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A neutron-diffraction study on aA-site-orderedperovskite manganit®BaMn,Og (R=Tbh) has revealed
that the magnetic structure is characterized by two modulation veciggs0 1/49 and (1/4 1/4 1/4, in the
primitive cubic setting. The appearance of the magnetic order is accompanied by change in stacking of
charge-ordered/orbital-ordered MpGheets along the axis, which has also been confirmed by electron-
diffraction and x-ray-diffraction studies on tlie=Tb and Sm compounds. The charge ordering in the antifer-
romagnetic phase is an unprecedented one, i.e., NaCl type, which is stabilized by the ordBamgddBa in
the A site.
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After the discovery of colossal magnetoresista(€MR) and antiferromagnetically arranged along tbeaxis [so-
effect, the perovskite-related manganese oxide system haslled charge exchangeCE)-type].”® Since the magnetic
been extensively investigated. Among them, the close interstructure is totally regulated by the charge/orbital ordefing,
play between charge, orbital, and spin degrees of freedom e A-site-ordered manganese oxide is likely to show a dif-
one of the key ingredients in the CMR sciertcEhe ordering
and disordering of each degree of freedom has been investi- TR

. . 1000 |
gated as a function of many material parameters, such as the F (a)
doping level, the average ionic radius of tAesite, the dif-
ference of thé\-site ionic radii, the number of the successive
MnO, sheets, and so on. Recently, it has been reported that
ordering of a rare-earth elemdRiand barium in thé\-site of
perovskite structure significantly affects the electronic phase
diagram of the manganese oxide compotftiThe A-site
ordering in Ry,Ba;,,MnO; (see the inset of Fig.)lor
RBaMn,Og, with R=Sm, Eu, Gd, Th, Dy, Ho, and Y seems
to assist ordering of charge and orbital at a relatively high
temperature, contrary to the case of tAesite-disordered
compound with the same composition, which shows spin-
glass behavior at low temperatures %0 K).* It has been
suggested that the spin-glass state could be due to the
guenched potential disorder arising from large difference of
the ionic radius betwee® and Ba and the resultant local
lattice distortion. TheA-site ordering reduces the effect of I
this disorder. Moreover, the ordering pattern of charge and X o
orbital in the A-site-ordered manganites is recently found to
be modified from the well-known charge/orbital ordering ob-
served in the disordered compound®},Ca)MnG; and
(R,Sr)MnQ;. 1> While charge and orbital stripes align on the
a-b plane in the same manner, the stacking alongcthgis FIG. 1. (a) Resistivity and(b) magnetization ofA-site-ordered
is accompanied by a regular phase shift in Aisite-ordered  smBaMn0Os and ThBaMpO,;, measured in warming runs. The
compoundsee Fig. 2a)].° measurement of magnetization was performed in a magnetic field of

The magnetic structure of the charge-ordered/orbitalo.1 T after zero-field cooling. Inset shows the schematic crystal
ordered manganese oxide with a Mn average valence Gfructure ofRBaMn,Os. The attached box drawn with thin lines
around 3.5 is usually of the zigzag type in tha-b plane  shows the primitive unit cell o&,x a,x 2a,,.
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FIG. 3. Time-of-flight neutron-diffraction patterns of
S . - ThBaMn,Og at 50 K and 249 K, below and above the spin-ordering
(c) and(d) show other possibilities discussed in the text. Only man'temperature'(N~200 K). The 50 K pattern is shifted upwards to

garle+se "";i are drawn for S|mpI|C|ty. O_pe“?“d) circles denote  \5ig an overlap. The indices are based on the primitive tetragonal
Mn™™ (Mn®") ions. The occupiecg, orbital is shown for each unit cell of a,X a,x 2a,.

Mn®* ion. Arrows show the arrangement of Mn spin moments as
deduced for thdR=Tb compound.

FIG. 2. Schematic drawing of the ordering pattern of charge,
orbital, and spin in theA-site-ordered perovskite manganites
RBaMn,Og (R=Sm and Th for (a) Ty\<T<T¢p and(b) T<Ty.

Powder neutron diffraction was measured using a time-of-
ferent spin-ordering pattern from that of thé-site- flight (TOF) diffractometer Vega, KEK, Japgn: The tempera-
disordered compound. In this paper, we report on a differenfr® was controlled in an accuracy of within 0.2 K by a
type of spin ordering in theA-site-ordered compound closed-cycle 4-K refrigerator. The' obtamgd patterns of
TbBaMn,Og, which was revealed by neutron-diffraction TPBaMnOg at 50 K and 249 K are displayed in Fig. 3. Here
technique. The antiferromagnetic phase transition is accomve note that at 249 K the 001 peak is clearly observed,
panied by the change in the stacking pattern of chargewhich manifests the Tbh/Ba ordering. Comparing the two
ordered/orbital-ordered MnOsheets along the axis. The ~ TOF patterns, some additional peaks are found at 50e<
identical change in the charge/orbital ordering has been aldow Ty). Because Tb moments show the least ordered com-
found in diffraction studies on the Sm derivative ponent at the temperature, the peaks can be ascribed to anti-
SmBaMnOg. ferromagnetic ordering of Mn spin moments. In fact, the
Polycrystalline samples dR=Sm and Th were prepared magnetic peaks are observed to be much larger in the neutron
by a solid-state reaction. After repeating the sintering procesgattern &4 K due to an ordering of large Th moments.
at 1600—-1700 K in an Ar flow, the resulting ceramics were All the magnetic peaks can be indexed by two modulation
annealed at about 1000 K in an oxygen atmosphere. Theave vectors(1/4 1/4 1/2 and (1/2 0 1/2, in the pseudo-
details of the procedure are described elsewh@iee almost  tetragonal setting witl, X a, X 2a, (see the inset of Fig.)1
perfect ordering ofR and Ba was confirmed by th@01) as shown in the 50-K data in Fig.(d). Herea, denotes the
reflection in the x-ray-diffraction and neutron-diffraction pat- cell parameter of the cubic perovskite. The modulation vec-
terns. TheA-site ordering is also manifested by the chargetors are translated int@/4 1/4 1/4 and (1/2 0 1/9 in the
ordering transition at a high temperatdrBigure ¥a) shows  primitive cubic setting. This evidently shows that the mag-
a metal-insulator transition di-5~470 K and 380 K for the netic unit cell consists of four Mn-O sheets, which is twice as
Tb and Sm compounds, respectively. A measurement of madeng as thec axis of the magnetic unit cell of the so-called
netization using a superconducting quantum interference dé&sE-type magnetic structure. The CE-type antiferromag-
vice magnetometer reveals that phase-transition temperaturastism is characterized by the propagation vectors of the
of antiferromagnetismT ), are about 200 K and 260 K for magnetic peaks ofl/4 1/4 1/2 and(1/2 0 1/2 in the cubic
the Th and Sm compounds, respectively, as shown by arrowsetting, and quite often observed in tiesite-disordered
in Fig. 1(b). The Curie-like behavior belowy in the Tb  perovskite —manganites such as ;4@a,Mn0O;,’
compound is due to the paramagnetic large Th moment®r,,,Ca,,MnOs,° and Nd ,Sr,,,MNnOs,8 in which the charge-
which have been found to align antiferromagnetically belowordered/orbital-ordered MnOsheets stack along theaxis
13 K. without any phase shift, and each spin moment antiferromag-
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TbBaMn,Og should originate from the charge and orbital ordering, as in
the case of other manganese oxides with the Mn average
valence of~3.5, which is also consistent with the metal-

insulator behaviors shown in Fig(a.® The[1 1 0]-zone-
axis electron-diffraction patterns are shown in Fig&d)4
4(f). At room temperature and 220 K, another series of
superlattice reflections with a modulation wave vector of
(1/2 1/2 1/2 are clearly observed. These superlattice reflec-
tions are ascribed to the four-sheet period of stacking of
MnO, sheets with charge ordering of checkerboard type, as
shown in Fig. 2a).% Hereafter we call the stacking manner
the “AABB type.” The superlattice reflections are found to
disappear at around@ly. Figures 4e) and 4f) show the re-
sults just above and beloW, (220 and 190 K respectively.
The same kind of change in the stacking pattern at the anti-
ferromagnetic transition has been confirmed also for
SmBaMnOg by TEM as well as by the synchrotron x-ray-
diffraction study(at the beamline A, Photon Factory, KEK
on a single crystal.

The disappearance of tli&/2 1/2 1/2 series of reflections
in electron-diffraction and x-ray-diffraction can be attributed
to the change in the stacking pattern of the charge/orbital-
ordered MnQ@ sheets. Thec-axis length of thecrystallo-
graphic unit cell reduces to &,, which is the same as the
primitive unit cell shown in the inset of Fig. 1. Therefore,
there are three possible stacking patterns with the period of
one or two Mn-O sheets, as shown in Figsb)22(d). In
each MnQ sheet, MA* (filled circles and Mrf* (open
circles ions align alternately. Mt ions form orbital stripes

along the[1 1 0] direction. The most plausible one is the
ABAB-type stacking shown in Fig.(B). Here the charge-
ordered/orbital-ordered Mn-O sheets stack alongadfaxis
with a phase shift oft a, alternately. It is noteworthy that the
FIG. 4. Electron-diffraction patterns of ThBaM®@s: (a)—(c)  charge ordering is of the NaCl type, where the Madelung-
[001]-zone-axis patterns at room temperat(@80 K), just above  type Coulomb energy gain is maximal. In the figure, the
Ty (220 K), and just belowTy (190 K). (d)—(f) [1 1 O]-zone-axis  alignment of spin moments deduced by the neutron study is
patterns at room temperatuf290 K), just aboveTy (220 K), and  glso shown by arrows(Note that the direction of the spin
just below Ty (190 K). The indices are based on the primitive moments is not determined yefThe spin moments align
tetragonal unit cell oy, xa,x 2a, . antiferromagnetically between the second-nearest Mn-O
sheets. Next candidate is th®AAAtype stacking[Fig.
netically aligns along the axis. The longer period of the 2(c)], which is usually observed in the case of tAesite
magnetic unit cell of TbBaMyOg along thec axis as ob- disorderednanganese oxide system such ag,s,,Mn0O;,
served indicates that charge-ordered/orbital-ordered Mn-Qa;»Ca,MnO3;, and Nd,Sr,,MnO;. However, the spin
sheets stack in a different way from the hitherto known dne.alignment in these compounds is of the CE type as afore-
To investigate the stacking of the MpOsheets in mentioned. If one tries to reproduce the observed magnetic
TbBaMn,Ogz, we performed transmission electron micros-peak positions in th& AAAtype stacking model, one has to
copy (TEM) studies above and beloW,. Thin samples for assume that the alignment of spin moments alongtagis
electron-diffraction studies were prepared by crushing thés of 17| type. It is unrealistic that every Mi-Mn** pair
material into fine fragments with Cglwhich were then dis- in two neighboring MnQ sheets would couple ferromagneti-
persed on Cu grids coated with holy-carbon support filmscally. Another stacking pattern with the period o&2is
Electron-diffraction studies were carried out as a function ofshown in Fig. 2d), where 3/2—r2 and %?—r? orbitals are
temperature with a Hitachi HF-3000S TEM operating at 300alternately occupied in M1 chains. This is also unlikely
kV. In Figs. 4a-4(c) the [0 O 1]-zone-axis electron- the case, because tk&/4 1/4 O series of reflections would
diffraction patterns of ToBaMyOg at 290 K, 220 K, and 190 be extinct in this stacking model. In addition, #fn(Mn3*)
K are shown, respectively. At all the temperatures, a series abns would form simple antiferromagnetiéerromagnetic
superlattice reflections with a modulation wave vector ofchains along the axis with this type of charge and orbital
(1/4 1/4 Q are clearly observed. The superlattice reflectionsordering.
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From the above arguments, it is concluded thatAtste-  along thec direction. On the other hand, the superexchange
ordered perovskite mangani®BaMn,Og shows different interaction between thP;’g electron spins always favors an-
types of spin/charge/orbital ordering both above and belowiferromagnetic coupling between the two neighboring man-
Ty from the conventional case of thesite-disordered per- ganese ions in adjacent MpBheets. Only when two adja-
ovskite manganese oxide compounds. Thsite-ordering cent MnG, sheets in charge/orbital ordering are stacked
has two effects on the physical properties of a perovskitgyithout any shift, all the spin pairs along tleeaxis can be
system. One is the disappearance of randomness in the Cogligned antiferromagnetically, because of the zigzag-type
lomb potential. This promotes ordering of the charge degregpin structure with the charge/orbital stripes in a MreBeet.
of freedom, giving rise to the charge ordering at a higherrhe observed change from tWeABB type in the paramag-
temperature as observed. The other is the existence of tWaatic phase to th& BABtype in the antiferromagnetic phase
inequivalent apical oxygen ions in every Mg@ctahedron. s apparently contradictory to this simple anticipation taking
Namely, there are two kinds of MRO-—Mn bonds along  aecount of the superexchange interaction betweentipe
thec axis in theA-site-ordered perovskite. This may stabilize gjeciron spins alone. It is thus not so straightforward to un-
the AABB-type stacking as observed in the temperatureygrstand why the magnetic ordering triggers ABAB-type
range betweenTco and Ty. For+example,+ a shorter giacking belowTy . The clue to this problem might be ob-
Mn—O—Mn bond may favor a M#™ and Mrf™ pair be-  tained by the future study on the structural change in the
cause the Coulomb interaction would be larger. Longelqyrse of the magnetic transition.
bonds may connect two charge-ordered/orbital-ordered | symmary, we have revealed that the magnetic structure
MnO, planes with no shift, because a MrOg octahedron i~ the  Asite-ordered manganese oxide perovskite
elongated along the or b axis tend to stack on another Thpamn,0; is different from the so-called CE type, which
octahedron with the elongation along the same direction ifg widely seen in theA-site-disordereccompounds. Powder
order to minimize the lattice strain energy. ___neutron diffraction as well as electron diffraction and x-ray

Next, let us discuss the possible origins of the switchinggffraction has proved that the antiferromagnetic phase tran-
of a stacking manner &t . The relative shift oy, along the  sjtion is accompanied by a change in a stacking pattern of

a axis with a stacking of two Charge'ordered/orbita"0rderedcharge-ordered/orbital-ordered MpOsheets, from the
MnO, sheets modifies the contribution from each of the vari-o Agg type to theABAB type.

ous interaction. On one hand, the shift gains the Coulomb

energy between the two charge-ordered Mrebeets, be- We thank |. Solovyev for fruitful discussions, and R. Ku-
cause the two manganese ions with different valences ammai, H. Sawa, Y. Wakabayashi, H. Nakao, M. Toda, and R.
neighboring along the axis. For the same reason, the shift Tazaki for their support in the synchrotron x-ray measure-
also increases the electron transfer between the two Mn ionsents.
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