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Neutron diffraction of hole polaron ordering in La 1ÀxSrxMnO3 „x¶
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The polaron-ordered structure of La12xSrxMnO3 (x> 1
8 ) has been reinvestigated to verify the previously

proposed models. We found satellite reflections on the (0,k,l )ortho and (1,k,l )ortho reciprocal planes. It has been
shown that neither of the previously proposed models is completely consistent with the observed results. Based
on theoretical consideration of interhole interactions in a perovskite-based structure, the experimental results
are analyzed. A polaron ordered structure with unit cell size of (&3&34)cubic has been proposed which is
substantially consistent with the observed neutron-scattering pattern.
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I. INTRODUCTION

The mixed valence system expressed byA12xBxMnO3
has attracted much attention in recent years because o
abundance of interesting physical properties including a
lossal magnetoresistance effect. The variety of phenomen
brought in as the results of interplay between magneti
transport property, and interaction with lattice of 3d
electrons/holes on Mn sites. Among these phenome
charge-hole ordering is quite important because such pro
directly affects on any macroscopic responses such as r
tivity, magnetic and dielectric susceptibilities, elastic co
stants, etc.

As for highly doped materials in the regionx.0.5, the
charge ordering takes place at sufficiently high temperatu
in many substances such as La0.5Ca0.5MnO3, etc., and vari-
ous important aspects have been elucidated.1,2 On the other
hand, in the case of the materialsx,1/3, the hole ordering
has not been subjected to extensive studies. Yamadaet al.3

reported the hole polaron ordering in low-doping ra
La12xSrxMnO3 (x50.10 and 0.15! crystals. Making use of
the satellite positions observed in the (0,k,l )ortho reciprocal
plane ~space group:Pbnm!, they proposed a hole structur
which is consistent with the hole density ofn5 1

8

(50.125), just at the center ofx values of the observed
specimens. The proposed model structure is reproduce
Fig. 1~a!. As is seen in the figure, the holes construct a
3234 unit cell in terms of the cubic perovskite unit.

Recently, Inamiet al.4 carried out an x-ray-diffraction ex
periment using a synchrotron light source on a specim
with x50.12. They proposed an interesting model which
different from the above (23234)cubic structure. Based on
the observation of the satellites of rather limited numbe
they inferred the extinction rule of the reflections, fro
which they suggested the new model as given in Fig. 1~b!.
An important point is that the holes are segregated on ev
one (0,0,1)ortho layer of successive four layers perpendicu
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to the orthorhombicc axis where the hole concentration
the hole containing layer isn̄5 1

2 . Moreover, the holes re
main disordered in the layer. Thus, the unit cell is 13134
on cubic basis in the averaged sense. The overall hole
centration isn5 1

8 , which is again consistent with thex value
of the specimen. While this (13134)cubic picture is quite
interesting, there arise several questions: Since this is es
tially one-dimensional~1D! ordering, is there another phas
transition to three-dimensional ordering at a lower tempe
ture? Since the system should be still conductive in the la
the sharp upturn of resistivity5 at the onset temperature of 1
ordering seems puzzling. What is the origin of hole segre

FIG. 1. The previously proposed charge configurations.~a! Pro-
posed by Yamadaet al., where the unit cell is (23234) in cubic
perovskite unit.~b! Proposed by Inamiet al., where the unit cell is
(13134), indicated by the thick lines. In this model, the ho
containing layers are spatially segregated.
11 600 ©2000 The American Physical Society
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FIG. 2. ~Color! The observed neutron-diffraction patterns of~a! (0,k,l )ortho reciprocal plane and~b! (1,k,l )ortho reciprocal plane obtained
by the WAND diffractometer, installed at the HFIR reactor, ORNL. The inset figures give the corresponding patterns as calculated u
~16! in the text.d: fundamental reflections due to the basic perovskite structure.h: reflections corresponding to the correct orthorhom
structure belonging to the space groupPnbm. Pink solid circles: diffractions due to the polaron ordering. The size of the circles indicate
measure of the relative intensity. The line profiles along@0,4,l #ortho and @1,4,l #ortho are also given in~c! and ~d!, showing weak peaks a
l 52l 86
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tion, which seems energetically unfavorable from elect
static viewpoint? Moreover, the existence of the orbital or
in the same system La12xSrxMnO3 (x50.10) observed by
Endohet al.6 does not seem to be reconciled with the mod
In order to elucidate these points, we have carried ou
reinvestigation with neutron-diffraction technique maki
use of the wide-angle neutron diffractometer7 ~WAND! in-
stalled at the high flux isotope reactor~HFIR! of the Oak
Ridge National Laboratory~ORNL!. The WAND diffracto-
meter enables us to survey wide areas of reciprocal spac
that overall characteristics of the diffraction pattern such
-
r
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extinction rules are easily obtained. In the next section
experimental procedure and the obtained results are
sented. In Sec. III, we describe the framework of the th
retical treatment to discuss the hole-orbital ordered struct
which is utilized for the analysis of the experimental resu
in Sec. IV. The last section is devoted for summary a
discussion.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A single crystal of La12xSrxMnO3 (x50.1) used in this
study was grown by the floating-zone melting technique. T
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11 602 PRB 62Y. YAMADA et al.
dimensions of the sample are 20 mm in length and 4 mm
diameter. The sample is composed of microdomains of
true orthorhombic lattices. The mosaic spread of a sin
domain is less than 0.8°.

Neutron-diffraction measurements have been carried
using the WAND diffractometer. The wavelength of the i
cident neutrons is 1.44 Å. The higher-order contamin
from a bent silicon monochrometor working with th
~3,1,1! reflection is less than 0.1% compared to the prim
beam. The neutrons diffracted by the sample are detecte
a curved one-dimensional position-sensitive3He detector,
which covers a wide scattering range 125°. We used
flat-cone geometry, one of the Weissenberg methods, to
ficiently collect a large number of reflections appearing
the reciprocal planes (0,k,l )ortho and (1,k,l )ortho without any
need to remount the sample. The sample was mounte
that it might be rotated around the orthorhombica axis nor-
mal to a set of the reciprocal planes. When the recipro
plane (0,k,l )ortho is observed, the incident beam direction
parallel to the plane. However, in the case of measuring
reciprocal plane (1,k,l )ortho the beam direction is relatively
tilted from the reciprocal plane (0,k,l )ortho by about 15°. The
sample was cooled down by a standard closed-cycle4He
refrigerator.

Figures 2~a! and 2~b! show the diffraction patterns of th
reciprocal planes (0,k,l )ortho and (1,k,l )ortho obtained at 12
K, respectively. In both planes we found a series of sate
reflections in addition to the main Bragg reflectio
(h,k,l )ortho ~h,k,l: integers!. The satellite positions are in
dexed as (0,k,l 6 1

2 )ortho and (1,k,l 6 1
2 )ortho wherek andl are

even integers. Figures 2~c! and 2~d! show the intensity dis-
tribution along @0,4,l #ortho and @1,4,l #ortho, respectively,
which clearly indicate the systematic presence of sate
reflections. Other reflections observed in both planes, wh
cannot be indexed systematically probably, come from
ferent domains having slightly different lattice paramete
Furthermore, the rings around the origin and arcs through
main Bragg reflections are the background scatterings f
the sample container or the detector.
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The satellite reflections appear belowTp5110 K, corre-
sponding to the metal-insulator transition temperature
tained by the resistivity measurement.5 This result indicates
that the polaron ordering due to the freezing of the h
configuration causes the lattice distortion belowTp as previ-
ously reported. Within accuracy of experimental resolutio
all the observed reflection positions show that the unit ce
given by&3&34 in cubic perovskite basis.

III. THEORETICAL TREATMENT

As is shown in the previous section, rather thorough s
vey throughout the reciprocal planes (0,k,l )ortho and
(1,k,l )ortho by the WAND diffractometer has proven that e
ther of the proposed hole ordered structures, (23234)cubic
and (13134)cubic, are inconsistent with the present expe
mental results~see Appendix A!. This seems to suggest tha
instead of proposing rather arbitrarily constructed mo
structures, we should carry out some systematic investiga
of stabilization process of holes with a fixed density
perovskite-based system.

A. Hole ordering

There are a number of theoretical works to discuss
charge ordering inA12xBxMnO3 mainly at the ‘‘half-doped’’
(x5 1

2 ) condition.8–10 Since we are only to find the stabl
charge pattern localized on the Mn site rather than to disc
the overall metal-insulator transition scheme, we simplify t
system by taking the narrow band limit of spinlesseg elec-
trons. Then, following the discussion by Lee and Min,8 the
lowest order energy term is given by the intersite Coulom
potential between the holes. For the later convenience,
start with the general expression for the system withm sub-
lattices in the unit cell as follows:

H5(
^ i , j &

Ji j
nn8Si

nSj
n8 ~1<n<m!. ~1!

Here, the pseudospin variableSi
n takes on,
Si
n5 H1: when thenth Mn site in the i th unit cell is occupied by a hole,

0: when it is not occupied by a hole, ~2!
andJi j
nn8 is the interaction between the pair of holes at (i ,n)

and (j ,n8) sites. In fact, this is an extension of the treatme
by Lee and Min8 to the cases ofxÞ 1

2 . By defining the Fou-
rier transforms:

Sn~k!5
1

AN
(

i
Si

neik"r i, ~3!

Jnn8~k!5
1

AN
(
^ i , j &

Ji j
nn8eik"r i j , ~4!
t

the Hamiltonian is expressed as

H5(
k

S1~2k!•J~k!•S~k!. ~5!

Here,S(k) is them-dimensional column vector,

S~k!5S S1~k!

]

Sm~k!
D ~6!

andJ(k) is the (m3m) matrix given by
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J~k!5S J11~k! J12~k! ¯ J1m~k!

] ]

] ]

Jm1~k! ¯ ¯ Jmm~k!

D . ~7!

Following the conventional diagonalization procedure,
have

H5(
k

(
s

Es~k!uSs~k!u2. ~8!

Es(k) is the energy eigenvalue andSs(k) is the correspond-
ing normal mode specified by the branch indexs and the
i

s

t
h
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wave vectork. It is reasonable to consider that the stab
configuration of holes is given by

Si
n5Cn

l~k0!eik0•r i, ~9!

whereCn
l(k0) is thenth component of the normal coordina

vector Cl(k0) corresponding to the lowest energy eige
valueEl(k0).

To apply the above consideration to our specific syste
we define the pseudocubic~perovskite! unit cell containing
single Mn site. Here we have simplified the problem by n
glecting anisotropy due to buckling of octahedron in the e
act orthorhombic unit cell. We assume that there are t
kinds of important interactions to describe the system as
lows:
J1 : nearest neighbor~NN! interaction in the~0,0,1!cubic plane,

J2 : NN interaction along the@0,0,1#cubic direction,
n-
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where we would reasonably assume asJ1.J2.0 ~repulsive
interactions!.

By solving the one-dimensional seqular equation, it
easy to find the energy eigenvalues as follows:

E~k!52J1~cosk•a1cosk•b!12J2 cosk•c/2. ~10!

Clearly, the minimum value ofE(k) is at (1
2 , 1

2 , 1
2 )cubic ~see

Fig. 3!.
Going back to the real space, the most stable hole den

wave ~HDW! is expressed as

r~r !5 r̄1dr̂eik0•r ,

~11!

k05~ 1
2 , 1

2 , 1
2 !cubic,

wherer̄ is the average hole concentration, which is given
be r̄5 1

8 in the present case. Although the amplitude of t
modulated part,dr̂, depends on the external condition su

FIG. 3. Energy contour maps of hole density wave state in~a!
(h,k,0)cubic reciprocal plane and in~b! (h,h,l )cubic reciprocal plane.
Notice the lowest energy HDW has the wave vectork0

5( 1
2 , 1

2 , 1
2 )cubic. The arrows indicate the wave vector of the mo

stable HDW.
s

ity

o
e

as temperature, it is inferred that the maximum value ofdr̂
should not exceed18, because the valence of Mn ions is co
sidered to be fluctuating between Mn31 and Mn41. Finally,
the proposed most stable hole configuration@Eq. ~11!# is vi-
sualized in Fig. 4 takingdr̂5 1

8 . As is seen in the figure
there are two types of Mn sites aligned along the@0,0,1#cubic
direction: ‘‘hole deficient’’ site which is occupied solely b
Mn31 ions, and ‘‘hole excess’’ site occupied b

Mn3.2515~3
4Mn3111

4Mn41!. The overall unit cell is specified
as (&3&32) on cubic basis.

B. Orbital ordering

At this point, we should notice that due to the degenera
of the 3d orbital in the cubic field, the periodicity of the
orbital wave~ORW! does not coincide with the periodicit
of the charge-hole density wave. The most frequently
served periodicity of ORW inA1/2B1/2MnO3 ~A is La, Nd,B
is Sr, Ca! is doubled along the@1,0,0#ortho direction as com-
pared with that of CDW.11–13Since the observed periodicit
of the present system is twice of the periodicity of the po
tulated HDW@Eq. ~11!# along the@0,0,1#ortho direction, we
consider that similar situation is also realized in the pres
case.

In fact, recently Endohet al.6 clearly observed the evi
dences of the orbital ordering in the same La12xSrxMnO3
system withx50.12 by resonance x-ray scattering from t
eg electron on Mn31 site at~0,3,0! reflection.

We proceed to find the most stable orbital order under
condition that the hole configuration is fixed by Eq.~11!,
which forms (&3&32)cubic lattice. In perovskite manga
nese oxideAMnO3 system, the wave function of theeg elec-
tron localized on Mn31 site is generally expressed by

f~r2r ik!5
1

2
wu1

A3

2
wnt i

k , ~12!t
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wu~r !}3z22r 2,

wn~r !}x22y2, ~13!

t i
k561.

Here,wu(r ) and wn(r ) are the well known 3d orbitals be-
longing to the doubly degeneratedEg symmetry of point
groupm3m. The variablet i

k in the second term specifies th
orbital elongated in @1,0,0#cubic direction (t i

k51) and
@0,1,0#cubic direction (t i

k521), respectively, at thekth site
in the i th unit cell ~A andB in Fig. 5!. On the other hand, the
orbital state in hole-deficient Mn3.251 site is not exactly
known. Recently, the polaronic state of a single Mn41 in
pure LaMnO3 has been studied by Allen and Perebeinos14

They characterize the state as ‘‘anti-Jahn-Teller’’ polar
which gives similar degenerate orbitals elongated ortho
nally (A8 andB8 in Fig. 4!. It would be reasonable to specif
the orbital states of Mn3.251 by the same variablet i

k . In
order to find the stable orbital configuration for the fix
CDW state, we utilize the same theoretical framework p
viously used to discuss the stable HDW. The ‘‘orbital Ham
tonian’’ is given in the same form as Eq.~1! as follows:

H85(
i , j

Ki j
kkt i

kt j
k , k5~1,2,3,4!,

t i
k5H 1: when the orbital on~ i ,k! site is

elongated along@1,0,0#cubicdirection,
when the orbital on~ i ,k! site is

21: elongated along@0,1,0#cubic direction,

~14!

FIG. 4. Proposed hole configuration corresponding to the m
stable HDW state as given by Eq.~11!. The unit cell of the hole
lattice is (&3&32)cubic. The most stable ORW~polaron wave!
state as given by Eq.~15! is also shown symbolically indicating th
local deformation byA,A8,B,B8. Notice the unit cell of the polaron
lattice is (&3&34)cubic.
,
-

-

whereKi j
kk is the interaction energy between the holes on

~i,k! and ~j,k! sites associated with the difference of the o
bital configurations.

Again, the present theoretical framework is viewed a
simplified version of the treatment by Ishiharaet al.15 in
which the freedom of spins is explicitly taken into account
addition to the orbital degree of freedom. Notice there
four sublattices within the orthorhombic unit cell defined f
the stable HDW state, (&3&32)cubic.

Following the same procedure as the hole ordering,
stable orbital order should be given by the normal mode
the orbital wavetl(k0) corresponding to the lowest energ
eigenvalueEl(k0), which is explicitly given by solving the
eigenvalue equation concerning the (434) interaction ma-
trix $Knn(k)%. As is given in Appendix B in detail, we as
sume a set of suitable interaction parameters between
neighboring orbitals to define$Knn8(k)%, whence to deter-
mine the energy eigenstates.

Figure 6 gives the calculated contours of the energy
genvalues belonging to the lowest energy branch,El(k0) in
(0,k,l )ortho plane. It is seen that the most stable orbital co
figuration is given by the orbital wave~ORW! state defined

by the wave vectork085(0,0,12 )ortho5( 1
2 , 1

2 , 1
4 )cubic. Using Eq.

~9!, the corresponding stable orbital configurationt i
k is ex-

pressed by

t i
k5Ck

l~k08!eik08•r.

k085~ 1
2 , 1

2 , 1
4 !cubic, ~15!

st

FIG. 5. Schematic representation of the elongated orbitals
the deformation of the oxygen octahedron at various types of sm
polarons. A, B ~solid lines!: orbital and deformation around th
Mn31 site,A8,B8 ~dashed lines!: orbital and deformation around th
Mn3.251 site. The pattern forA8(B8) is taken from Ref. 14.



r

h

e
du
-

th

ed
u
f
h

it

M

h
ca
on
si

nd
o

of

d

th
es
lly

nd
ion

l

g
in

th
th

.
kite

le

r

e

PRB 62 11 605NEUTRON DIFFRACTION OF HOLE POLARON . . .
where Ck
l(k08) is the kth component of the eigenvecto

Cl(k08) which is explicitly given by~see Appendix B!,

Cl~k08!5 1
2 ~1,21,eiw,2eiw! ~16!

with arbitrary phase anglew. Physically, this means that bot
sublattices onz50 (k51,2) andz05 1

2 (k53,4) ~see Fig.
8! stabilize the ‘‘antiferro’’-type order while the relativ
phase relation between them remains indefinite. This is
to that for the ‘‘antiferro’’-type order, the orbital configura
tion on one of the sublattices is frustrated against the o
by the translational symmetry of the system.

Finally, the hole-orbital configuration thus determin
is depicted in Fig. 4. It is seen that the orbital config
ration along the c axis follows the sequence o
A-A8(B8)-B-B8(A8)¯ . Notice due to the frustration, bot
sequences could be equally probable.

It is noticeable that the present model is consistent w
the observation of the orbital order by Endohet al.,6 since
the resonance x-ray structure factorF(K ) for (0,k,l )ortho re-
flection with ‘‘mixed integer’’ such as~0,3,0! is given
by F(K )5$ f A(K )- f A8(K )%1$ f B(K )- f B8(K )%Þ0, where
f A(K ), etc. is the resonance scattering amplitude for the
ion in ‘‘ A’’ configuration, etc. in Fig. 4.

IV. ANALYSIS OF NEUTRON SPECTRA

So far, we have only considered the ordering of t
‘‘bare’’ holes. Actually, the holes should be dressed by lo
distortion of oxygen to form small polarons. In fact, neutr
wave probes only atomic distortions rather than the den
of 3d electrons~holes! itself.
The local lattice distortion associated with the HDW a
ORW is considered to be composed of the following tw
components:

~i! ‘‘breathing’’ mode induced by deficiency-excess
holes relative tor̄, which belongs to totally symmetricA1g
representation of point groupm3m.

~ii ! ‘‘JT active mode’’ induced by the Jahn-Teller an
anti–Jahn-Teller coupling, which belong to theEg represen-
tation.

In order to define the displacement field throughout
crystal, we adopt the ‘‘half-oxygen model,’’ which assum
that there are six independent ‘‘half-oxygens’’ octahedra

FIG. 6. Energy contour maps of the orbital wave state in
(0,k,l )ortho reciprocal plane. Notice the lowest energy ORW has

wave vectork085(0,0,12 )ortho5( 1
2 , 1

2 , 1
4 )cubic. The arrow indicates the

wave vector of the most stable ORW.
e

er
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e
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surrounding each Mn ion in perovskite unit cell~Fig. 7!.
Then, the displacement field associated with the HDW a
the ORW is expressed in terms of the two lattice distort
waves~LDW! as follows:

u~n!5uA
~n!eik0•r i1uE

~n!eik08•r i ~n51,...,6!,

uA
~n!5«eA

~n! , ~17!

uE
~n!5deE

~n! ,

where eA
(n) and eE

(n) are thenth components of the norma
coordinates of the localA1g mode and ofEg mode, respec-
tively ~see Table I!.

Finally, the total displacement field is given, by takin
into account the ‘‘buckling mode’’ which already exists
the original orthorhombic structure, as follows:

ui
~n!5uA

~n!eik0•r i1uE
~n!eik08•r i1uT

~n!eik0•r i ~n51,...,6!,

uT
~n!5feT

~n! , ~18!

e
e

FIG. 7. The arrangement of ‘‘half-oxygen’’ ions in the lattice
There are six independent half-oxygens within the cubic perovs
unit cell.

TABLE I. The local displacement of half oxygens in the ho
ordered phase.uA

(n) is the displacement of thenth 1
2O associated

with the hole density order belonging toA1g representation. uE
(n)

is the displacement of thenth 1
2O associated with the orbital orde

belonging toEg representation. uT
(n) is the displacement of thenth

1
2O due to tilting of 1

2 O6 octahedron which already exists in th
orthorhombic structure in the disordered state.

n r (n) uA
(n) uE

(n) uT
(n)

1 ~ 1
2,0,0! ~«,0,0! ~d,0,0! ~0,0,f!

2 ~2 1
2,0,0! ~2«,0,0! ~2d,0,0! ~0,0,2f!

3 ~0,1
2,0! ~0,«,0! ~0,2d,0! ~0,0,f!

4 ~0,2 1
2,0! ~0,2«,0! ~0,d,0! ~0,0,2f!

5 ~0,0,12! ~0,0,«! ~0,0,0! ~2f,2f,0!

6 ~0,0,2 1
2! ~0,0,2«! ~0,0,0! ~f,f,0!



11 606 PRB 62Y. YAMADA et al.
TABLE II. Calculated structure factors for the satellite reflections at (h,k,2l 86
1
2 )ortho within (0,k,l )ortho and (1,k,l )ortho reciprocal planes.

h k FE(K ) FEA(K ) FET(K ) F(K )

h50
k52k8

0

0 (21)k8118bp2

3( l 81
1
4 )k8df

(21)k8118bp2

3( l 81
1
4 )k8df

k52k811 0

h51

k52k8
(21)k8114ibp2

3k8d
(21)k8114ibp2

3k8d

k52k811 (21)k84bp2

3(2k8212k811)d«
(21)k84bp2

3( l 81
1
4 )df

(21)k84bp2

3d$(2k8212k811)«1( l 81
1
4 )f%
of

-

d

n
n

is

o

c-

ed.
igs.

on
e

ei-
ith

n of
sed
. A
h is
ring

lf-
s
tic,

in
, of
bic

g-
f
e

the
he

rn
as
ally

l

whereeT
(n) is thenth component of the normal coordinate

the local tilting deformation~see Ref. 3!. The values of
uA

(n) , uE
(n) , and uT

(n) are listed in Table I including dispos
able parameters«, d, andf.

The structure factorF(K ) of neutron scattering associate
with the half-oxygens is given by

F~K !5
b

2 (
i

(
n51

6

eiK•~r i1r ~n!1ui
~n!

!, ~19!

whereb/2 is the neutron-scattering length of a half-oxyge
In particular, the structure factors for the satellite reflectio
are expressed by expandingF(K ) with respect toK•ui

(n) , by

F~K !5FE~K !1EEA~K !1FET~K !, ~20!

FE~K !5
b

2 (
n

~ iK•uE
~n!!eiK•r ~n!

d~K2Kh6k0!,

~21!

FEA~K !5
b

2 (
n

~ iK•uE
~n!!~ iK•uA

~n!!

3eiK•r ~n!
d~K2Kh6k06k08!, ~22!

FET~K !5
b

2 (
n

~ iK•uE
~n!!~ iK•uT

~n!!eik•r ~n!

3d~K2Kh6k06k08!, ~23!

whereKh is a cubic reciprocal lattice point.FE(K ) peaks at

K5Kh6( 1
2 , 1

2 , 1
4 )cubic, while FEA(K ) and FET(K ) give

peaks atK5Kh6(0,0,14 )cubic. Notice thatFE(K ) is the ma-
jor diffraction effect, whileFEA(K ) and FET(K ) originate
from the second-order terms in the expansion series
FE(K ) with respect toK•ui

(n) . The result of the calculation
of F(K ) at the satellite positions within (0,k,l )ortho and
(1,k,l )ortho reciprocal planes is summarized in Table II. It
easily seen that the major contributions are at (1,k,2l 8
6 1

2 )ortho with k even. In (0,k,l )ortho reciprocal plane, only
minor intensities are present at (0,k,2l 86 1

2 )ortho with k even.
These features are consistent with the observed results. H
ever, there are additional minor intensities at (1,k,2l 8
6 1

2 )ortho with k odd, which is absent in the observed diffra
.
s

of

w-

tion pattern. This discrepancy has been left unclarifi
These overall features are visualized by the insets of F
2~a! and 2~b!.

V. SUMMARY AND DISCUSSIONS

We investigated the structure of La12xSrxMnO3 (x
50.1) in order to verify the proposed models of polar
ordering using the WAND diffractometer installed at th
HFIR reactor. We found satellite reflections on (0,k,l )ortho
and (1,k,l )ortho reciprocal planes. It has been shown that
ther of the previous models is not completely consistent w
the observed results. Based on theoretical consideratio
interhole and interorbital interactions in the perovskite-ba
crystal structure, the experimental results are analyzed
new polaron ordered structure has been proposed whic
substantially consistent with the observed neutron-scatte
pattern.

In the present treatment, we have adopted the ‘‘ha
oxygen model,’’ which inevitably introduces extra fictitiou
freedom of motion for each oxygen ion. To be more realis
we should expand the displacement field of oxygen ions
terms of the phonon modes, rather than the local modes
the perovskite system containing three oxygens in the cu
unit cell. The expression ofui

(n) in Eq. ~18! should then be
replaced by

ui
~n!5(

s
Qs~q0!en

s~q0!exp~ iq0•r i
~n!! ~n51,2,3!,

~24!

q05~ 1
2 , 1

2 , 1
4 !cubic,

whereQs(q0) is the amplitude of the phonon mode belon
ing to thesth branch anden

s(q0) is the normal coordinate o
the nth oxygen. It would be important to investigate lattic
dynamical properties extensively in order to elucidate
orbital ordering in this material more precisely beyond t
‘‘half-oxygen’’ model.

It is interesting to notice that, while the charge patte
within the (0,0,1)ortho basal plane is essentially the same
the charge pattern commonly found in materials gener
expressed asA1/2B1/2MnO3 ~A is La, Pr, Nd, B is Sr,
Ca!,11–13 the orbital order in La7/8Sr1/8MnO3 and those in
A1/2B1/2MnO3 are quite different: In the former, the orbita
unit cell is doubled along the@0,0,1#ortho direction, while in
the latter, it is doubled along the@1,0,0#ortho direction.
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Within the framework of the present treatment, the diffe
ence is explained by assuming slightly different set of theK
parameters. It would be interesting to estimate these par
eters from a microscopic viewpoint for the systems with d
ferentx values.
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APPENDIX A

The observed satellite pattern seems to be in contradic
to the previous models. In the Yamada model, the tran
tional symmetry of the CDW itself is different from the la
tice deduced from the observed satellite positions. On
other hand, in the Inami model, the translational symmetr
correctly defined to give (&3&34)cubic. However, the
calculation of the structure factors shows that the extinct
rule predicted by the model is in disagreement with the
served systematic appearance of the satellites in (1,k,l )ortho
plane as shown below.

In the Inami model, the holes are randomly distribut
within each segregated ‘‘hole-containing layer.’’ Accor
ingly the effect of the hole ordering is completely wiped o
within the layer on average. The only possible structural
fect should be the modulation of the spacing
(0,0,1)ortho-atomic planes along thec axis.

The displacement field of the ions in the crystal is e
pressed by

ui
n5ûeik0•r i

n
1c.c.,

k05~0,0,12 !ortho, ~A1!

ûi@0,0,1#,

where i runs over all unit cells in terms of the exact orth
rhombic lattice andn specifies the atomic positions in th
orthorhombic unit cell.

The structure factor of the neutron scattering, which
rectly probes the displacement field, is given by

F~K !5(
i ,n

bneiK•~r0,i
n

1ui
n
!5F0~K !d~K2Kh!

1 i ~K•û!(
n

bneiK•r0
n
d~K2Kh6k0!, ~A2!

Kh5ha0* 1kb0* 1 lc0* .

The first term gives the ordinary Bragg peaks at the ort
rhombic reciprocal-lattice points. The second term gives
new reflections at (h,k,2l 6 1

2 )ortho, which coincides exactly
to the observed satellite positions.

However, detailed calculation of the structure factors
the satellite gives the following systematic rule:
-

m-
-

t
o-
al

-

n
a-

e
is

n
-

t
f-
f

-

-

-
e

f

F~K !5~2l 61!ûF̄~K !, h1k even

50, h1k odd, ~A3!

where F̄(K ) is the layer structure factor of the Mn
containing layer.

While the observed satellites on (0,k,l )ortho plane satisfy
the above extinction rule, those on the (1,k,l )ortho plane are
completely in contradiction since the observed satellites s
tematically appear at (1,k,2l 6 1

2 )ortho with k even. This situ-
ation seems to rule out the Inami model.

APPENDIX B

We take into account four important interactions asso
ated with the orbital configuration as follows~see Fig. 8!
K1 is the interaction between the nearest-neigh
Mn31-Mn3.251 pairs in the (0,0,1)ortho plane,K2 is the inter-
action between the nearest-neighbor Mn31-Mn3.251 pairs
along the@0,0,1#ortho axis, K3 is the interaction between th
next-nearest-neighbor Mn31-Mn31 pairs along the
@0,0,1#ortho axis, K38 is the interaction between the nex
nearest-neighbor Mn3.251-Mn3.251 pairs along the@0,0,1#ortho
axis. Here, we takeK1.0 ~antiferro coupling! by consider-
ing the well-known in-plane orbital ordering in pur
LaMnO3. K3 , K38 are also assumed asK3 , K38.0. K2 can
be taken arbitrary as is shown later. The matrix elements
$Kkk(k)% is easily obtained as follows:

K11~k!52K2 cosk•c5K44~k!,

K22~k!52K28 cosk•c5K33~k!,

K12~k!5K1~11e2 ik•~a1b!1e2 ik•a1e2 ik•b!5K21~2k!,

K13~k!5K3~11e2 ik•c!5K31~2k!,

K14~k!505K41~k!,

K23~k!505K32~k!,

K24~k!5K13~k!,

FIG. 8. The energy parameters associated with the orbital st
on the sublatticesk51,2,3,4, in the (&3&32)cubic hole ordered
unit cell.
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K34~k!5K12~k!. ~B1!

We calculate the energy eigenvaluesEs(k) and the normal
coordinatets(k) using Eq.~8!, focusing our attention on the
modes belonging to the lowest energy branchl. Figure 6
gives the calculated contours of the energy eigenva
El(k) in the (0,k,l )ortho plane, which shows that the mo
stable orbital configuration is given by the orbital wave st

defined by the wave vectork085(0,0,12 )ortho5( 1
2 , 1

2 , 1
4 )cubic.

The normal coordinateCl(k08) corresponding to the low
est energy state is given by solving,

@K ~k08!2El~k08!1#•Cl~k!50,
~B2!

k085~0,0,12 !ortho.
E

,
e

S

i,

,

A.
S.

z-
s

e

By substitution of$Kkk8(k08)% andEl(k08), it is easily found
that

Cl~k08!5 1
2 ~1,21,eiw,2eiw!, ~B3!

where w is an arbitrary phase angle. This means that
system is separated into two independent sublattices c
posed ofk5(1,2) andk5(3,4) ~see Fig. 8!. Each sublattice
forms the same ‘‘antiferro’’ order while the relative pha
relation between the sublattices is left undetermined. Thi
simply due to that, for the ‘‘antiferro’’ order, the orbital con
figuration on one of the sublattices is frustrated against
other by the translational symmetry of the sublattices.
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