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We have peformed neutron diffraction measurements on melt-grown polycrystalline samples of
Nd12xSrxMnO3 (0.49<x<0.75). A systematic transformation of the crystalline and magnetic structures of this
system was observed. This can be consistently explained by the change of the character of the Mneg orbitals.
When increasingx, the Nd12xSrxMnO3 system exhibits an evolution from a metallic ferromagnetic state, to a
metallic A-type antiferromagnetic~AFM!, and then to an insulatingC-type AFM state. TheCE-type charge-
ordered AFM state was observed only in the vicinity ofx51/2 and it coexists with theA-type AFM state for
x*1/2, indicating that the energy difference between these two states is very small. We also found that the
MnO6 octahedra are apically compressed in theCE-type and A-type AFM states due to the
d(3x22r 2)/d(3y22r 2) or d(x22y2) orbital ordering, whereas they are apically elongated by the rod-type
d(3z22r 2) orbital ordering in theC-type AFM state. Finally, a selective broadening of Bragg peaks was
observed in theC-type AFM phase and itsx dependence strongly suggests the onset of charge ordering for
eitherx54/5 or x53/4. @S0163-1829~99!11737-5#
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I. INTRODUCTION

The systematic investigation of the phase diagram of
perovskite manganites was initially performed
La12xCaxMnO3 in the 1950s.1,2 A similarly rich phase dia-
gram was reported for Pr12xCaxMnO3 later in the 1980s.3

The distinctive metallic ferromagnetic~FM! state in these
phase diagrams was explained in terms of the dou
exchange~DE! mechanism between theeg electrons of Mn
ions, and the richness of the phase diagrams was interpr
as a manifestation of the strong coupling among the s
charge, and the Jahn-Teller~JT! lattice distortions.

The recent discovery of the colossal magnetoresista
~CMR! effect in the doped perovskite manganites has
newed interest in these compounds, and many experime
and theoretical efforts have been devoted to clarify the or
of this effect. In particular, recent studies have revealed
in addition to the DE interactions and the JT distortions,
ordering of the twofoldeg orbitals of the Mn ions plays an
essential role in determining the physical properties in
hole-doped manganites.4–9 For example, it was recently re
ported that the underlyingd(x22y2)-type orbital ordering
leads to a metallic antiferromagnetic~AFM! state instead of
PRB 600163-1829/99/60~13!/9506~12!/$15.00
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the more common metallic FM or the so-calledCE-type
charge/spin ordered insulating states.

In view of these developments, it would be extreme
useful to perform systematic experimental studies of
hole-concentration dependence of the phase diagram
these materials to gain a further insight of the interplay
tween theeg orbitals and the magnetic, as well as transp
properties in the doped manganites. For this purpose
chose Nd12xSrxMnO3 because detailed transport studi
have already been performed on this system.10–12We carried
out comprehensive neutron diffraction studies on melt-gro
polycrystalline samples of this system with Sr ion concent
tions ofx50.49, 0.50, 0.51, 0.55, 0.60, 0.63, 0.67, 0.70, a
0.75. We will show that the moderately narrow one-electr
bandwidth of these materials yields a variety of physical
haviors such as charge ordering, metal-insulator transitio
and unique magnetic structures. We will argue that th
result from the interplay between the charge and/or orb
orderings and spin/lattice structures.

First we will show that there is a systematic change in
magnetic structure of Nd12xSrxMnO3 as a function of the
hole concentrationx. Upon hole doping the ground-state sp
ordering varies from that of a metallic ferromagnet to that
the charge-orderedCE-type antiferromagnet, to that of a me
9506 ©1999 The American Physical Society
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PRB 60 9507HOLE-CONCENTRATION-INDUCED TRANSFORMATION . . .
tallic A-type antiferromagnet, and finally to that of an ins
lating C-type antiferromagnet (F→CE→A→C) ~see Fig.
1!. It can be shown that each of these spin structures is
lated to a specific type of orbital ordering, and that the
spective crystal structures are also consistent with these
example, the structures of theCE-type andA-type AFM
states are characterized by apically compressed MnO6 octa-
hedra, while that of theC-type AFM state is characterized b
apically elongated octahedra, reflecting their respec
layered-type or rod-type orbital ordering patterns~see Fig.
4!. These systematic changes of the ordering of the spins
orbitals are well reproduced by recent theoretical calcu
tions that take into account the double degeneracy of theeg

orbitals.5

Charge ordering also plays an important role
Nd12xSrxMnO3.8,10 TheCE-type charge/spin order is forme
in this system only in a very narrow region ofx aroundx
51/2, and it coexists with theA-type AFM state forx51/2
and x50.51. The coexistence of these two states may
interpreted as the orbital-order induced phase segregation
tween the insulating charge-ordered and the metallic orb
ordered states. In theC-type AFM phase withx beyond 0.6,
the Bragg peaks show a selective anisotropic broaden
indicating disorder in the spacing of the lattice planes alo
the tetragonalc axis. We will argue that this result suggests
possible charge ordering for a commensurate hole conce
tion of eitherx5 3

4 or 4
5 . The broadening is the result of bot

the d(3z22r 2)-type orbital ordering and the charge orde
ing.

The rest of this paper is organized as follows. Section
briefly describes the experimental procedures. The exp
mental results are described in Sec. III, where the propert
the magnetic and crystal structures in the Nd12xSrxMnO3
system are discussed with the results of Rietveld refinem
analysis. In Sec. IV, the relationships between the magn
and crystal structures are discussed in detail for each typ
the AFM structures. A brief summary is given in Sec. V.

FIG. 1. Phase diagram of Nd12xSrxMnO3 ~Ref. 12!. Each phase
is denoted by capitalized labels; PM: paramagnetic insulating, F
ferromagnetic, AFM: antiferromagnetic, CO-I: charge-ordered in
lator, CE:CE-type charge/spin order, A:A-type antiferromagnetic
order, C:C-type antiferromagnetic order, CAF: possible canted
tiferromagnetic order.
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II. EXPERIMENTAL PROCEDURES

The samples used in the present study were prepare
powdering melt-grown single crystals and by pressing th
into rod shapes. The single crystals were grown by
floating-zone method. The detailed procedures of the sam
preparation have already been described elsewhere.8,13 The
quality of the samples was checked by x-ray diffraction m
surements and by inductively coupled plasma mass spec
copy ~ICP!. The results of these measurements showed
all of our samples consist of a single crystallographic ph
and that the hole concentrations agree with the nominal c
centrations within 1%.

Neutron diffraction measurements were performed at
powder diffractometer HERMES and at the triple axis sp
trometer GPTAS both installed at the JRR-3M research
actor at the Japan Atomic Energy Research Institute in
kai, Japan. The incident neutron wavelengths of HERM
and GPTAS werel51.8196 Å and 2.35 Å, respectively
The collimations of HERMES were 68-open-188, while sev-
eral combinations of the collimators were utilized at GPTA
depending on the need for intensity or momentum resolut
Most of the measurements made for the structural anal
were performed on HERMES, while most of the measu
ments of the magnetic reflections were performed on GPT
because of its higher neutron flux. The samples w
mounted in sealed aluminum capsules filled with helium g
and were attached to the cold head of a closed-cycle he
gas refrigerator. The temperature was controlled within
accuracy of 0.2 K. To obtain the structural parameters,
Rietveld analysis was performed on the powder diffract
data using the analysis programRIETAN.14

III. MAGNETIC AND CRYSTAL STRUCTURES

We begin with the description of the overall features
the lattice and magnetic structures of the Nd12xSrxMnO3
system by examining thex-T phase diagram for 0.3<x
<0.8 shown in Fig. 1.12 In the distorted perovskite crysta
structure, the Mn ions are surrounded by six O ions, and
MnO6 octahedra form a pseudocubic lattice with Nd or
ions occupying its body-centered position. Due to the bu
ling of the octahedra, however, the unit cell becomes ort
rhombic with dimensions'A23A232 of the cubic cell.
There are two orthorhombic phases in the region of inter
One is the well-knownO8 phase withc/A2,b,a,15 which
appears in the lower Sr concentration region forx&0.55 at
room temperature. The other is a pseudotetragonalO‡ phase
with a.b,c/A2 for x*0.55 as indicated in Fig. 1. At low
temperatures, on the other hand, the region of theO8 phase
expands, and the phase boundary shifts towards arounx
50.60. In addition, a monoclinic structure was detected n
the low-temperature structural phase boundary nearx;0.60.
For 0.55<x<0.60, a structural transition from theO8 phase
to theO‡ phase coincides with the AFM transition temper
ture TN .

For x,0.48, the ground state is a FM metal. In the regi
for 0.50&x&0.60, there is a metallic AFM phase with th
layeredA-type spin structure.1 When x is further increased
there is another AFM phase but with theC-type spin struc-
ture in theO‡ phase. In this phase, the resistivity uniform
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9508 PRB 60R. KAJIMOTO et al.
increases with lowering temperature, and the sample rem
insulating at all temperatures, although the temperature
rivative of the resistivity shows an anomaly atTN .12 In a
very narrow region of Sr concentration aroundx;0.50 the
system exhibits two low-temperature transitions, first to
intermediate metallic FM phase belowTC and then to a
charge-ordered insulating phase which is accompanied
the CE-type AFM spin structure.

A. Magnetic structures

The AFM spin ordering yields superlattice reflections
the neutron diffraction profiles and from these the spin str
ture of the material being studied can be normally de
mined. In Fig. 2, we show typical powder diffraction patter
for Nd12xSrxMnO3 (x50.49, 0.55, and 0.75! measured at
low temperatures (;10 K!. One can clearly recognize th
different superlattice reflection patterns for theCE-type,
A-type, andC-type AFM spin arrangements, respective
The cross symbols represent the measured intensities,
the solid lines are the calculated diffraction patterns for

FIG. 2. Low scattering angle portion of the powder diffractio
patterns for~a! x50.49 at 15 K,~b! x50.55 at 15 K, and~c! x
50.75 at 10 K collected at HERMES. The solid lines are the c
culated intensities for the nuclear reflections, and the hatched p
represent the AFM Bragg reflections. The insets show the spin
terns for each AFM structure. For theCE-type AFM structure the
black and white arrows denote the spins of the Mn31 and Mn41

sites, respectively. A solid arrow in the panel~a! indicates the su-
perlattice peak corresponding to the lattice distortion due to
CE-type charge ordering.
ins
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-
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nuclear reflections obtained by the Rietveld analysis. T
AFM superlattice reflections are indicated by hatches, a
the corresponding spin ordering patterns are depicted in
insets.

The CE-type spin ordering@Fig. 2~a!# is characterized by
the alternate ordering of the Mn31 and Mn41 ions. The spin
ordering pattern in theab plane is rather complicated an
these planes stack antiferromagnetically along thec axis. The
magnetic reflections for the Mn31 and Mn41 sublattices are
decoupled. The characteristic reflections for the Mn31 sub-
lattice can be indexed as (h/2,k,l ) with k5 integer andh,l
5odd integer, while the Mn41 sublattice reflections are in
dexed as (h/2,k/2,l) with h,k,l 5odd integer.

In the A-type spin ordering@Fig. 2~b!# the spins typically
order ferromagnetically in theab plane with the moments
pointing toward thea axis, and the FM planes are stacke
antiferromagnetically along thec axis. The magnetic reflec
tions appear at (hkl) with h1k5even integer andl
5odd integer. An exception to this occurs for the monoclin
lattice ~as in the case forx50.60) where theA-type AFM
phase is characterized by FM planes stacked along the@110#
direction. This has also been observed in the monocl
Pr1/2Sr1/2MnO3.8

In the C-type spin ordering@Fig. 2~c!#, the spins order
ferromagnetically along thec axis while the neighboring
spins in theab plane point the opposite direction. The ma
netic reflections are observed at (hkl) with h1k
5odd integer andl 5even integer.

We note that, for thex50.63 and 0.67 samples, an add
tional FM component was observed in the magnetizat
curves belowTCA;45 K for the x50.63 sample orTCA
;15 K for the x50.67 sample,12 as indicated by the line
CAF in Fig. 1. To confirm the existence of the FM comp
nent in these samples, we have measured the temper
dependence of the~110! and ~002! reflections for thex
50.63 sample. If FM Bragg scattering appears, the inten
of these reflections should increase below a character
transition temperature. Although we have observed a sl
increase of the intensity belowTCA , the magnitude of this
increase is within the statistical error. We conclude tha
such FM component exists it is too weak for powder diffra
tion data to accurately determine the magnitude of the m
netic moment.

In Table I, we summarize the magnetic moments per
site and their directions for all the samples studied. Intere
ingly, we found a clear trend that the direction of the m
ment is always parallel to the longest lattice axis~see Table
II !.

B. Crystal structures

In order to characterize the crystal structure of each ph
we have performed the Rietveld analysis on neutron pow
diffraction patterns for all the samples observed at selec
temperatures. The obtained structural parameters are sum
rized in Table II. The types of the crystal structure~CS! and
of the magnetic structure~MS! are also listed in the table
The shapes of MnO6 octahedra for theO8 andO‡ phases are
schematically illustrated in Figs. 3~a! and ~b!, respectively.
Below we examine the characteristic crystal symmetries
each phase, and the distortion of the MnO6 octahedra.
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In spite of the fact that many orthorhombic perovsk
manganites have thePbnm(Pnma in another setting! sym-
metry due to the GdFeO3-type distortion, the measured pow
der diffraction profiles in theO8 phase were well fitted with
the orthorhombic space groupIbmm ~or Imma). It should
be noted that theIbmm structure was also observed
Pr0.65Ba0.35MnO3 at room temperature ~Ref. 16!,
Nd0.5Sr0.5MnO3 ~Ref. 17!, and Pr1/22xYxSr1/2MnO3 ~Ref.

TABLE I. Magnetic structure~MS!, magnetic moments, an
their directions. For theCE-type AFM structure, the magnetic mo
ments are shown for both Mn31 and Mn41 sites. The directions of
the moments for the two sites were determined to be ident
within the experimental accuracy.

x T ~K! MS Moment/Mn (mB)

0.49 15 CE 2.9, 2.6 @100#
F 0.8a

160 F 2.6 @100#
0.50 10 CE 3.0, 2.7 @100#
0.51 10 A 2.4 @100#

CE 1.7, 1.5 @100#
210 F 1.9 @100#

0.55 15 A 3.0 @100#
0.63 10 C 2.8 @001#
0.67 10 C 2.8 @001#
0.75 12 C 2.9 @001#

aDerived from the magnetization curve in Ref. 12.
18!. To see the difference of the two structures, the tilts
the MnO6 octahedra forPbnm and Ibmm are illustrated in
Fig. 3~c!. In the Pbnm symmetry, the octahedra rotat
around both theb and c axis. In contrast, the tilting of the
octahedra is restricted only to theb axis in theIbmm sym-
metry, and thereby thex and y coordinates of the in-plane
oxygen O~2! are fixed to 1/4. As a result, two Mn–O bond
in the ab plane have an equal length.

In principle one can distinguish theIbmm from the
Pbnm symmetry. BecausePbnm has a lower symmetry
than Ibmm there should be some Bragg reflections that
allowed only in thePbnm symmetry. In the paramagneti
phase, however, we observed no such additional reflect
that would be specific to thePbnmsymmetry, and therefore
we tentatively assigned the space group in the paramagn
phase asIbmm. Unfortunately, the scattering angles of AFM
superlattice reflections overlap with thePbnm specific re-
flections in the low-temperature AFM phase, and this p
vented us from determining the precise space group in
phase. Furthermore, we have performed Rietveld analysis
both space groups, and obtained almost identicalR factors.
For comparison, the two parameter sets determined for b
symmetries on thex50.50 sample are shown in Table II, bu
only the parameter sets for theIbmm symmetry are tabu-
lated for the rest of the samples.

We found that the measured powder diffraction profiles
the O‡ phase were well fitted using the tetragonal spa
group I4/mcm. Pr0.65Ba0.35MnO3 at 210 K ~Ref. 16! and
La0.5Sr0.5MnO3 ~Ref. 19! were also reported to have th

al
ure
FIG. 3. Schematic picture of the MnO6 octahedra~a! in theO8 phase and~b! in theO‡ phase for the paramagnetic and low-temperat
AFM phases.~c!, ~d! Rotation patterns in the basal plane for each of the designated structures. For theI4/mcmstructure~d!, the projection
of the octahedra onto one of the@110# planes is also depicted in the right panel.
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TABLE II. Lattice constants, Mn–O bond lengths, and Mn–O–Mnbond angles determined from the Rietveld analysis of the pow
profiles. CS denotes the crystal structure and the meaning of the symbolsO8 andO‡ is described in Sec. III. The column MS lists magne
structures for all samples: the symbolsP, F, CE, A, andC denote the PM, FM,CE-type AFM, A-type AFM, andC-type AFM structures,
respectively.dc anddab denote the Mn–O bond lengths along thec axis and within theab plane.Qc andQab denote the Mn–O–Mnbond
angles along thec axis and within theab plane. Forx50.50, the parameters obtained by the analysis in thePbnm symmetry are also
indicated. Forx50.70 at 10 K andx50.75 at 10 K, two values forc/A2 anddc are shown because the structure parameters were ana
according to the two phase model as described in Sec. VI A. RT indicates room temperature.

x T ~K! CS MS a ~Å! b ~Å! c/A2 ~Å! dc ~Å! dab ~Å! Qc ~deg! Qab ~deg!

0.49 15 O8 CE 5.5129~3! 5.4409~3! 5.3198~3! 1.907~1! 1.9491~5! 160.9~4! 166.9~2!

160 O8 F 5.4645~3! 5.4174~3! 5.3942~3! 1.927~1! 1.9355~6! 163.7~5! 167.4~3!

320 O8 P 5.4727~3! 5.4286~3! 5.3978~3! 1.928~1! 1.9379~6! 163.6~5! 167.9~3!

0.50 10 O8 CE 5.5114~4! 5.4400~4! 5.3160~4! 1.906~1! 1.9481~5! 160.8~4! 167.2~3!

in the Pbnmsymmetry 5.5113~4! 5.4400~4! 5.3160~4! 1.907~1! 1.92~2! 1.98~2! 160.8~4! 167.0~3!

300 O8 P 5.4726~4! 5.4265~4! 5.3900~4! 1.927~1! 1.9370~6! 163.1~5! 168.2~3!

in the Pbnmsymmetry 5.4726~4! 5.4264~4! 5.3910~4! 1.927~1! 1.93~4! 1.95~4! 163.1~4! 168.1~3!

0.51 10 O8 A1CE 5.5075~3! 5.4441~2! 5.3131~2! 1.902~1! 1.9472~4! 161.9~4! 167.7~2!

160 O8 A 5.4999~3! 5.4446~3! 5.3242~2! 1.905~1! 1.9453~4! 162.3~4! 168.1~2!

210 O8 F 5.4697~3! 5.4226~3! 5.3840~3! 1.923~1! 1.9358~4! 163.7~4! 168.2~3!

300 O8 P 5.4718~3! 5.4281~3! 5.3903~3! 1.925~1! 1.9368~5! 164.0~5! 168.4~3!

0.55 15 O8 A 5.4906~3! 5.4385~3! 5.3075~3! 1.896~1! 1.9414~5! 163.6~5! 168.7~3!

300 O‡ P 5.3903~2! 5.3903~2! 5.4999~2! 1.9445~1! 1.9218~5! 180 165.2~2!

0.60 10 M A 5.365~2! 5.367~2! 5.4964~4! 2.01~3! 1.87~6! 1.90~6! 180 165.0~7!

b591.225(3)° 1.88~3! 1.92~6! 1.96~6! 166.3~7!

300 O‡ P 5.3782~2! 5.3782~2! 5.5027~2! 1.9455~1! 1.9162~9! 180 165.8~4!

0.63 10 O‡ C 5.3236~2! 5.3236~2! 5.5633~2! 1.9669~1! 1.9009~4! 180 163.9~2!

RT O‡ P 5.3737~2! 5.3737~2! 5.5067~2! 1.9469~1! 1.9139~8! 180 166.1~4!

0.67 10 O‡ C 5.3190~2! 5.3190~2! 5.5588~3! 1.9653~1! 1.898~1! 180 164.4~4!

300 O‡ P 5.3637~3! 5.3637~3! 5.5005~3! 1.9447~1! 1.9085~9! 180 167.1~5!

0.70 10 O‡ C 5.3222~3! 5.3222~3! 5.5603~4! 1.9659~1! 1.8968~5! 180 165.5~2!

5.5387~6! 1.9582~2!

RT O‡ P 5.3625~3! 5.3625~3! 5.5034~3! 1.9457~1! 1.9060~7! 180 168.2~4!

0.75 10 O‡ C 5.3243~4! 5.3243~4! 5.5432~3! 1.9598~1! 1.8944~5! 180 167.1~3!

5.5144~4! 1.9496~2!

330 O‡ P 5.3717~2! 5.3717~2! 5.4843~3! 1.9390~1! 1.9053~3! 180 170.8~2!
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same space group. The main features ofI4/mcm are also
shown in Fig. 3~d!. In this symmetry the MnO6 octahedra
rotate only around thec axis, and all the Mn–O bonds in th
ab plane are equal in length. The octahedra in thez51/2
plane rotate in the opposite directions to those in thez50
plane.

As illustrated in Figs. 3~c! and ~d!, the observed ortho
rhombic and tetragonal structures are closely related. If e
space group is denoted by the tilting of the MnO6 octahedra
in Glazer’s terminology,20 the Pbnm, Ibmm, and I4/mcm
symmetries are expressed bya1b2b2, a0b2b2, and
a0a0c2, respectively. The positive and negative superscr
denote that the octahedra are tilted either in-phase or
tiphase along the tilt axis, and the 0 superscript means
there is no tilt.20 Therefore, these structures can be deriv
from the cubic lattice by introducing successive tilts of t
MnO6 octahedra. Comparing the projection of the octahe
onto the@001# plane in the orthorhombic phase@Fig. 3~c!#
and onto the@110# plane in the tetragonal phase@right part of
ch

ts
n-
at
d

a

Fig. 3~d!#, one can see that, as far as the tilting of the oc
hedra is concerned, the tetragonal axis@001# coincides with
the @110# axis in the orthorhombic structure.

In addition to the tilting, the distortions of the MnO6 oc-
tahedra also provide useful information on the orbital as w
as charge ordering. As one can see from Table II, the
Mn–O bonds in theab plane are always longer than thos
along thec axis in theO8 phase. This feature indicates th
the A-type AFM structure is accompanied with thed(x2

2y2)-type orbital order as depicted in Fig. 4~b!, and this
result is supported by recent theoretical calculations.5 This
type of orbital order causes unique magnetic and trans
properties due to the strongly anisotropic coupling with
and perpendicular to the orbital ordered planes. As we h
predicted and demonstrated in previous studies~see Sec.
V!,8,11,12,27this type of orbital order yields ametallic A-type
AFM state. It should be noted that one might expect that
orbital-order-induced anisotropy will be significantly small
in the paramagnetic phase, since the difference of the b
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PRB 60 9511HOLE-CONCENTRATION-INDUCED TRANSFORMATION . . .
lengths between the apical and in-plane Mn–O bonds
comes rather small at elevated temperatures. Surprisin
however, the anisotropic behavior persists in the hi
temperature phases. Recently, we have demonstrated th
istence of the anomalous anisotropic spin fluctuations in
paramagnetic and FM phases in Nd0.50Sr0.50MnO3,9 indicat-
ing that thed(x22y2)-type orbital order has strong influenc
even at high temperatures.

In the O‡ phase, on the other hand, the Mn–O bo
length along thec axis is longer than the ones in theab
plane, and this difference is further enhanced in the AF
phase. The apically stretched MnO6 octahedron is consisten
with the ordering of thed(3z22r 2) orbitals depicted in Fig.
4~c!. Recent theoretical calculations have confirmed t
there seems to be a correspondence between theC-type AFM
state with the ordering of thed(3z22r 2) orbitals in the
higher doping region.5

Finally, we would like to mention theCE-type charge/
orbital ordering. This type of ordering is characterized by
alternate ordering of the Mn31 and Mn41 ions and by the
ordering of the d(3x22r 2)/d(3y22r 2) orbitals on the
Mn31 sites in theab plane as depicted in Fig. 4~a!. This type
of orbital ordering doubles the size of the unit cell along t
b axis, and produces superlattice reflections at (h,k/2,l ) with
h5even, k5odd, andl 5 integer. We observed superlattic
reflections in thex50.49 and 0.50 samples at 2u549° @in-
dicated by an arrow in Fig. 2~a!# that can be indexed a

(2 1
2 2)1(2 3

2 0), as previously observed for Pr12xCaxMnO3.3

In theCE-type charge ordering there are two independ
Mn sites for the Mn31 and Mn41 ions and we need to con
sider two type of distortions of the MnO6 octahedra. Clearly
such an analysis multiplies the number of parameters
fitting process, resulting in a less reliable determination

FIG. 4. Schematic picture of the ordering of theeg orbitals in
the various AFM phases.~a! CE-type, ~b! A-type, and~c! C-type,
respectively. The directions of the spins are represented by arr
e-
ly,
-
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the structural parameters. For this reason we omitted
doubling of the unit cell and performed the Rietveld analy
on the CE-type samples assuming only the origin
Ibmm/Pbnm structure. Consequently, the obtained Mn–
bond lengths and Mn–O–Mnangles give the averaged va
ues for two Mn sites.

IV. INFLUENCE OF THE CE-TYPE ORDERING

Near x; 1
2 , the doped perovskite manganites are usua

expected to show theCE-type charge/orbital/spin superstru
ture depicted in Fig. 4~a!.1–3 For Pr12xCaxMnO3, for in-
stance, theCE-type ordering is observed over a wide ran
of dopings 0.3&x<0.5.3,21–23In the Nd12xSrxMnO3 system,
however~see Fig. 1!, theCE-type ordering is observed onl
in a very narrow range nearx;0.50. In particular, note tha
theCE-type ordering is not observed in thex50.55 sample.8

A distinct feature of the CE-type ordering in
Nd12xSrxMnO3 is the coexistence with another spin orde
ing. Because the FM order is taken over by theA-type AFM
order nearx50.5 ~see the phase diagram in Fig. 1!, the FM
order coexists with theCE-type order in thex50.49 sample,
whereas theA-type AFM order coexists with theCE-type
order in thex50.51 sample. We will describe the behavi
of the x50.49 and 0.51 samples in detail below. Simil
results were also recently reported on Nd12xSrxMnO3 for x
50.52 and 0.54.25

Figure 5 shows the temperature dependence of the m
netic Bragg peak intensities, the lattice constants, and
resistivity for thex50.49 and 0.51 samples. As shown
Fig. 5~a!, the intensity of the~110! and ~002! reflections
increases belowTC.280 K indicating FM order below this
temperature. BelowTN.160 K, this intensity suddenly

drops while the (12
1
2 1) reflection appears, indicating the fo

mation of theCE-type AFM order. It should be noted, how
ever, that the bulk magnetization studies strongly suggest
persistence of the ferromagntic order belowTN indicating
that the FM order coexists with theCE-type AFM order. As
shown in Table I, thex50.49 sample has a FM moment o
0.8mB at 15 K.

For thex50.51 sample, the behavior of the magnetic o
dering is very similar to that of thex50.50 sample reported
in Refs. 8 and 9. As shown in Fig. 5~d!, the intensity of the
(110)1(002) reflections increases belowTC.240 K due to
the onset of the FM order. With decreasing temperature,
intensity increases quickly, but shows a sudden drop atTN

A

.200 K at which the~001! A-type AFM reflection appears
In contrast to thex50.49 FM sample, the intensity o
(110)1(002) reflection in thex50.51 AFM sample has no
magnetic contribution belowTN

A . The difference between th
intensity aboveTC and belowTN

A is due to the structura
transition atTN

A . When lowering the temperature further, th

( 1
2

1
2 1) CE-type AFM superlattice reflection appears belo

TN
CE.150 K. Note that theCE-type ordering suppresses th

increase of the intensity of the~001! A-type AFM reflection
belowTN

CE, indicating that the two types of spin ordering a
strongly correlated.

The temperature dependence of the lattice constants in
x50.49 sample is shown in Fig. 5~b!. This figure shows a

s.
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FIG. 5. Temperature dependence of the inte
sity of the magnetic Bragg peaks, the lattice co
stants, and the resistivity for thex50.49 FM
sample: ~a!–~c!, and for the x50.51 AFM
sample:~d!–~f!, respectively. The resisitivity data
are reproduced from Ref. 12.
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weak inflection atTC and a sharp jump atTN , where thec
axis shrinks and thea and b axes expand. This behavior
consistent with theCE-type orbital ordering in theab plane.
Similarly, the lattice constants of thex50.51 AFM sample
exhibit a large split atTN

A @Fig. 5~e!#, indicating that the
A-type magnetic transition is accompanied by a structu
transition that stabilizes thed(x22y2)-type planar orbital or-
dering as discussed in Sec. III. The lattice constants, h
ever, do not show any distinct anomaly atTN

CE. In fact, we
have carried out detailed structural analysis on the two p
der diffraction data, one atT5160 K in the A-type AFM
phase forTN

CE,T,TN
A and the other atT510 K in the low-

temperature phase where two types of ordering coexist.
found no difference in the crystal structures of these t
AFM phases~see Table II!. In particular, all the nuclear re
flections in the powder diffraction data at 10 K can be w
fitted to a single structure in spite of the coexistence of
A-type andCE-type AFM ordering. These results on thex
50.51 sample demonstrate that the crystal structure of
A-type AFM phase in Nd12xSrxMnO3 is practically indistin-
guishable from that of theCE-type phase despite the diffe
ence in the two spin structures.26

The change of the magnetic structure also has a str
influence on the behavior of the resistivity. As shown in F
5~c!, the resistivity in thex50.49 FM sample shows metalli
behavior belowTC, then a sharp rise atTN due to theCE-
type charge order. The increase of the resistivity is, howe
suppressed below;100 K by the FM order with moments o
0.8mB that coexist with theCE-type AFM spin order. In the
x50.51 AFM sample, on the other hand, the resistiv
shows metallic behavior belowTC, a moderate increase a
the onset of theA-type AFM spin order, and then a secon
increase atTN

CE due to theCE-type charge order as shown
l

-

-

e
o

l
e

e

ng
.

r,

Fig. 5~f!. By comparing this behavior with that of thex
50.49 FM sample, the influence of the spin ordering is cle
The FM spin order restricts the resistivity of thex50.49 FM
sample to the order ofr;531022 V cm forT,TN . In con-
trast, the resistivity of thex50.51 sample exhibits a jump a
TN

A , while it remains of the order ofr;531023 V cm in the
metallic A-type AFM phase forTN

CE,T,TN
A , and then in-

creases monotonically belowT,TN
CE. It should be noted tha

the metallic resistivity in theA-type AFM state forTN
CE,T

,TN
A in the x50.51 AFM sample is very similar to the re

sults observed in themetallic A-type AFM samples.8,11,12,24,27

There are several possibilities for the origin of the sim
taneous presence of theCE-type ordering and the FM o
A-type AFM spin ordering in thex50.49 and 0.51 samples
Scenarios of the inhomogeneous distribution of the hole
the sample or a canted magnetic ordering consisting of
CE-type andA-type moments seem to be consistent with t
observed results. The former scenario can be attributed e
to an arbitrary concentration distribution, or to an intrins
phase segregation. Although it is extremely difficult to e
perimentally distinguish these two possibilities, there a
some interesting observations that seem to favor the intri
spontaneous phase segregation in doped manganites nx
; 1

2 .
As mentioned above, the increase of theCE-type Bragg

intensity suppresses theA-type AFM intensity in thex
50.51 sample; in other words, theCE-type order grows at
the expense of theA-type ordered region. This fact exclude
the possibility of an arbitrary concentration distribution
the holes. In addition, we found that the magnetic mome
for the A-type andCE-type AFM structures lie in the sam
direction, i.e., along thea axis ~Table I!. This result seems to
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FIG. 6. Temperature dependence of the inte
sities of the AFM Bragg peaks and the spacin
of the lattice planes.~a!,~b! ~001! AFM Bragg
peak and the spacing of~110! and ~002! planes

for x50.55. ~c!,~d! the (1
2

1
2 0) AFM Bragg peak

and the spacing of~220! and ~004! planes forx
50.60.
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suggest that a canted magnetic ordering is unlikely in
present case.28

In the present study, we found that the averaged lat
structure of theCE-type phase is almost identical with that
the A-type phase. As shown in the case of thex50.51
sample, the lattice parameters exhibit a small anomaly
tween two phases. Since both phases exhibit orbital orde
within the basal plane, the orbitals are reorganized with s
prisingly small lattice distortions from thed(3x2

2r 2)/d(3y22r 2)-type orbital ordering for theCE-type or-
der, where the charges are localized, to thed(x22y2)-type
orbital ordering for theA-type AFM order, where the charge
are delocalized.

Combining these observations, we believe that the co
istence of two states strongly indicates that these have
similar energies, and that their relative fraction can be ea
varied either by temperature or by tuning other physical
rameters such as the electron bandwidth. This could
explain why theCE-type ordering appears only in a ver
narrow concentration range of 1;2% aroundx51/2 in the
Nd12xSrxMnO3 system. As discussed in Ref. 30, we arg
that this behavior can be viewed as an effective phase s
ration between two different orbital ordered regions wh
takes place in doped manganites with hole concentratiox
* 1

2 .
The strong correlation between the coexistence of theCE-

type andA-type ordering and their resistivity has also be
observed in doped manganite systems withx5 1

2 including
the two-dimensional single and bilayered system
La0.5Sr1.5MnO4 ~Ref. 29! and La1Sr2Mn2O7 ~Ref. 30!.

V. THE METALLIC A-TYPE ANTIFERROMAGNETIC
PHASE

The most important result in the metallicA-type antifer-
romagnetic phase is the fact that all crystal structures in
phase share the common feature that the lattice spacin
the direction of the AFM stacking is the smallest~see Fig. 3!.
This salient feature causes an anisotropy in both magn
and transport properties, as discussed in Sec. III B. As
ported recently, the spin-wave dispersion relation in the m
e
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tallic A-type AFM Nd0.45Sr0.55MnO3 exhibits a large anisot-
ropy of the effective spin stiffness constants between
intraplanar direction within the FM layers and the interplan
direction perpendicular to the layers.8,27 A similar anisotropy
was also observed in the resistivity of theA-type AFM
samples.11,12 This anisotropy is strong evidence of thed(x2

2y2)-type orbital ordering within the FM layers, and is full
consistent with the characteristics of the crystal and magn
structures observed in the present studies. In this section
will focus on the detailed crystal structures observed in
region of 0.55<x,0.63 where the system shows a transiti
from the paramagneticO‡ phase to the metallicA-type AFM
O8 phase.

Figures 6~a! and 6~b! show the temperature dependence
the A-type AFM Bragg peak and thed spacing of the planes
of the ~110!/~002! doublet for thex50.55 sample. The~001!
A-type AFM Bragg peak appears belowTN5230 K. The
lattice spacings of the~002! and ~110! nuclear reflections
cross atTN due to the change of the space group fromO‡ to
O8. The shrinkage of thec axis in theA-type AFM phase
reflects thed(x22y2)-type orbital ordering.

Figures 6~c! and~d! show the similar temperature depe
dence for thex50.60 sample. This sample also belongs
the tetragonalO‡ phase at the paramagnetic phase, a
shows a first-order structural phase transition atTN . In con-
trast to thex50.55 sample, however, it has a monoclin
structure whose unique axis is thec axis in the AFM phase,
as one can clearly see the splitting of the tetragonal~220!
reflection into the monoclinic (220)1(2̄20) reflections be-
low TN .

We have previously reported that Pr0.50Sr0.50MnO3 is also
monoclinic in theA-type AFM phase, and that its crysta
structure belongs to theP1121 /n (P21 /c, cell choice 2!
space group.8 In order to analyze the powder patterns of t
present Nd0.40Sr0.60MnO3 sample collected at 10 K, we hav
performed the Rietveld analysis assuming the sameP1121 /n
space group at first. This choice, however, predicts too m
Bragg reflections that are not observed in the diffraction p
terns. Therefore, as the next step, we fitted the profile w
the space groupI112/m (C2/m, cell choice 3! which has a
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higher symmetry, and obtained an agreement almost as g
as for theP1121 /n space group. We have listed the para
eters obtained with this symmetry in Table II. The differen
of the crystal structure of two space groups is the followin
In both space groups, two unequal Mn sites are place
adjacent sites alternately in all directions, but the freedom
the O sites is much more restricted in the case of theI112/m
structure. The apical oxygen O~1! is placed on the line tha
connects the nearest Mn ions along thec axis, and only itsz
coordinate is allowed to vary, while the position of the i
plane oxygens O~2! and O~3! are confined in theab plane.

Unfortunately, the quality of the refinement for thex
50.60 sample is the worst among the samples analyze
the present study (S5Rwp /Re.2.2 for x50.60 sample,
whereasS is less than 2 for the other samples!. The main
reason for the largeR factor may be that this sample is not
a single phase at 10 K, presumably because the AFM ph
of x50.60 lies just at the boundary between the orthorho
bic O8 and the tetragonalO‡ regions.31 In fact, we have
found that;10% of the sample of thex50.63 sample has
the same lattice constants as those forx50.60 at 10 K, and
showsA-type antiferromagnetism. This largeR factor causes
a slight ambiguity in the identification of the indices for th
closely located peaks such as~004!, ~220!, and~2̄20! in the
monoclinic phase, but when the assignment of the three a
was assumed to be that of Fig. 6~d!, the Rietveld analysis
gave the best fit.

Thex50.60 sample exhibits the sameA-type AFM struc-
ture with thex50.51 and 0.55 samples. However, the mon
clinic structure in thex50.60 sample affects its magnet
structure. The AFM superlattice reflections in thex50.60
sample are indexed as (2n6 1

2 ,2n86 1
2 ,even) with n,n8

5 integer, while those in thex50.51 and 0.55 samples ar
indexed as (hkl) with h1k5even integer andl 5odd. This

FIG. 7. Temperature dependence of the intensities of the A
Bragg peaks and the lattice constants forx50.75.
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difference in the reflection conditions indicates that t
propagation vector of the AFM structure forx50.60 is dif-
ferent from the otherA-type samples. It is rotated by 90
from the@001# axis, and it points towards the@110# direction.
This is consistent with the fact that thed spacing of~001!
remains larger than that of~110! below TN in this sample.
Such a rotation of the propagation vector of theA-type AFM
ordering was also observed in another monoclinic sam
Pr0.50Sr0.50MnO3 ~Ref. 8!.

VI. POSSIBLE CHARGE ORDER IN THE C-TYPE AFM
INSULATING PHASE

Finally, we shall discuss features of the insulatingC-type
AFM state which appears in theO‡ phase for 0.63<x.

A. Anomaly in the lattice constant c in the C-type AFM phase

Figure 7 shows the temperature dependence of the in
sity of the AFM Bragg peak and of the lattice constants
the x50.75 sample. The~100! AFM Bragg peak for the
C-type spin ordering was observed belowTN.300 K. The
change of the lattice constants with temperature is v
smooth throughoutTN , although the difference between th
values at 330 K and those at 10 K is quite large. Wh
lowering the temperature, the length of thec axis increases
whereas thea ~b! axis decreases.

FIG. 8. Temperature dependence of the FWHM of the~004! and
~220! reflections for~a! x50.75, ~b! x50.70, and~c! x50.67.
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FIG. 9. Portions of the powder diffraction pa
tern of thex50.75 sample at 10 K. The solid
lines represent the calculated intensity obtain
from the Rietveld analysis. The calculated pe
positions are indicated as vertical bars.~a!,~b!
The refinement was performed assuming a sin
phase of the space groupI4/mcm. ~c!,~d! The
refinement was performed with two-phase mod
described in the text.
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It is of interest to stress that we have observed a selec
broadening of the nuclear Bragg reflections. Figure 8 rep
sents the temperature dependence of the peak widths@full
width at half maximum~FWHM!# of the ~004! and ~220!
reflections forx50.75, 0.70, and 0.67. The width of th
~220! reflection remains constant throughout all tempe
tures. However, it is clear that the width of the~004! peak
gradually increases belowT;TN . Note that the~004! reflec-
tion is attributed solely to nuclear reflection, and no magne
scattering contributes to this reflection. Comparing the d
for three samples depicted in Fig. 8, one can see that
peak broadening is more evident forx50.75 and that it be-
comes less distinct asx decreases.

We have examined the powder diffraction patterns a
have found that the broadening was limited to the reflecti
with the Miller indices (hkl) of large l, for example,~004!,
~114!, ~206!, ~226!, and ~008!. In Fig. 9, we show typical
examples of the broadening of the Bragg profiles for thex
50.75 sample at 10 K. The full circles are the observ
intensity profiles and the solid lines are the calculated int
sities obtained from the Rietveld refinement. One can cle
see that the~004! and~206! reflections are broader than tho
of ~220! and ~422!. We first fitted the profile assuming tha
the sample consists of a single phase with theI4/mcmsym-
metry, and the calculated profiles are depicted in Figs. 9~a!
and ~b!. We can see that despite the fact that the fitting
quite good for~220! and~422!, the fit for the~004! and~206!
reflections is relatively poor.

Because the calculated peak positions are in exce
agreement with the observed peaks, the symmetryI4/mcm
assumed in our analysis cannot be too far from the true c
tal symmetry. One possible reason for the observed broa
ing could be the lowering of symmetry to an orthorhombic
to a monoclinic structure, with a resulting splitting of refle
tions that may be unresolved due to the instrumental res
tion. This possibility, however, can be easily discarded
cause the peak broadening is also observed at (l )
reflections where no splitting is expected in the orthorhom
or monoclinic structures.
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Considering that the peak broadening occurs selectivel
the reflections with largel ~i.e., the reflections from the lat
tice planes which are nearly perpendicular to thec axis!, it is
likely that it originates from an anisotropic strain in the sy
tem. A possible microscopic picture of such a strain involv
a distribution of values of the lattice constantc. To test this
idea, we have assumed a simple structural model in wh
the sample consists of two phases with two differentc lattice
constants. By keeping the other parameters identical for b
phases we repeated the fit and found that this model subs
tially improves the results as depicted in Figs. 9~c! and ~d!.

From these facts, we concluded that the observed se
tive broadening of Bragg peaks results from the anisotro
strain caused by a distribution of thed(3z22r 2) orbitals. As
stated above, in theO‡ phase theeg electrons occupy the
d(3z22r 2) orbitals. When the charges are localized in t
insulating phase, only the Mn31 sites have thed(3z22r 2)
orbital ~the Mn41 sites have noeg electrons!. In Fig. 10 we
illustrate an arrangement of Mn31 with the d(3z22r 2) or-
bital and Mn41 with no eg orbital. Because thed(3z22r 2)
orbital extends toward thec direction, the distance betwee
Mn31 and Mn41 is elongated along thec direction, whereas
in the ab plane the Mn31-Mn41 distance is almost equal t
the Mn41-Mn41 distance. At high temperatures the charg
are mobile by thermal activation, a process that averages
the local distortion of the lattice spacing along thec axis. At
low temperatures, on the other hand, the thermal energ
insufficient for the charges to hop, and the local ordering

FIG. 10. Schematic picture of the relationship betweeneg or-
bital ordering and the lattice spacing in theO‡ phase.
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9516 PRB 60R. KAJIMOTO et al.
the eg electrons with thed(3z22r 2) orbital may be formed,
leading to the anomaly in the lattice constant. It should
noted that the broadening of the peak starts belowTN where
theC-type AFM spin ordering is formed as shown in Fig.
and where the temperature derivative of the resistivity a
shows an anomaly.12

B. Possibility of the x50.8 charge ordering
in the C-type AFM phase

As we described in the previous subsection, we found
the broadening of the nuclear Bragg peaks becomes m
evident asx increases, indicating that the charge localizatio
ordering is also progressively stabilized with the increase
x. Furthermore, the anomaly of the temperature derivative
the resistivity atTN also develops asx increases, and it is
most clearly observed atx50.80. The resistivity of thex
50.80 sample also shows a steep increase atTN upon
cooling.12 Judging from these facts, it is very likely that th
charge ordering associated with the Mn31:Mn41 ratio of 1:4
is formed belowTN . We note that Jira´k et al. have reported
superlattice reflections which may originate from the cha
ordering of Mn31:Mn4151:3 in a Pr0.2Ca0.8MnO3 sample
where the valence distribution of the Mn ions was det
mined to be Mn0.25

31 Mn0.75
41 by chemical analysis.3 We exam-

ined our powder pattern profiles in detail, but it was n
possible to detect any indication of any superlattice refl
tions that may be related to charge ordering. A study o
single-crystal sample would be strongly desirable to elu
date the nature of a possible 4/5 or 3/4 charge ordering in
C-type AFM phase.

As for the charge ordering forx>1/2, an interesting
charge ordering with a large periodicity was recently o
served in the La12xCaxMnO3 system.32–36 In this system,
incommensurate superlattice peaks were observed at
wave vectorQ5(d,0,0) with d;12x below the charge or-
dering temperatureTCO by electron diffraction. To under
stand the incommensurability, a stripe-type charge/orbital
dering was proposed.4,35,36 In this model, a pair of Mn31O6
stripes are formed, and they are separated by another st
shaped region of the Mn41O6 octahedra. The pair o
Mn31O6 stripes is accompanied by ad(3x22r 2)/d(3y2

2r 2) orbital ordering and by a large lattice contraction d
to the JT effect, while the Mn41O6 regions are free from
lattice distortions. Atx51/2, these incommensurate pairs
JT stripes converge to the well-knownCE-type orbital/spin
ordering. Similar incommensurate superlattice peaks w
also observed in Bi12xCaxMnO3 single crystals with 0.74
<x<0.82,37 where a long-period structure, with fourfold pe
riodicity ~21 Å! and 32-fold periodicity~170 Å! of the ortho-
rhombic lattice unit, was clearly observed in thex50.80
sample.38 These results also share many features with
paired JT stripes proposed for the La12xCaxMnO3 with x
*0.5.

We would like to point out that, from an analysis of th
lattice parameters, we can easily exclude the possibility
this type of paired JT stripe ordering in theC-type AFM
Nd12xSrxMnO3 samples. For theCE-type charge ordering
and associated paired JT stripe ordering, the orthorhombc
axis ~in thePbnmnotation! must be the shortest. This is du
to the fact that thed(3x22r 2)/d(3y22r 2) orbitals lie in the
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ab plane as shown in Fig. 4. This can be easily checked
other manganites that exhibitCE-type ordering, as in
Pr12xCaxMnO3 ~Refs. 3, 21, and 39! as well as in
La12xCaxMnO3 with x>0.50 ~Refs. 1, 40, and 41!.

On the other hand, thec axis is the longest for theC-type
AFM phase in Nd12xSrxMnO3, in Pr12xCaxMnO3 ~Ref. 3!,
and in La0.2Ca0.8MnO3 ~Ref. 1!. As explained above this re
lation of the lattice parameters results from t
d(3z22r 2)-type orbital ordering in theC-type structure. In
the case of Bi12xCaxMnO3, we are puzzled that the magnet
ordering was reported to be of theC type.37 As thec axis is
expected to be the longest for theC-type structure, this type
of spin ordering is incompatible with the proposed JT strip
type ordering in which thec axis is the shortest.

Finally, we comment that the FWHM of the~004! peak of
the x50.75 sample at 330 K is larger than the one at ab
300 K ~see Fig. 8!. This is because a finite amount of th
scattering exists between the~220! and ~004! peaks. Similar
extra scattering is also observed at other scattering ang
Presumably, another phase with lattice parametersa andc of
very similar lengths may exist at higher temperature than
K, and this high-temperature phase may coexist at 330
with the describedO‡ phase.

VII. CONCLUSIONS

A neutron diffraction study was performe
on Nd12xSrxMnO3 powder samples with 0.49<x<0.75.
Their crystal and magnetic structures were analyzed
the Rietveld method. A systematic change of the crys
and magnetic structures was observed as a function
x. With increasingx, the magnetic structure of the groun
state varies from metallic ferromagnetism to charge-orde
CE-type antiferromagnetism, to metallicA-type antiferro-
magnetism, and finally to insulatingC-type antiferromag-
netism. The magnetic structures can be interpreted to
driven by underlying Mneg orbital ordering, and their result
ant crystal structures. In theCE-type andA-type AFM states,
the crystal structure is characterized by apically compres
MnO6 octahedra reflecting the planard(x22y2)-type orbital
ordering. On the other hand, the crystal structure of
C-type AFM state is characterized by apically elongat
octahedra resulting from the ordering of the rod-ty
d(3z22r 2) orbitals.

The CE-type AFM state was observed only in the neig
borhood ofx51/2. In thex50.51 sample, theCE-type AFM
and theA-type AFM states coexist due to the small ener
difference between these two AFM states. In addition,
C-type AFM phase exhibits an anisotropic broadening
Bragg peaks, which becomes more evident asx increases.
This broadening may be a precursor of thed(3z22r 2)-type
orbital ordering at Mn31:Mn4151:3 or 1:4.
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