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The temperature- and doping-induced variation of structural, magnetic, and transport properties has indi-
cated unique switching of spin-charge-orbital states in the Mn-O sheets of single-layered manganite crystals,
Nd; _,Sr ,MnO,. In the composition range of 0.#x<0.9, the magnetic ordering with alternate straight
ferromagnetic chains occurs beldw~ 150K in the orthorhombically distorted sheets which perhaps origi-
nate from the orbital ordering at 270 K. In the crystals with commensurate doping level$ and 3),
additional superlattice spots are observed with the propagation vééais0] [ 5~ (1—x)/2], suggestive of
the charge-orbital ordering with zig-zag ferromagnetic chains.
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Charge, spin, and orbital ordering in transition-metal com-s free from such a chemical phase separation as observed in
pounds with strongly correlated electrons have recently atka; ,Sr,MnO, with 0.7<x<1.0>°® Resistivity of the
tracted significant research interest due to the possible relarystals was measured by a standard dc four-probe method.
tion to mechanisms of various phenomena such as metaMagnetization measurements were carried out with a com-
insulator transition, higfi-, superconductivity, colossal mercial superconducting quantum interference device mag-
magnetoresistance, €tdn particular, the compounds with netometer.
the layered KNiF, structure andl* or d° electronic configu- We display in Fig. 1 the temperature profiles of the resis-
ration can provide a unique arena to test important roles dfivity with current parallel p,,) and perpendicularg) to
the orbital correlations in the structural, electric, and mag-
netic properties, e.g., the orbitahtiferro ordering induced Nd1.,Sr1+xMnO,
ferromagnetism in KCuF, (Refs. 2 and Bcontrary to the ' ' R '
antiferromagnetism in L& uO, with ferro orbital order. As
another typical system, La,Sr.,,MnO, (x=3) with

3
single-MnQ layers is the first compound in which the real- g 10 3
space ordering of the, orbitals has been confirmed by the 010 [
resonant x-ray scatterlng technidtielowever, the ordermg PO
structure in the single-layered manganites with 2 have %101;_

seldom been investigated in detail so far. In th|s communi-

cation, we report on the successive structural transitions reI“‘
evant to the change of orbital state against variation of tem-

perature and doping for single-layered manganite crystals 107'L
Nd,_,Sr . ,MnO, (0.67<x=<1.0). By substituting La with E
Nd in the aforementioned La,Sr, . ,MnO, system, we can i
prevent the chemical phase separation which takes place i 10* 3
the case of La_,Sr; . ,MnO,,>®and grow the single crystals i
over the whole concentration range. The switching of the _
orbital state of ey-like electrons @z.2_2/d32_ 2 &%1023_
—dgy2_,2) is ascribed to the observed crossover from thev
charge-ordered antiferromagnetic state to the charge Sl
disordered ferromagnetic chain state in the two- dlmensmnaw

10°

manganite crystal. T o0 _
Nd; _,Sr, . \MnO, (0.67<x=<1.0) crystals were grown £ El 3
by the floating zone method with use of a halogen-lamp im- 4oL x=0.78 4 L x=0.80 -

age furnace at a rate of 6-12 mm/h in flowing air. We per- S N N ) S R R B
formed x-ray, electron, and neutron diffraction measurements 0 100 200300 0 100 200 300
on the grown crystals, which shows that all the crystals in- Temperalure: K Temparatura (g
vestigated here are of single phase andl#enmmtetrag- FIG. 1. Temperature dependence of resistivity with current par-
onal structure at room temperature. Complete diffractiorallel (p,,) and perpendicular ) to MnO, layers for
analyses indicate that the present;Ngsr; . ,MnO, system  Nd,_,Sr . ,MnO, (0.67<x=<0.80) crystals.
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Nd_,Sry,xMnO, superlattice spots at 110K can be described @&s
© 3004 =a*[5,6,0](a-a*=2m),” where § is ~% and ~% for x
(200) = 40K =0.67 and 0.75 crystals, respectively. A similar variation of
(020} the wave vector with doping has been observed for a
|x=0.67 pseudocubic manganite, L.a CaMnO; (Ref. 8 in which it
L i is proposed that they-like electrons localize and order along
|0.75 the diagonal direction of the Mn-O square lattice in tie
plane, forming the diagonal charge-orbital ordered stripes
0.78 with a periodic spacing of Bd;19 (x=0.67) or 8<d;;q (X
=0.75). Considering these investigations of the superstruc-

8 tures and the anomaly in resistivity, the charge-orbital order-
ing may take place at-270 K in the commensurate
=0.67 andx=0.75 crystal. Although we have not observed
the similar additional superlattice reflections in higkerys-
tals, yet the small anomaly ip,;, for x=0.78 and 0.8Qin-
dicated by gray arrows in Figs.(d and Xd)] signals the
presence of short-range charge/orbital ordering.

Let us focus on the anomaly in resistivity at150 K
observed for thex=0.78 and 0.80 crystals. To relate the
b resistive anomaly with t_he st_ructural change, we have per-
™ d spacing (A) formed powder x-ray diffractiofXRD) measurements for

Nd;_,Sr . MnO,. Figure Zc) displays the powder XRD

FIG. 2. [001] zone-axis electron diffraction patterns_ ) x patterns around th€00) and(020) Bragg peaks for samples
=0.67 and(b) x=0.75 crystals at 110 K. The sulperlattice reflec- with selected compositions at 300 K and 40 K. At 300 K
tions with modulation wave vectd(s, *9, 0 (5%.5 and g for x least split betwee(200) and(020) Bragg peaks are observed
=0.67 andx=0.75 crystals, respectivehare evident.(c) X-ray o 4)| of the specimens which have thé/mmmtetragonal
powder diffraction patterns around tt#00 and(020 Bragg peaks gy \ctyre. The remarkable composition dependence can be
in Nd; St +,MnO; (0.67<x<1.0) at 300 K and 40 K. seen in the low-temperature patterns. For the specimens with

x=0.67 and 1.0, the tetragonal structure appears to persist
the MnG;, layers for selected crystals. For all the crystals, thegown to the lowest temperature. By contrast, in the interme-
anisotropy of resistivity c/pa) is as large as f0at room  giate composition range of 0.25=0.875, a large split be-
temperature. Although both,, andp. show insulating tem-  tween (200) and (020 Bragg peaks can be observed at the
perature dependence over the whole composition range iffow temperaturg40 K). This implies that the orthorhombic
vestigated here, several anomalies are observeghin A phase with the lattice parameters: b appears at a tempera-
striking feature is thak=0.67 and 0.75 crystals exhibit a tyre between 300 K and 40 K. The Rietveld anafyisli-
steep rise op,p, toward lower temperatures at270 K (in-  cates that the orthorhombic phase has the space dgmmm
dicated by bold arrows in Fig.)1With increasingx, the |t is also to be noted that the both Bragg peaks related to the
anomaly at-270 K becomes dull, while another noteworthy tetragonal and orthorhombic phases coexist in the composi-
feature emerges in the=0.78 and 0.80 crystals. As seen in tion range of 0.75:x<0.80, and the fraction of the ortho-
Figs. Xc) and Xd), the sudden drop op,, toward lower  rhombic phase is increased with the increase.dfhe split
temperatures is evident at150 K. In addition, a consider- petween(200) and (020) reflections is gradually suppressed
able thermal hysteresis has been observed in the temperatyigth the further increase ok(>0.8), and disappears at
region of 100 Ks T<150K. =0.9, which implies the suppression of the orthorhombicity

To clarify the origin of the anomaly ip,, at ~270 Kfor  and the reentrance to the tetragonal phase=i®.9.
thex=0.67 and 0.75 crystals, measurements of electron dif- To exemplify the tetragonal-to-orthorhombic phase transi-
fraction patterns were performed with a high-voltage transtjon in the specimens with 0.25x<0.875, we display in
mission electron microscofélitachi: H-1500. The diffrac-  Fig. 3(a) the temperature profiles of the lattice parameters for
tion pattern at room temperature can be indexed with thghe x=0.78 specimen, as determined from the Rietveld
aforementioned4/mmmtetragonal unit cell. The most pro- ana|ysis of the powder XRD data. The measurements were
nounced feature is the appearance of additional superstrugerformed in the warming run. The structural phase transi-
ture reflections at low temperatures. Upon cooling fromtion becomes evident from the significant change in the lat-
room temperature the streaked spots appear dibl@ and  tice parameters. For the=0.78 specimen, the orthorhombic
[110] directions around the respective fundamental Bragghase appears belofig~270K, and the phase separation
reflections at~280 K. With further decreasing temperature, between the orthorhombic and tetragonal phases takes place.
the streaked spots are transformed into well-ordered supeall the data belowT 57 have been refined with a two-phase
lattice reflections below-270 K. In Figs. 2a) and 2b), we  model. The lattice parameters for the tetragonal phase mo-
show the[001] zone-axis electron diffraction patterns at 110 notonously decrease with decreasing temperature. Although
K for thex=0.67 and 0.75 crystals. The wave vector of thesethe ¢ axis for the orthorhombic phase and its temperature
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(0.67=x=<1.0). Closed squares, closed circles, and open circles
represent the charge-orbital ordering temperafligg, the onset

FIG. 3. (a) Lattice parameters as a function of temperature fortemperature of the tetragonal-to-orthorhombic phase tranditign
Nd; _,Sr . ,MnO, (x=0.78) determined from powder x-ray dif- and the onset temperature of single orthorhombic phase, respec-
fraction. Closed and open circles are for the orthorhombic and tetively. Closed and open triangles represent thelNemperaturdy
tragona| phases’ respective|y_ Solid and dashed lines are mereq&etermined from neutron diffraction and magnetization measure-
guides to the eyesb) Temperature variation of the intensity of the ments, respectively. Solid and broken lines are the guide to the eyes
(0, 3, ) magnetic Bragg reflection from the=0.78 single crystal ~ for crystallographic and magnetic transitions, respectivelySche-
measured by neutron diffraction. The closed and open circles regnatic illustration of a possible switching of the ferromagnetic
resent the data measured in the cooling and warming runs, respegbains between zigzag-type and straight-type which arise from the
tively. Inset: Schematic illustrations of the two types of antiferro- €g-Orbital ordering of alternateds,e_;2/dsy2_2 and coherent
magnetic structure in thenmmorthorhombic phase. ds,2_,2, respectively. Gray discontinuous lines represent possible

magnetic chains with the same direction of the largest component of
dependence are identical with that for the tetragonal phasehe spins(along[110] direction. (Gray solid lines are for the op-
the b axis rapidly decreases belolyr, whereas the axis  posite direction. Arrows indicate possible motion @-like elec-
increases. As a result, the orthorhombicity increases with dgrons.
creasing temperature belolyr. , .

The appearance of thenmmorthorhombic phase in the X2c re_Ia_t|ve to thelmmmecell, ar_1d that the magnenc struc-
crystals with 0.75:x<0.875 reminds us of the case of the ture within theab (MnO,) plane is theC-type antiferromag-
bilayered manganites. In ba,,Sh . »Mn,0; (0.74<x  Netism with ferromagnetic c_:hans along the loagxis, as
<0.92), the magnetic ordering with the antiferromagneti-"'”Strated in thg insets of_ Fig.(B). The reflectlo_ns at odd
cally coupled ferromagnetic chains, so calledype antifer- and evenn in Fig. 3(c) arise from the magnetic structures
romagnetiqdAF) ordering” takes place at a temperature be- illustrated in the_ Ieft_ and nght_ insets, respectively, of _Flg.
low the tetragonal-to-orthorhombic phase transition3(P)- We display in Fig. &) tr11e3|nten3|ty of a representative
temperaturé! Considering the results of the bilayered man-Magnetic Bragg reflectio(0, 3, 3) as a function of tempera-
ganite in which the ferromagnetic chains lie in MnBilay- ture. The temperature profile of the order parameter estab-
ers, it can be expected that a similar chainlike magnetidiShes the Nel temperatur@y~150K, and shows a thermal
structure within single Mn@ layers exists in the present hysteresis belowl in 'accord with that in resistivity Fig.
single-layered manganite. To determine the magnetic struct(c))- As clearly seen in the temperature dependence of lat-
ture of the orthorhombic phase, neutron diffraction measureliC® Parameters arourd, of Fig. 3a), the magnetic ordering
ments on thex=0.78 crystal were performed with a triple e_n_hances the prthorho_mb|cny of the lattice structure. In ad-
axis spectrometef4G-GPTAS installed at the JRR-3M re- _dmon, the relative fraction of the orthorhombic phas_e steeply
search reactor in JAERI, Tokai, Japan. increases .belov{fN. The drop oqub at TN%.150 K in the

Figure 3c) shows scans of the magnetic scattering alongTYStals with thelmmmorthorhombic phasgFigs. Ic) and
- 1 ) . 1(d)] may have intimate connection to the formation of the
q=(Q,§,I) at 200 K and 10 K. Well-defined scatterings at ferromagnetic chains along the-axis. In the double-
half integerl are evident at 10 K, though not observed at 200g, change modéf electrons can only hop between sites with
K, on the two-dimensional scattering background broadlyferromagnetically aligned core spins, and hence irCtfigpe
distributed along. The presence of (§,n+3) peaks indi- AF phase the hopping is possible only along the ferromag-
cates that the magnetic unit cell has a dimension2b  netic chains, rendering the conduction one-dimensional. Al-

Temperature (K)
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though the present crystals have not been detwinned, w2 ,2-type orbitals are stabilized to maximize the transfer
would observe more conducting behaviors along the ferrointeraction ofey-like electrons along the-axis (x direction
magnetic chains in twin-free crystals. and to give rise to the ferromagnetieM) double-exchange

To sum up the current study, the crystallographic andnteraction only along tha axis. As a result, th€-type AF
magnetic phase diagram of Nd.Sr,,,MnO, is shown in ordered state is realized in Nd,Sr ,,MnO, crystals, in
Fig. 4a). For understanding the phase diagram, we shouldvhich antiferromagnetically couple FM chains lie within
take account of the orbital state of tleg-like electrons of ~Single MnG layers. The phase coexistence is seen in the
Mn3*. Since a lattice form is strongly affected by the orbital Vicinity of the phase boundary between the charge-ordered
character through the collective Jahn-Teli@M) distortion, ~and charge-disordere@-type AF phases (0.%5x<0.78).
the observed structural change by varying temperature an{'€ Ordering temperature of orbital §o~270K) is higher
doping level should reflect sensitively a change in the orbitafan that for spin TN%lS_O K)., althqugh the phase separa-
state. The observed crystallographic superstructures in 1O" tendency for the orbital states is suppressed by the spin
—0.67 andx=0.75 crystals can be associated with the fOr_orderlng. This implies that the orbital correlation is a driving
mation of the diagonal charge-orbital ordered stripes. Th force for the spin ordering but the spin ordering also affects

. o . . %he orbital state in the present layered manganite.
left and middle panels in Fig.(8) schematically display a " conclusion, we haE/e observ)(/ad a dopin%-induced cross-
possible MA*-Mn** ordering anddz,2_,2/dsy2_ 2 orbital-

) A over from the charge-ordered state to the charge-disordered
ordering on MA™ ions forx=0.67 and 0.75 crystals, respec-

one-dimensional ferromagnetifC-type antiferromagnetic
tively, which has been proposed for the pseudocubic mang gnetipC-typ g

_ _ ; qAF)] state in Nd_,Sr . ,MnO, crystals. There are a great
nite La, CaMnO; (so-called Wigner-crystal modef and 1 mier of studies that deal with the competition or coexist-

is also consistent with the observed ordering wave vector fog,~a petween the ferromagnetféM) and the charge-orbital
the present single-layered manganite. In charge-orbital of5,qered CEtype AF phases in magnetoresistive

dered Lg/;:CagMn0O;, there is striking discrepancy in the manganites’ However, only a few theoretical studies have
order pattern between the bistripe mddahd the Wigner- peep reported on those between the charge-orbital ordered
crystal model***According to the simulation study of the cEtyne and thec-type AF state2®1°Most of them focus on
electron diffraction patterf, the latter model much better the similarity between the zigza'g FM stripe in tBE-type
describes the observed diffraction pattern with minimal in-pF state and the straight FM stripe in tBetype one. In both
tensities of higher harmonics of the superlattice spots for theges. the, electrons can hop along these FM chains. The
present single-layered manganite. Further study of the CrySsyesently observed variation of the crystallographic and mag-
tallographic and magnetic structures for the presenhetic stryctures against the doping-level can be viewed as a
Nd; _,Sr . MnO, single crystals with a simple lattice form switching between the charge-orbital ordei@¢E; _-type

may provide significant information on this controversial (zigzag FM strip#° and theC-type (straight FM stripg AF

issue. , . states in spin sector, and a switching betweenathiferro
Meanwhile, the appearance of timm orthorhombic dayz_,2/dsy2_ 2 and theferro dsy2_ 2 orbital-ordered states.

phase in the composition range of 0<7%<0.9 can be un-
derstood in terms of stabilization of tlth,2_,2 orbital state We thank S. Ishihara for helpful discussions. This work
via the JT distortion. The schematic illustration for a possiblewas supported in part by NEDO and Grant-In-Aids for Sci-
orbital state is depicted in the right panel of Fighy The entific Research from MEXT, Japan.
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