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We have peformed neutron diffraction measurements on melt-grown polycrystalline samples of
Nd; _,SrMnO; (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 oéjteiitals.

When increasing;, the Nd _,Sr,MnO; system exhibits an evolution from a metallic ferromagnetic state, to a
metallic A-type antiferromagnetiAFM), and then to an insulatinG-type AFM state. TheCE-type charge-
ordered AFM state was observed only in the vicinityxef 1/2 and it coexists with thé-type AFM state for

x=1/2, indicating that the energy difference between these two states is very small. We also found that the
MnQg octahedra are apically compressed in ti@E-type and A-type AFM states due to the
d(3x?2—r?)/d(3y?—r?) or d(x>—y?) orbital ordering, whereas they are apically elongated by the rod-type
d(3z2—r?) orbital ordering in theC-type AFM state. Finally, a selective broadening of Bragg peaks was
observed in thec-type AFM phase and itg dependence strongly suggests the onset of charge ordering for
eitherx=4/5 orx=3/4.[S0163-182809)11737-3

I. INTRODUCTION the more common metallic FM or the so-call@E-type
charge/spin ordered insulating states.

The systematic investigation of the phase diagram of the In view of these developments, it would be extremely
perovskite manganites was initially performed onuseful to perform systematic experimental studies of the
La;_,CaMnOs in the 19505 A similarly rich phase dia- hole-concentration dependence of the phase diagrams of
gram was reported for Pr,CaMnO; later in the 19808. these materials _to gain a further insight of the interplay be-
The distinctive metallic ferromagnetiEM) state in these tween theey orbitals and the magnetic, as well as transport
phase diagrams was explained in terms of the doublelroperties in the doped manganites. For this purpose we

exchange(DE) mechanism between the electrons of Mn chose Nd_,SrMnO; because detailed transport studies

. 12 .
ions, and the richness of the phase diagrams was interpretQ@Ve already begn performeq on th_|s sysﬂ%.nlu.We carried
out comprehensive neutron diffraction studies on melt-grown

2;; ema;fdest,:]zglggh(:igﬁggolggiggLé[i)slltr;grjtigrr:wsong the SIOInr.')olycrystalline samples of this system with Sr ion concentra-
g€, . ' . tions ofx=0.49, 0.50, 0.51, 0.55, 0.60, 0.63, 0.67, 0.70, and
The recent.dlscovery of the colqssal magne.tore5|stanc&75. We will show that the moderately narrow one-electron
(CMR) effect in the doped perovskite manganites has rebﬁndwidth of these materials yields a variety of physical be-

newed interest in these compounds, and many experimentgl i s 5 ,ch as charge ordering, metal-insulator transitions,
and theoretical efforts have been devoted to clarify the origin, 4 unique magnetic structures. We will argue that these
of this effect. In particular, recent studies have revealed thajgy|t from the interplay between the charge and/or orbital
in addition to the DE interactions and the JT distortions, theyrgerings and spin/lattice structures.

ordering of the twofolde, orbitals of the Mn ions plays an  First we will show that there is a systematic change in the
essential role in det_ermglmng the physical properties in thénagnetic structure of Nd ,Sr,MnO; as a function of the
hole-doped manganités® For example, it was recently re- hole concentration. Upon hole doping the ground-state spin
ported that the underlying(x*>—y?)-type orbital ordering ordering varies from that of a metallic ferromagnet to that of
leads to a metallic antiferromagnetiaFM) state instead of the charge-ordere@E-type antiferromagnet, to that of a me-
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Nd.,Sr,MnO3 Il. EXPERIMENTAL PROCEDURES
400 O LSASLER I p
. 0| ot ] The samples used in the present study were prepared by
350 1 PM powdering melt-grown single crystals and by pressing them

into rod shapes. The single crystals were grown by the
floating-zone method. The detailed procedures of the sample
preparation have already been described elsevihéréhe
quality of the samples was checked by x-ray diffraction mea-
surements and by inductively coupled plasma mass spectros-
copy (ICP). The results of these measurements showed that
all of our samples consist of a single crystallographic phase
and that the hole concentrations agree with the nominal con-
centrations within 1%.

insulator

Temperature (K)

0t SRS % Neutron diffraction measurements were performed at the
03 04 05 06 07 0B powder diffractometer HERMES and at the triple axis spec-
X trometer GPTAS both installed at the JRR-3M research re-

FIG. 1. Phase diagram of Nd,Sr,MnO; (Ref. 12. Each phase actor at the Japan Atomic Energy Research Institute in To-
is denoted by capitalized labels; PM: paramagnetic insulating, FMKai, Japan. The incident neutron wavelengths of HERMES
ferromagnetic, AFM: antiferromagnetic, CO-I: charge-ordered insuand GPTAS werex=1.8196 A and 2.35 A, respecitively.
lator, CE: CE-type charge/spin order, AA-type antiferromagnetic  The collimations of HERMES were'6éopen-18, while sev-
order, C:C-type antiferromagnetic order, CAF: possible canted an-eral combinations of the collimators were utilized at GPTAS,
tiferromagnetic order. depending on the need for intensity or momentum resolution.

Most of the measurements made for the structural analysis

tallic A-type antiferromagnet, and finally to that of an insu- Were performed on HERMES, while most of the measure-
lating C-type antiferromagnet{— CE—A—C) (see Fig. ments of the magnetic reflections were performed on GPTAS

1). It can be shown that each of these spin structures is rep_ecause of its higher neutron flux. The samples were

lated to a specific type of orbital ordering, and that the re_mounted in sealed aluminum capsules filled with helium gas,
. . . and were attached to the cold head of a closed-cycle helium
spective crystal structures are also consistent with these. For

gas refrigerator. The temperature was controlled within an
example, thﬁ structgrej l;)f tl*@E—ItIype andA—typ()je AFM accuracy of 0.2 K. To obtain the structural parameters, the
states are characterized by apically compressed U piareld analysis was performed on the powder diffraction
hedra, while that of th€-type AFM state is characterized by data using the analysis prograxETAN.

apically elongated octahedra, reflecting their respective

layered-type or rod-type orbital ordering patterisge Fig.

4). These systematic changes of the ordering of the spins and  1ll. MAGNETIC AND CRYSTAL STRUCTURES
orbitals are well reproduced by recent theoretical calcula-
tions that take into account the double degeneracy otghe
orbitals®

We begin with the description of the overall features of
the lattice and magnetic structures of the;NgSr,MnO,
. . . system by examining the-T phase diagram for 08x
Charge ordering also plays an important role N =58 shown in Fia. 22 In the distorted it al
Nd; _SrMnO;.81% The CE-type charge/spin order is formed _, g. 1. N e distorted perovsiite crysta
LXEX 3 \ yp ge/spi structure, the Mn ions are surrounded by six O ions, and the
in this syst_em onl_y In a very narrow region mfaroundx MnQg octahedra form a pseudocubic lattice with Nd or Sr
=1/2, and it coexists with thé-type AFM state forx=1/2 jong occupying its body-centered position. Due to the buck-
and x=0.51. The coexistence of these two states may b@nq of the octahedra, however, the unit cell becomes ortho-
interpreted as the orbital-order induced phase segregation bg;ombic with dimensions~ J2x\2x2 of the cubic cell.
tween the insulating charge-ordered and the metallic orbitalrhere are two orthorhombic phases in the region of interest.
ordered states. In the-type AFM phase withx beyond 0.6, e is the well-knowrD' phase withc/ 2<b<a,'® which
the Bragg peaks show a selective anisotropic broadening,ppears in the lower Sr concentration region Xer0.55 at
indicating disorder in the spacing of the lattice planes alonggom temperature. The other is a pseudotetrag@igthase
the tetragonat axis. We will argue that this result suggests ayjth a~b<c//2 for x=0.55 as indicated in Fig. 1. At low
possible charge ordering for a commensurate hole concentrgsmperatures, on the other hand, the region of@hephase
tion of eitherx=% or % The broadening is the result of both expands, and the phase boundary shifts towards arsund
the d(3z%~r?)-type orbital ordering and the charge order- =0.60. In addition, a monoclinic structure was detected near
ing. the low-temperature structural phase boundary re&b.60.
The rest of this paper is organized as follows. Section lIFor 0.55<x=<0.60, a structural transition from tf@’ phase
briefly describes the experimental procedures. The experto theO* phase coincides with the AFM transition tempera-
mental results are described in Sec. Ill, where the property diure Ty, .
the magnetic and crystal structures in the; NgGr,MnO, Forx<0.48, the ground state is a FM metal. In the region
system are discussed with the results of Rietveld refinemeribr 0.50<sx=<0.60, there is a metallic AFM phase with the
analysis. In Sec. IV, the relationships between the magnetiayeredA-type spin structuré.Whenx is further increased
and crystal structures are discussed in detall for each type dfiere is another AFM phase but with tiketype spin struc-
the AFM structures. A brief summary is given in Sec. V. ture in theO* phase. In this phase, the resistivity uniformly
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Nd1.xSrxMnO3 nuclear reflections obtained by the Rietveld analysis. The
3000 i , ; ; ; ; : AFM superlattice reflections are indicated by hatches, and
(a) the corresponding spin ordering patterns are depicted in the
x =0.49 CE-type insets.
2000 - T=15K The CE-type spin orderinfFig. 2(a)] is characterized by

= _ the alternate ordering of the Mh and Mrf* ions. The spin
ordering pattern in thab plane is rather complicated and
1000

=S = these planes stack antiferromagnetically alongctheis. The
! ¥ % magnetic reflections for the Mi and Mrf* sublattices are
5 X " decoupled. The characteristic reflections for the*Msub-
' ' ' ' ' ' lattice can be indexed a2 k,!) with k=integer andh,l
2000 % x=0.55 A-type 4 =odd integer, while the Mh" sublattice reflections are in-
1 dexed as l§/2 k/2]) with h,k,| =odd integer.
~ T In the A-type spin orderindgFig. 2(b)] the spins typically
ok S = i order ferromagnetically in thab plane with the moments
= . pointing toward thea axis, and the FM planes are stacked
xx 3 ] antiferromagnetically along the axis. The magnetic reflec-
2 L tions appear at Hkl) with h+k=even integer andl
0 I . . I . . I = odd integer. An exception to this occurs for the monoclinic
| © it ] lattice (as in the case for=0.60) where theA-type AFM
X=075 § e phase is characterized by FM planes stacked alon{ltt@
2000 T-10K 1 i direction. This has also been observed in the monoclinic
Pry,Sr,,MnO, 8
sai60 L In the C-type spin orderindFig. 2(c)], the spins order

" o x ferromagnetically along the axis while the neighboring
I o 52‘( h spins in theab plane point the opposite direction. The mag-
0 netic reflections are observed athkl) with h+k

L =0 o6 (g% | 40 50 =odd integer and=even integer.
9 We note that, for the&«=0.63 and 0.67 samples, an addi-
FIG. 2. Low scattering angle portion of the powder diffraction tional FM component was observed in the magnetization

patterns for(a) x=0.49 at 15 K,(b) x=0.55 at 15 K, andc) x ~ curves belowTca~45 K for the x=0.63 sample OfTca
~0.75 at 10 K collected at HERMES. The solid lines are the cal-~15 K for the x=0.67 samplé? as indicated by the line
culated intensities for the nuclear reflections, and the hatched peaksAF in Fig. 1. To confirm the existence of the FM compo-
represent the AFM Bragg reflections. The insets show the spin pafiént in these samples, we have measured the temperature
terns for each AFM structure. For ti@E-type AFM structure the dependence of th€110) and (002 reflections for thex
black and white arrows denote the spins of the*Mrand Mrf* =0.63 sample. If FM Bragg scattering appears, the intensity
sites, respectively. A solid arrow in the parie) indicates the su- of these reflections should increase below a characteristic
perlattice peak corresponding to the lattice distortion due to theransition temperature. Although we have observed a slight
CE-type charge ordering. increase of the intensity beloWc,, the magnitude of this
increase is within the statistical error. We conclude that if
increases with lowering temperature, and the sample remairsich FM component exists it is too weak for powder diffrac-
insulating at all temperatures, although the temperature ddion data to accurately determine the magnitude of the mag-
rivative of the resistivity shows an anomaly &.'% In a  netic moment.
very narrow region of Sr concentration arouxd 0.50 the In Table I, we summarize the magnetic moments per Mn
system exhibits two low-temperature transitions, first to arsite and their directions for all the samples studied. Interest-
intermediate metallic FM phase belo®. and then to a ingly, we found a clear trend that the direction of the mo-
charge-ordered insulating phase which is accompanied witment is always parallel to the longest lattice ajdse Table
the CE-type AFM spin structure. ).

Intensity (counts)

A. Magnetic structures B. Crystal structures

The AFM spin ordering yields superlattice reflections in  In order to characterize the crystal structure of each phase,
the neutron diffraction profiles and from these the spin strucwe have performed the Rietveld analysis on neutron powder
ture of the material being studied can be normally deterdiffraction patterns for all the samples observed at selected
mined. In Fig. 2, we show typical powder diffraction patternstemperatures. The obtained structural parameters are summa-
for Nd;_,Sr,MnO; (x=0.49, 0.55, and 0.75measured at rized in Table Il. The types of the crystal structifeS) and
low temperatures 10 K). One can clearly recognize the of the magnetic structuréMS) are also listed in the table.
different superlattice reflection patterns for ti@E-type, The shapes of Mnoctahedra for th€©' andO* phases are
A-type, andC-type AFM spin arrangements, respectively. schematically illustrated in Figs.(& and (b), respectively.

The cross symbols represent the measured intensities, aB&low we examine the characteristic crystal symmetries for
the solid lines are the calculated diffraction patterns for theeach phase, and the distortion of the Mn@xtahedra.



PRB 60 HOLE-CONCENTRATION-INDUCED TRANSFORMATION . . . 9509

TABLE I. Magnetic structure(MS), magnetic moments, and 18). To see the difference of the two structures, the tilts of
their directions. For th€E-type AFM structure, the magnetic mo- the MnQy octahedra foPbnmandlbmm are illustrated in
ments are shown for both Mh and Mrf* sites. The directions of Fig. 3(c). In the Pbnm symmetry, the octahedra rotate
th.e .moments fqr the two sites were determined to be identica(lj‘round both thév and ¢ axis. In contrast, the tilting of the
within the experimental accuracy. octahedra is restricted only to theaxis in thelbmm sym-
metry, and thereby th& andy coordinates of the in-plane

X T MS Moment/Mn uz) oxygen (2) are fixed to 1/4. As a result, two Mn—O bonds
0.49 15 CE 29,26 [100] in the ab plane have an equal length.
F 0.8° In principle one can distinguish thtbmm from the
160 F 2.6 [100] Pbnm symmetry. Becaus€bnm has a lower symmetry
0.50 10 CE 3.0, 2.7 [100] thanIbmm there should be some Bragg reflections that are
0.51 10 A 24 [100] allowed only in thePbnm symmetry. In the paramagnetic
CE 17,15 [100] phase, however, we observed no such additional reflections
210 F 1.9 [100] that would be specific to thebnmsymmetry, and therefore
0.55 15 A 3.0 [100] we tentatively assigned the space group in the paramagnetic
0.63 10 c 2.8 [001] phase asbmm. Unfortunately, the scattering angles of AFM
0.67 10 C 2.8 [001] superlattice reflections overlap with tibnm specific re-
0.75 12 C 2.9 (001 flections in the low-temperature AFM phase, and this pre-
_ — _ vented us from determining the precise space group in this
“Derived from the magnetization curve in Ref. 12. phase. Furthermore, we have performed Rietveld analysis for

both space groups, and obtained almost idenféctors.

In spite of the fact that many orthorhombic perovskite For comparison, the two parameter sets determined for both
manganites have titbnm (Pnmain another settingsym-  symmetries on th&=0.50 sample are shown in Table II, but
metry due to the GdFe&type distortion, the measured pow- only the parameter sets for thHemm symmetry are tabu-
der diffraction profiles in th&®' phase were well fitted with lated for the rest of the samples.
the orthorhombic space grodpmm (or Imma). It should We found that the measured powder diffraction profiles in
be noted that thdbmm structure was also observed in the OF phase were well fitted using the tetragonal space
PryeBag3sMnO; at room temperature (Ref. 16, group l4/mcm PrgBay;gMnO; at 210 K (Ref. 16 and
Ndp 5SrpsMnO3 (Ref. 17, and Pg,_,Y,Sr,»MnO; (Ref.  LagsSrpsMnO; (Ref. 19 were also reported to have the

(@) O' (x ~ 0.5; CE-type, A-type) Ibmm (Pbnm) (b) Of (x > 0.6; C-type) I4/mcm

x=0.50 x=0.75
300 K 10K 330K 10K *
AFM

(d) N 14imcm

FIG. 3. Schematic picture of the Mp@ctahedrga) in the O’ phase andb) in the O* phase for the paramagnetic and low-temperature
AFM phases(c), (d) Rotation patterns in the basal plane for each of the designated structures. Fénthenstructure(d), the projection
of the octahedra onto one of th&10] planes is also depicted in the right panel.
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TABLE Il. Lattice constants, Mn—O bond lengths, andiMO—Mnbond angles determined from the Rietveld analysis of the powder
profiles. CS denotes the crystal structure and the meaning of the sy@baisd O* is described in Sec. . The column MS lists magnetic
structures for all samples: the symbélsF, CE, A, andC denote the PM, FMCE-type AFM, A-type AFM, andC-type AFM structures,
respectivelyd. andd,, denote the Mn—0O bond lengths along thaxis and within theab plane.® . and® 4, denote the M—O—-Mnbond
angles along the axis and within theab plane. Forx=0.50, the parameters obtained by the analysis inRb@m symmetry are also
indicated. Fox=0.70 at 10 K anck=0.75 at 10 K, two values for/2 andd, are shown because the structure parameters were analyzed
according to the two phase model as described in Sec. VI A. RT indicates room temperature.

X T (K) CS MS a(h) b (A) V2 A d. A dap (A) 0O, (deg 0O, (deg

0.49 15 o’ CE 5.51293) 5.44093) 5.31983) 1.9071) 1.949%5) 160.94) 166.92)

160 o’ F 5.464%3) 5.41743) 5.39423) 1.9271) 1.93556) 163.15) 167.43)

320 o’ P 5.47273) 5.42863) 5.39783) 1.9281) 1.93796) 163.65) 167.93)

0.50 10 o’ CE 5.51144) 5.440Q4) 5.316G4) 1.9061) 1.94815) 160.84) 167.23)

in thePbnmsymmetry 551131 5.440G4) 5.316@4) 1.9071) 1.922) 1.982) 160.84) 167.03)

300 o’ P 5.47264) 5.426%4) 5.390G4) 1.9271) 1.937a6) 163.15)  168.23)

in the Pbnmsymmetry ~ 5.472@) 5.42644) 5.391G4) 1.9271) 1.934) 1.954) 163.14) 168.13)

0.51 10 o’ A+CE 5.507%3) 5.44412) 5.31312) 1.9021) 1.94724) 161.94) 167.12)

160 o’ A 5.49993) 5.44463) 5.32422) 1.9051) 1.94534) 162.34) 168.12)

210 o’ F 5.46973) 5.42263) 5.384G3) 1.9231) 1.93584) 163.714) 168.23)

300 o’ P 5.47183) 5.42813) 5.39033) 1.9251) 1.93685) 164.05) 168.43)

0.55 15 o’ A 5.49063) 5.4385%3) 5.307%3) 1.8961) 1.94145) 163.65) 168.713)

300 of P 5.39032) 5.39032) 5.49992) 1.94451) 1.92185) 180 165.22)

0.60 10 M A 5.3652) 5.3672) 5.49644) 2.013) 1.876) 1.906) 180 165.07)

B=91.22%3)° 1.883) 1.926) 1.966) 166.37)

300 of P 5.37822) 5.37822) 5.50272) 1.945%1) 1.91629) 180 165.84)

0.63 10 of C 5.32362) 5.32362) 5.56332) 1.96641) 1.90094) 180 163.92)

RT ok P 5.37372) 5.37372) 5.50672) 1.94641) 1.91398) 180 166.14)

0.67 10 of C 5.319@2) 5.319G2) 5.55883) 1.96531) 1.8981) 180 164.44)

300 ok P 5.36373) 5.36373) 5.500%3) 1.94471) 1.908%9) 180 167.15)

0.70 10 of C 5.32223) 5.32223) 5.56034) 1.96541) 1.89685) 180 165.52)
5.53876) 1.95822)

RT of P 5.36283) 5.362%3) 5.50343) 1.94571) 1.906Q7) 180 168.24)

0.75 10 of C 5.32434) 5.32434) 5.54323) 1.95981) 1.89445) 180 167.13)
5.51444) 1.94962)

330 of P 5.37172) 5.37172) 5.48433) 1.939G1) 1.90533) 180 170.82)

same space group. The main featured 4fmcm are also  Fig. 3d)], one can see that, as far as the tilting of the octa-
shown in Fig. &d). In this symmetry the Mn@ octahedra hedra is concerned, the tetragonal g%181] coincides with
rotate only around the axis, and all the Mn—0O bonds in the the[110] axis in the orthorhombic structure.

ab plane are equal in length. The octahedra in tkel/2 In addition to the tilting, the distortions of the Mg@c-
plane rotate in the opposite directions to those inzked  tahedra also provide useful information on the orbital as well
plane. as charge ordering. As one can see from Table I, the two

As illustrated in Figs. &) and (d), the observed ortho- Mn-0O bonds in theab plane are always longer than those
rhombic and tetragonal structures are closely related. If eachlong thec axis in theO' phase. This feature indicates that
space group is denoted by the tilting of the Mp@rtahedra the A-type AFM structure is accompanied with thix?
in Glazer's terminology’ the Pbnm Ibmm, andI4/mcm  —y?)-type orbital order as depicted in Fig(b4, and this
symmetries are expressed by"b b~, a’h~b~, and result is supported by recent theoretical calculatbiis
a%a’c, respectively. The positive and negative superscriptgype of orbital order causes unique magnetic and transport
denote that the octahedra are tilted either in-phase or amproperties due to the strongly anisotropic coupling within
tiphase along the tilt axis, and the 0 superscript means thand perpendicular to the orbital ordered planes. As we have
there is no til° Therefore, these structures can be derivecbredicted and demonstrated in previous studime Sec.
from the cubic lattice by introducing successive tilts of theV),2*112?'this type of orbital order yields metallic Atype
MnQg octahedra. Comparing the projection of the octahedraFM state. It should be noted that one might expect that the
onto the[001] plane in the orthorhombic pha$€ig. 3(c)]  orbital-order-induced anisotropy will be significantly smaller
and onto th¢110] plane in the tetragonal phaeéght part of  in the paramagnetic phase, since the difference of the bond
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the structural parameters. For this reason we omitted this
doubling of the unit cell and performed the Rietveld analysis
on the CE-type samples assuming only the original
Ibmm/Pbnm structure. Consequently, the obtained Mn—-O
bond lengths and M-O-Mnangles give the averaged val-
ues for two Mn sites.

IV. INFLUENCE OF THE CE-TYPE ORDERING

Near x~ 1, the doped perovskite manganites are usually
expected to show th€E-type charge/orbital/spin superstruc-
ture depicted in Fig. @).1® For Py_,CaMnOs, for in-
stance, theCE-type ordering is observed over a wide range
of dopings 0.3x=<0.53%"%%|n the Nd, _,Sr,MnO; system,
however(see Fig. 1, the CE-type ordering is observed only
in a very narrow range near~0.50. In particular, note that
the CE-type ordering is not observed in the=0.55 samplé.

A distinct feature of the CE-type ordering in
Nd; _,Sr,MnO; is the coexistence with another spin order-
ing. Because the FM order is taken over by fgype AFM
order neax= 0.5 (see the phase diagram in Fig, the FM
order coexists with th€E-type order in thex=0.49 sample,
whereas theA-type AFM order coexists with th€E-type

FIG. 4. Schematic picture of the ordering of thg orbitals in order in thex=0.51 sample. We will describe the behavior
the various AFM phasesa) CE-type, (b) A-type, and(c) C-type, of the x=0.49 and 0.51 Samples in detail below. Similar
respectively. The directions of the spins are represented by arrowsesults were also recently reported on;NgSr,MnO; for x

=0.52 and 0.54°
lengths between the apical and in-plane Mn—O bonds be- Figure 5 shows the temperature dependence of the mag-
comes rather small at elevated temperatures. Surprisinglyetic Bragg peak intensities, the lattice constants, and the
however, the anisotropic behavior persists in the highresistivity for thex=0.49 and 0.51 samples. As shown in
temperature phases. Recently, we have demonstrated the €%g. 5@a), the intensity of the(110) and (002 reflections
istence of the anomalous anisotropic spin fluctuat|ons in théhcreases below =280 K indicating FM order below this
paramagnetic and FM phases ingNgBr, sgVinO;,° indicat-  temperature. BelowTy=160 K, this intensity suddenly

ing that th_ed(x y?)-type orbital order has strong influence drops while the §31) reflection appears, indicating the for-
even ar: h'QQ ter:nperaturei. her hand. th b dmation of theCE-type AFM order. It should be noted, how-

| Intht e;o Ft)h ase, on tle ot etrh ar:h, the Mp—?hfbon ever, that the bulk magnetization studies strongly suggest the
ength along thec axis IS longer than e ones in ersistence of the ferromagntic order beldy indicating

plane, and this difference is further enhanced in the AF hat the EM order coexists with tHaE-t

) . . -type AFM order. As
phase. The apmally Stret"h‘;‘d I\gg@ctqhedron IS coq3|st§nt shown in Table I, thex=0.49 sample has a FM moment of
with the ordering of thel(3z°—r<) orbitals depicted in Fig. PSMB at 15 K.

4(c). Recent theoretical calculations have confirmed tha
For thex=0.51 sample, the behavior of the magnetic or-

tsrggtrs ?/vei(tahmtshteo 2? daeﬁgrrejfp?ﬁg?;;f—br%t)wiftﬁ?iggeir'?FthMe dering is very similar to that of the=0.50 sample reported
higher doping regiof 9 in Refs. 8 and 9. As shown in Fig(d, the intensity of the

Finally. we would.like to mention th€E-type charge! (110)+ (002) reflections increases below=240 K due to

Y, y 9 the onset of the FM order. With decreasing temperature, this

orbital ordering. This type of ordering is characterized by the
alternate ordering of the Mi and Mrf* ions and by the mtensny increases quickly, but shows a sudglen droﬁi@t
ordering of the d(3x?—r?)/d(3y?—r2) orbitals on the =200 K at which the(001) A-type AFM reflection appears.

34 e g g : In contrast to thex=0.49 FM sample, the intensity of
Mn® " sites in theab plane as depicted in Fig(@. This type (110)+(002) reflection in thex=0.51 AFM sample has no

of orbital ordering doubles the size of the unit cell along the . o A .
b axis, and produces superlattice reflectionshak{2,1) with magnetic contribution belowWy;. The difference between the
e intensity aboveT. and belowTA is due to the structural

h=even, k=o0dd, andl =integer. We observed superlattic A
reflections in thex=0.49 and 0.50 samples ap2 49° [in-  transition afTy. When lowering the temperature further, the

dicated by an arrow in Fig. ()] that can be indexed as (331) CE-type AFM superlattice reflection appears below

(232)+(230), as previously observed for Pr,CaMn0O5.3 TF=150 K. Note that theCE-type ordering suppresses the

In the CE-type charge ordering there are two mdependentncrease of the intensity of th@®01) A-type AFM reflection
Mn sites for the MA* and Mrf ™ ions and we need to con- beIowTN , indicating that the two types of spin ordering are
sider two type of distortions of the Mnbctahedra. Clearly strongly correlated.
such an analysis multiplies the number of parameters in a The temperature dependence of the lattice constants in the
fitting process, resulting in a less reliable determination ofx=0.49 sample is shown in Fig.(5. This figure shows a
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weak inflection afT and a sharp jump afy, where thec  Fig. 5(f). By comparing this behavior with that of the
axis shrinks and tha andb axes expand. This behavior is =0.49 FM sample, the influence of the spin ordering is clear.
consistent with theCE-type orbital ordering in thab plane.  The FM spin order restricts the resistivity of the0.49 FM
Similarly, the lattice constants of the=0.51 AFM sample sample to the order gfi~5x 102 ) cm forT<Ty. In con-
exhibit a large split atTﬁ [Fig. 5(e)], indicating that the trast, the resistivity of th&=0.51 sample exhibits a jump at
A-type magnetic transition is accompanied by a structuraf, while it remains of the order gf~5x 1073 Q cm in the
transition that stabilizes th#(x?— y?)-type planar orbital or-  metallic A-type AFM phase folT{E<T<TX, and then in-
dering as discussed in Sec. lll. The lattice constants, hows egses monotonically be|0vv<-|-ﬁE_ It should be noted that

ot E
ever, do not show any distinct anomalyﬁ -Infact, we o metallic resistivity in the\-type AFM state forT{F<T
have carried out detailed structural analysis on the two POW=_ 1A i the = 0.51 AFM sample is very similar to the re-
der diffraction data, one ai=160 K in the A-type AFM sultg observed iﬁ thmetallic Atype AFM sample&:11:1224.27
phase forT{F<T<T4 and the other af =10 K in the low- '

temperature phase where two types of ordering coexist. Wte There are several fpfgébt'““es fodr the or|g|cri1 ,?r]: thgl\jlmul-
found no difference in the crystal structures of these two 2NEOUS presence o “lype ordering an € or

AFM phasesisee Table )i. In particular, all the nuclear re- ~-YP€ AFM spin ordering in th&=0.49 and 0.51 samples.
flections in the powder diffraction data at 10 K can be wellS¢enarios of the inhomogeneous distribution of the holes in
fitted to a single structure in spite of the coexistence of théh® sample or a canted magnetic ordering consisting of the
A-type andCE-type AFM ordering. These results on te ~ CEtype andA-type moments seem to be consistent with the
=0.51 sample demonstrate that the crystal structure of th@bserved results. The former scenario can be attributed either
A-type AFM phase in Ngl,Sr,MnO; is practically indistin- o an arbitrary concentration distribution, or to an intrinsic
guishable from that of th€E-type phase despite the differ- phase segregation. Although it is extremely difficult to ex-
ence in the two spin structuréd. perimentally distinguish these two possibilities, there are
The change of the magnetic structure also has a strongpme interesting observations that seem to favor the intrinsic
influence on the behavior of the resistivity. As shown in Fig.spontaneous phase segregation in doped manganitex near
5(c), the resistivity in thex=0.49 FM sample shows metallic ~%.
behavior belowTc, then a sharp rise &ty due to theCE- As mentioned above, the increase of BE-type Bragg
type charge order. The increase of the resistivity is, howeveiintensity suppresses tha-type AFM intensity in thex
suppressed below 100 K by the FM order with moments of =0.51 sample; in other words, ti@E-type order grows at
0.8up that coexist with theCE-type AFM spin order. In the the expense of thA-type ordered region. This fact excludes
x=0.51 AFM sample, on the other hand, the resistivitythe possibility of an arbitrary concentration distribution of
shows metallic behavior beloWic, a moderate increase at the holes. In addition, we found that the magnetic moments
the onset of theA-type AFM spin order, and then a second for the A-type andCE-type AFM structures lie in the same
increase af - due to theCE-type charge order as shown in direction, i.e., along tha axis (Table ). This result seems to
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suggest that a canted magnetic ordering is unlikely in theallic A-type AFM Nd, 4551, 59MNnO5 exhibits a large anisot-

present casé

ropy of the effective spin stiffness constants between the

In the present study, we found that the averaged latticéntraplanar direction within the FM layers and the interplanar
structure of theCE-type phase is almost identical with that of direction perpendicular to the layet4’ A similar anisotropy
the A-type phase. As shown in the case of tkee0.51
sample, the lattice parameters exhibit a small anomaly besampled!? This anisotropy is strong evidence of tHéx?

tween two phases. Since both phases exhibit orbital ordering y2_tyne orbital ordering within the FM layers, and is fully
within the basal plane, the orbitals are reorganized with sur

prisingly small

lattice distortions

from thed(3x?

—r?)/d(3y?—r?)-type orbital ordering for theCE-type or-
der, where the charges are localized, to dfg?— y?)-type
orbital ordering for théA-type AFM order, where the charges

are delocalized.

Combining these observations, we believe that the coe
istence of two states strongly indicates that these have ve
similar energies, and that their relative fraction can be easil
varied either by temperature or by tuning other physical pa

rameters such as the electron bandwidth. This could als
explain why theCE-type ordering appears only in a very
narrow concentration range o~12% aroundx=1/2 in the

Nd; _,Sr,MnO; system. As discussed in Ref. 30, we argue
that this behavior can be viewed as an effective phase sep
ration between two different orbital ordered regions which
takes place in doped manganites with hole concentration

1
=
=3.

The strong correlation between the coexistence ofafe
type andA-type ordering and their resistivity has also been
observed in doped manganite systems with3 including

the two-dimensional

single and bilayered

Lag S sMnO, (Ref. 29 and La Sr,Mn,0O; (Ref. 30.

V. THE METALLIC A-TYPE ANTIFERROMAGNETIC
PHASE

The most important result in the metallfetype antifer-
romagnetic phase is the fact that all crystal structures in thipresent Ng 405ty sgVINO3 sample collected at 10 K, we have
phase share the common feature that the lattice spacing jperformed the Rietveld analysis assuming the sBrh&2, /n
the direction of the AFM stacking is the smalléste Fig. 3.

X_

systems,

was also observed in the resistivity of thetype AFM

consistent with the characteristics of the crystal and magnetic

structures observed in the present studies. In this section, we

will focus on the detailed crystal structures observed in the

region of 0.55xx<0.63 where the system shows a transition

from the paramagneti®* phase to the metallié-type AFM

Q' phase.
Figures 6a) and Gb) show the temperature dependence of

rt¥1eA—type AFM Bragg peak and the spacing of the planes
)_6f the (110/(002) doublet for thex=0.55 sample. Th€001)
A-type AFM Bragg peak appears beloW=230 K. The

fattice spacings of thé002 and (110) nuclear reflections
cross aff due to the change of the space group fréfto
O’. The shrinkage of the axis in the A-type AFM phase
reflects thed (x2—y?)-type orbital ordering.

Figures &c) and(d) show the similar temperature depen-
dence for thex=0.60 sample. This sample also belongs to

the tetragonalO* phase at the paramagnetic phase, and

shows a first-order structural phase transitio gt In con-

trast to thex=0.55 sample, however, it has a monoclinic

structure whose unique axis is thexis in the AFM phase,
as one can clearly see the splitting of the tetragd@@aD)

reflection into the monoclinic (226)(220) reflections be-
low Ty.

We have previously reported that,RgSr, sg0MnO; is also
monoclinic in theA-type AFM phase, and that its crystal
structure belongs to th®112 /n (P2,/c, cell choice 2
space group.In order to analyze the powder patterns of the

space group at first. This choice, however, predicts too many

This salient feature causes an anisotropy in both magnetiBragg reflections that are not observed in the diffraction pat-
and transport properties, as discussed in Sec. IlIB. As reterns. Therefore, as the next step, we fitted the profile with
ported recently, the spin-wave dispersion relation in the methe space groupl12m (C2/m, cell choice 3 which has a
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higher symmetry, and obtained an agreement almost as good FIG. 8. Temperature dependence of the FWHM of (@) and
as for theP112, /n space group. We have listed the param-(220) reflections for(a) x=0.75, (b) x=0.70, and(c) x=0.67.
eters obtained with this symmetry in Table II. The difference

of the crystal structure of two space groups is the following:gjtference in the reflection conditions indicates that the
In both space groups, two unequal Mn sites are placed af[
0

adjacent sites alternately in all directions, but the freedom
the O sites is much more restricted in the case ofl fHie2/m
structure. The apical oxygen(D is placed on the line that
connects the nearest Mn ions along thaxis, and only itz
coordinate is allowed to vary, while the position of the in-
plane oxygens @) and Q3) are confined in theb plane.
Unfortunately, the quality of the refinement for the

=0.60 sample is the worst among the samples analyzed iR/0.505%.50MINO; (Ref. 8.
the present study §=R,,/R.~2.2 for x=0.60 sample,
whereasS is less than 2 for the other sample¥he main
reason for the largR factor may be that this sample is not in
a single phase at 10 K, presumably because the AFM phaseVl. POSSIBLE CHARGE ORDER IN THE C-TYPE AFM
of x=0.60 lies just at the boundary between the orthorhom-

bic O’ and the tetragonaD* regions®! In fact, we have
found that~10% of the sample of the=0.63 sample has
the same lattice constants as thosexfer0.60 at 10 K, and

showsA-type antiferromagnetism. This lardrefactor causes
a slight ambiguity in the identification of the indices for the
closely located peaks such &¥04), (220), and(220) in the

monoclinic phase, but when the assignment of the three ax
was assumed to be that of Figd the Rietveld analysis

INSULATING PHASE

ropagation vector of the AFM structure fae=0.60 is dif-
erent from the othe’A-type samples. It is rotated by 90°
from the[001] axis, and it points towards th&10] direction.
This is consistent with the fact that tlespacing of(002)

remains larger than that @¢il10) below Ty in this sample.
Such a rotation of the propagation vector of théype AFM

ordering was also observed in another monoclinic sample

Finally, we shall discuss features of the insulat®gype
AFM state which appears in th@* phase for 0.63x.

eé' Anomaly in the lattice constant ¢ in the C-type AFM phase
Figure 7 shows the temperature dependence of the inten-

gave the best fit. sity of the AFM Bragg peak and of the lattice constants for

Thex=0.60 sample exhibits the sametype AFM struc-  the x=0.75 sample. Th&€100 AFM Bragg peak for the
ture with thex=0.51 and 0.55 samples. However, the mono-C-type spin ordering was observed beld@y=300 K. The
clinic structure in thex=0.60 sample affects its magnetic change of the lattice constants with temperature is very
structure. The AFM superlattice reflections in the-0.60  smooth throughouTy, although the difference between the
sample are indexed as rf23,2n’ +3,even) with n,n’ values at 330 K and those at 10 K is quite large. When

=integer, while those in th&=0.51 and 0.55 samples are lowering the temperature, the length of thexis increases
indexed as Ifkl) with h+k=even integer antl=odd. This  whereas tha (b) axis decreases.
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It is of interest to stress that we have observed a selective Considering that the peak broadening occurs selectively at
broadening of the nuclear Bragg reflections. Figure 8 reprethe reflections with largé (i.e., the reflections from the lat-
sents the temperature dependence of the peak wjdliHs tice planes which are nearly perpendicular to dfeis), it is
width at half maximum(FWHM)] of the (004) and (220) likely that it originates from an anisotropic strain in the sys-
reflections forx=0.75, 0.70, and 0.67. The width of the tem. A possible microscopic picture of such a strain involves
(220) reflection remains constant throughout all tempera_-a distribution of values of the lattice constantTo teSt_thiS )
tures. However, it is clear that the width of th@04 peak idea, we have assumed a simple structural model in which
gradually increases beloW~Ty. Note that thg004) reflec- the sample consists of two phases with two differeldttice

tion is attributed solely to nuclear reflection, and no magneticcﬁnStams' By keepljnghthi othgrfpar%mﬁteri}dentlgall forbboth
scattering contributes to this reflection. Comparing the dat ases we repeated the fit and found that this model substan-

for three samples depicted in Fig. 8, one can see that thi ally improves the results as depicted in Figéc)Snd(d).
I . . From these facts, we concluded that the observed selec-
peak broadening is more evident for=0.75 and that it be- .. . : :
- tive broadening of Bragg peaks results from the anisotropic
comes less distinct asdecreases.

. . . train caused by a distribution of tki¢3z2—r?) orbitals. As
We have examined the powder diffraction patterns amitated above, in th@* phase thee, electrons occupy the

have found that the broadening was limited to the reflectiona(:gzz_rz) orbitals. When the charges are localized in the

with the Miller indices fkl) of Iarggl, for example,(OO{f), insulating phase, only the MA sites have thel(3z2—r?)
(114, (206), (226), and (009). In Fig. 9, we show typical hita| (the Mrf'* sites have ne, electrons. In Fig. 10 we
examples of the broadening of the Bragg profiles forxhe jj,strate an arrangement of M% with the d(322—r2) or-
=0.75 sample at 10 K. The full circles are the observedyital and Mrf* with no e, orbital. Because thel(3z%—r?)

intensity profiles and the solid lines are the calculated intengpital extends toward the direction. the distance between
sities obtained from the Rietveld refinement. One can clearly,n3+ and Mrf+ is elongated along the direction, whereas

see that th€¢004) and(20§) ref!ections are proader thqn those iy the ab plane the MA*-Mn** distance is almost equal to

of (220 and(422_). We flrst_ fitted the pro_flle assuming that he M+ -Mn4* distance. At high temperatures the charges
the sample consists of a single phase withlddencmsym- 416 mobile by thermal activation, a process that averages out
metry, and the calculated profiles are depicted in Figa) 9 he |ocal distortion of the lattice spacing along thexis. At

and (b). We can see that despite the fact that the fitting isq\ temperatures, on the other hand, the thermal energy is
quite good for(220) and(422), the fit for the(004) and(206)  jngsyficient for the charges to hop, and the local ordering of
reflections is relatively poor.

Because the calculated peak positions are in excellent <—H—> Mnd+
agreement with the observed peaks, the symmieti;mcm CT

assumed in our analysis cannot be too far from the true crys-

tal symmetry. One possible reason for the observed broaden-

ing could be the lowering of symmetry to an orthorhombic or

to a monoclinic structure, with a resulting splitting of reflec-

tions that may be unresolved due to the instrumental resolu- ®
tion. This possibility, however, can be easily discarded be-

cause the peak broadening is also observed at) (00

reflections where no splitting is expected in the orthorhombic FIG. 10. Schematic picture of the relationship betwegror-
or monoclinic structures. bital ordering and the lattice spacing in tB¢ phase.

dB3z2-r2)

M n3+
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the ey electrons with thel(3z%—r?) orbital may be formed, ab plane as shown in Fig. 4. This can be easily checked in
leading to the anomaly in the lattice constant. It should beother manganites that exhibiCE-type ordering, as in
noted that the broadening of the peak starts belgquwhere  Pr;_,CaMnO; (Refs. 3, 21, and 39 as well as in
the C-type AFM spin ordering is formed as shown in Fig. 8, La; _,CaMnO; with x=0.50 (Refs. 1, 40, and 41
and where the temperature derivative of the resistivity also On the other hand, theaxis is the longest for th€-type
shows an anomali? AFM phase in N¢d_,Sr,MnO;, in Pr;_,CaMnO; (Ref. 3,
and in Lg sCa gMnO; (Ref. 1). As explained above this re-
lation of the lattice parameters results from the
d(3z2—r?)-type orbital ordering in the&-type structure. In
the case of Bi_,CaMnO;3, we are puzzled that the magnetic
As we described in the previous subsection, we found thagrdering was reported to be of titype3’ As thec axis is
the broadening of the nuclear Bragg peaks becomes mowxpected to be the longest for tiietype structure, this type
evident ax increases, indicating that the charge localization/of spin ordering is incompatible with the proposed JT stripe-
ordering is also progressively stabilized with the increase ofype ordering in which the axis is the shortest.
x. Furthermore, the anomaly of the temperature derivative of Finally, we comment that the FWHM of th@04) peak of
the resistivity atTy also develops ag increases, and it is thex=0.75 sample at 330 K is larger than the one at about
most clearly observed at=0.80. The resistivity of thex 300 K (see Fig. 8 This is because a finite amount of the
=0.80 sample also shows a steep increaselatupon  scattering exists between tf220) and(004) peaks. Similar
cooling? Judging from these facts, it is very likely that the extra scattering is also observed at other scattering angles.
charge ordering associated with the MoMn*" ratio of 1:4  Presumably, another phase with lattice parametensdc of
is formed belowT . We note that Jitaet al. have reported very similar lengths may exist at higher temperature than 330
superlattice reflections which may originate from the chargek, and this high-temperature phase may coexist at 330 K
ordering of Mif™:Mn**=1:3 in a Py CagMnO; sample  with the described* phase.
where the valence distribution of the Mn ions was deter-
mined to be Mg 5Mng%s by chemical analysi$ We exam-
ined our powder pattern profiles in detail, but it was not
possible to detect any indication of any superlattice reflec- A  neutron diffraction study was performed
tions that may be related to charge ordering. A study of @n Nd,_,Sr,MnO; powder samples with 0.49x<0.75.
single-crystal sample would be strongly desirable to eluci-Their crystal and magnetic structures were analyzed by
date the nature of a possible 4/5 or 3/4 charge ordering in ththe Rietveld method. A systematic change of the crystal
C-type AFM phase. and magnetic structures was observed as a function of
As for the charge ordering fok=1/2, an interesting x. With increasingx, the magnetic structure of the ground
charge ordering with a large periodicity was recently ob-state varies from metallic ferromagnetism to charge-ordered
served in the La ,CaMnO; systent>~%° In this system, CE-type antiferromagnetism, to metallid-type antiferro-
incommensurate superlattice peaks were observed at tmeagnetism, and finally to insulatinG-type antiferromag-
wave vectorQ=(6,0,0) with 6~1—x below the charge or- netism. The magnetic structures can be interpreted to be
dering temperaturd ¢ by electron diffraction. To under- driven by underlying Mre, orbital ordering, and their result-
stand the incommensurability, a stripe-type charge/orbital orant crystal structures. In tHeE-type andA-type AFM states,
dering was proposet®®®In this model, a pair of MA*O;  the crystal structure is characterized by apically compressed
stripes are formed, and they are separated by another stripgnOg octahedra reflecting the pland¢x®—y?)-type orbital
shaped region of the MAQOg octahedra. The pair of ordering. On the other hand, the crystal structure of the
Mn3* Qg4 stripes is accompanied by d(3x*>—r?)/d(3y?> C-type AFM state is characterized by apically elongated
—r?) orbital ordering and by a large lattice contraction dueoctahedra resulting from the ordering of the rod-type
to the JT effect, while the M Oy regions are free from d(3z2—r?) orbitals.
lattice distortions. Aix=1/2, these incommensurate pairs of The CE-type AFM state was observed only in the neigh-
JT stripes converge to the well-knowE-type orbital/spin  borhood ofx=1/2. In thex=0.51 sample, th€E-type AFM
ordering. Similar incommensurate superlattice peaks werand theA-type AFM states coexist due to the small energy
also observed in Bi,CaMnO; single crystals with 0.74 difference between these two AFM states. In addition, the
<x=0.823" where a long-period structure, with fourfold pe- C-type AFM phase exhibits an anisotropic broadening of
riodicity (21 A) and 32-fold periodicity170 A) of the ortho-  Bragg peaks, which becomes more evidentxadacreases.
rhombic lattice unit, was clearly observed in the=0.80  This broadening may be a precursor of th@z>—r?)-type
sample® These results also share many features with therbital ordering at MA*:Mn**=1:3 or 1:4.
paired JT stripes proposed for the ;LgCaMnO; with x
=0.5.
We would like to point out that, from an analysis of the
lattice parameters, we can easily exclude the possibility of We thank Dr. J. A. Fernandez-Baca for valuable com-
this type of paired JT stripe ordering in ti@&type AFM  ments and a critical reading of the manuscript. This work
Nd; _,Sr,MnO; samples. For th&E-type charge ordering was supported by a Grant-In-Aid for Scientific Research
and associated paired JT stripe ordering, the orthorhombic from the Ministry of Education, Science, Sports and Culture,
axis (in the Pbnmnotation must be the shortest. This is due Japan and by the New Energy and Industrial Technology
to the fact that thel(3x?—r?)/d(3y?—r?) orbitals lie in the  Development OrganizatiofNEDO) of Japan.

B. Possibility of the x=0.8 charge ordering
in the C-type AFM phase

VII. CONCLUSIONS
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