym-
metry provides for an alternative interpretation of the pha
transitions as continuous structural transitions. A poss
high-temperature transition would be between phases w
rhombohedral and monoclinic symmetries, respectively.
causeI2/c is a subgroup ofR3̄c, this can be a continuou
transition. The low-temperature transition would be betwe
phases with symmetriesI2/c andPbnm, respectively. There
is no subgroup-supergroup relation, but the pattern of t
can be changed continuously going from one symmetry
the other. An intermediate monoclinic structure was also
served between the rhombohedral and tetragonal phase
PbZr12xTixO3.31

It might be the case that the symmetry
(La12xSrx)yMnzO3 will depend not only on the doping~the
parameterx) but also on the oxygen content or on the v
cancies at the cation sites~the parametersy andz). However,
the I2/c monoclinic symmetry has not been reported befo
for any composition of the~La,Sr! manganites. We conside
it unlikely that compositions similar to the composition
the present single crystal would not have been studied
fore. On the other hand, the relatively small sizes of
splittings of the Bragg reflections might have been eas
overlooked in previous experiments. In the case of neut
diffraction or x-ray powder diffraction using a standard lab
ratory diffractometer, the widths of the peaks might be larg
than the splittings, and it would have been impossible
observe splittings of sizes similar to the ones reported h
The good fit to the intensity data by a structure model w
R3̄c symmetry will not have given any incentive to sear
for structures with lower symmetries. Of course, the fit of t
intensity data inR3̄c disregards the splittings of the reflec
tions as presently observed. These splittings and the
served~weak! intensities at positions forbidden byR3̄c pro-
vide conclusive evidence for the monoclinic symmetry of t
present single crystal. We think that the phase diagram
La12xSrxMnO3 needs to be reconsidered, taking into acco
the I2/c monoclinic symmetry.
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