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Charge-orbital ordering and ferromagnetic chains in single-layered manganite crystals

T. Kimura,1 K. Hatsuda,1 Y. Ueno,1 R. Kajimoto,2 H. Mochizuki,3 H. Yoshizawa,3 T. Nagai,4,5

Y. Matsui,4 A. Yamazaki,5 and Y. Tokura1
1Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan

2Department of Physics, Ochanomizu University, Tokyo 112-8610, Japan
3Neutron Scattering Laboratory, ISSP, University of Tokyo, Tokai, Ibaraki 319-1106, Japan

4Advanced Materials Laboratory, National Institute for Materials Science, Tsukuba, Ibaraki 305-0044, Japan
5Department of Resources and Environmental Engineering, Waseda University, Tokyo 169-8555, Japan

~Received 22 October 2001; published 19 December 2001!

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,
Nd12xSr11xMnO4 . In the composition range of 0.75,x,0.9, the magnetic ordering with alternate straight
ferromagnetic chains occurs belowTN'150 K in the orthorhombically distorted sheets which perhaps origi-
nate from the orbital ordering at 270 K. In the crystals with commensurate doping levels~x5

2
3 and 3

4!,
additional superlattice spots are observed with the propagation vectors@d, d, 0# @d'(12x)/2#, suggestive of
the charge-orbital ordering with zig-zag ferromagnetic chains.

DOI: 10.1103/PhysRevB.65.020407 PACS number~s!: 75.30.Vn, 61.14.2x, 75.25.1z
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Charge, spin, and orbital ordering in transition-metal co
pounds with strongly correlated electrons have recently
tracted significant research interest due to the possible
tion to mechanisms of various phenomena such as m
insulator transition, high-Tc superconductivity, colossa
magnetoresistance, etc.1 In particular, the compounds with
the layered K2NiF4 structure andd4 or d9 electronic configu-
ration can provide a unique arena to test important roles
the orbital correlations in the structural, electric, and m
netic properties, e.g., the orbitalantiferro ordering induced
ferromagnetism in K2CuF4 ~Refs. 2 and 3! contrary to the
antiferromagnetism in La2CuO4 with ferro orbital order. As
another typical system, La12xSr11xMnO4 (x5 1

2 ) with
single-MnO2 layers is the first compound in which the rea
space ordering of theeg orbitals has been confirmed by th
resonant x-ray scattering technique.4 However, the ordering
structure in the single-layered manganites withxÞ 1

2 have
seldom been investigated in detail so far. In this commu
cation, we report on the successive structural transitions
evant to the change of orbital state against variation of te
perature and doping for single-layered manganite cryst
Nd12xSr11xMnO4 (0.67<x<1.0). By substituting La with
Nd in the aforementioned La12xSr11xMnO4 system, we can
prevent the chemical phase separation which takes plac
the case of La12xSr11xMnO4,5,6 and grow the single crystal
over the whole concentration range. The switching of
orbital state of eg-like electrons (d3x22r 2 /d3y22r 2

→d3x22r 2) is ascribed to the observed crossover from
charge-ordered antiferromagnetic state to the cha
disordered ferromagnetic chain state in the two-dimensio
manganite crystal.

Nd12xSr11xMnO4 (0.67<x<1.0) crystals were grown
by the floating zone method with use of a halogen-lamp
age furnace at a rate of 6–12 mm/h in flowing air. We p
formed x-ray, electron, and neutron diffraction measureme
on the grown crystals, which shows that all the crystals
vestigated here are of single phase and theI4/mmm tetrag-
onal structure at room temperature. Complete diffract
analyses indicate that the present Nd12xSr11xMnO4 system
0163-1829/2001/65~2!/020407~4!/$20.00 65 0204
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is free from such a chemical phase separation as observ
La12xSr11xMnO4 with 0.7,x,1.0.5,6 Resistivity of the
crystals was measured by a standard dc four-probe met
Magnetization measurements were carried out with a co
mercial superconducting quantum interference device m
netometer.

We display in Fig. 1 the temperature profiles of the res
tivity with current parallel (rab) and perpendicular (rc) to

FIG. 1. Temperature dependence of resistivity with current p
allel (rab) and perpendicular (rc) to MnO2 layers for
Nd12xSr11xMnO4 (0.67<x<0.80) crystals.
©2001 The American Physical Society07-1



th

a

y
in

-
at

d
ns

th
-
tru
m

g
e,
p

10
s

of
a

g

es

ruc-
er-

d

e
er-

r

s
K
d

be
with
rsist
e-

he

-

the
osi-
-

d

ity

si-

for
eld
ere
si-

lat-
ic
n
lace.
e
mo-
ugh
ure

c-

RAPID COMMUNICATIONS

T. KIMURA et al. PHYSICAL REVIEW B 65 020407~R!
the MnO2 layers for selected crystals. For all the crystals,
anisotropy of resistivity (rc /rab) is as large as 103 at room
temperature. Although bothrab andrc show insulating tem-
perature dependence over the whole composition range
vestigated here, several anomalies are observed inrab . A
striking feature is thatx50.67 and 0.75 crystals exhibit
steep rise ofrab toward lower temperatures at;270 K ~in-
dicated by bold arrows in Fig. 1!. With increasingx, the
anomaly at;270 K becomes dull, while another noteworth
feature emerges in thex50.78 and 0.80 crystals. As seen
Figs. 1~c! and 1~d!, the sudden drop ofrab toward lower
temperatures is evident at;150 K. In addition, a consider
able thermal hysteresis has been observed in the temper
region of 100 K<T<150 K.

To clarify the origin of the anomaly inrab at ;270 K for
the x50.67 and 0.75 crystals, measurements of electron
fraction patterns were performed with a high-voltage tra
mission electron microscope~Hitachi: H-1500!. The diffrac-
tion pattern at room temperature can be indexed with
aforementionedI4/mmmtetragonal unit cell. The most pro
nounced feature is the appearance of additional supers
ture reflections at low temperatures. Upon cooling fro
room temperature the streaked spots appear along@110# and

@11̄0# directions around the respective fundamental Bra
reflections at;280 K. With further decreasing temperatur
the streaked spots are transformed into well-ordered su
lattice reflections below;270 K. In Figs. 2~a! and 2~b!, we
show the@001# zone-axis electron diffraction patterns at 1
K for thex50.67 and 0.75 crystals. The wave vector of the

FIG. 2. @001# zone-axis electron diffraction patterns of~a! x
50.67 and~b! x50.75 crystals at 110 K. The superlattice refle
tions with modulation wave vector~d, 6d, 0! ~d' 1

6 and 1
8 for x

50.67 andx50.75 crystals, respectively! are evident.~c! X-ray
powder diffraction patterns around the~200! and~020! Bragg peaks
in Nd12xSr11xMnO4 (0.67<x<1.0) at 300 K and 40 K.
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superlattice spots at 110 K can be described asqW

5aW * @d,d,0#(aW •aW * 52p),7 where d is ;1
6 and ;1

8 for x
50.67 and 0.75 crystals, respectively. A similar variation
the wave vector with doping has been observed for
pseudocubic manganite, La12xCaxMnO3 ~Ref. 8! in which it
is proposed that theeg-like electrons localize and order alon
the diagonal direction of the Mn-O square lattice in theab
plane, forming the diagonal charge-orbital ordered strip
with a periodic spacing of 63d110 (x50.67) or 83d110 (x
50.75). Considering these investigations of the superst
tures and the anomaly in resistivity, the charge-orbital ord
ing may take place at;270 K in the commensuratex
50.67 andx50.75 crystal. Although we have not observe
the similar additional superlattice reflections in higherx crys-
tals, yet the small anomaly inrab for x50.78 and 0.80@in-
dicated by gray arrows in Figs. 1~c! and 1~d!# signals the
presence of short-range charge/orbital ordering.

Let us focus on the anomaly in resistivity at;150 K
observed for thex50.78 and 0.80 crystals. To relate th
resistive anomaly with the structural change, we have p
formed powder x-ray diffraction~XRD! measurements fo
Nd12xSr11xMnO4. Figure 2~c! displays the powder XRD
patterns around the~200! and~020! Bragg peaks for sample
with selected compositions at 300 K and 40 K. At 300
least split between~200! and~020! Bragg peaks are observe
for all of the specimens which have theI4/mmm tetragonal
structure. The remarkable composition dependence can
seen in the low-temperature patterns. For the specimens
x50.67 and 1.0, the tetragonal structure appears to pe
down to the lowest temperature. By contrast, in the interm
diate composition range of 0.75<x<0.875, a large split be-
tween ~200! and ~020! Bragg peaks can be observed at t
low temperature~40 K!. This implies that the orthorhombic
phase with the lattice parametersaÞb appears at a tempera
ture between 300 K and 40 K. The Rietveld analysis9 indi-
cates that the orthorhombic phase has the space groupImmm.
It is also to be noted that the both Bragg peaks related to
tetragonal and orthorhombic phases coexist in the comp
tion range of 0.75<x,0.80, and the fraction of the ortho
rhombic phase is increased with the increase ofx. The split
between~200! and ~020! reflections is gradually suppresse
with the further increase ofx(.0.8), and disappears atx
>0.9, which implies the suppression of the orthorhombic
and the reentrance to the tetragonal phase inx>0.9.

To exemplify the tetragonal-to-orthorhombic phase tran
tion in the specimens with 0.75<x<0.875, we display in
Fig. 3~a! the temperature profiles of the lattice parameters
the x50.78 specimen, as determined from the Rietv
analysis of the powder XRD data. The measurements w
performed in the warming run. The structural phase tran
tion becomes evident from the significant change in the
tice parameters. For thex50.78 specimen, the orthorhomb
phase appears belowTOT'270 K, and the phase separatio
between the orthorhombic and tetragonal phases takes p
All the data belowTOT have been refined with a two-phas
model. The lattice parameters for the tetragonal phase
notonously decrease with decreasing temperature. Altho
the c axis for the orthorhombic phase and its temperat
7-2
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dependence are identical with that for the tetragonal ph
the b axis rapidly decreases belowTOT, whereas thea axis
increases. As a result, the orthorhombicity increases with
creasing temperature belowTOT.

The appearance of theImmmorthorhombic phase in the
crystals with 0.75<x<0.875 reminds us of the case of th
bilayered manganites. In La222xSr112xMn2O7 (0.74,x
,0.92), the magnetic ordering with the antiferromagne
cally coupled ferromagnetic chains, so calledC-type antifer-
romagnetic~AF! ordering,10 takes place at a temperature b
low the tetragonal-to-orthorhombic phase transiti
temperature.11 Considering the results of the bilayered ma
ganite in which the ferromagnetic chains lie in MnO2 bilay-
ers, it can be expected that a similar chainlike magn
structure within single MnO2 layers exists in the presen
single-layered manganite. To determine the magnetic st
ture of the orthorhombic phase, neutron diffraction measu
ments on thex50.78 crystal were performed with a tripl
axis spectrometer~4G-GPTAS! installed at the JRR-3M re
search reactor in JAERI, Tokai, Japan.

Figure 3~c! shows scans of the magnetic scattering alo

qW 5(0,1
2 ,l ) at 200 K and 10 K. Well-defined scatterings

half integerl are evident at 10 K, though not observed at 2
K, on the two-dimensional scattering background broa

distributed alongl. The presence of (0,1
2 ,n1 1

2 ) peaks indi-
cates that the magnetic unit cell has a dimensiona32b

FIG. 3. ~a! Lattice parameters as a function of temperature
Nd12xSr11xMnO4 (x50.78) determined from powder x-ray dif
fraction. Closed and open circles are for the orthorhombic and
tragonal phases, respectively. Solid and dashed lines are m
guides to the eyes.~b! Temperature variation of the intensity of th
~0, 1

2,
3
2! magnetic Bragg reflection from thex50.78 single crystal

measured by neutron diffraction. The closed and open circles
resent the data measured in the cooling and warming runs, res
tively. Inset: Schematic illustrations of the two types of antiferr
magnetic structure in theImmmorthorhombic phase.
02040
e,

e-

-

-

ic

c-
e-

g

0
y

32c relative to theImmmcell, and that the magnetic struc
ture within theab (MnO2) plane is theC-type antiferromag-
netism with ferromagnetic chains along the longa axis, as
illustrated in the insets of Fig. 3~b!. The reflections at oddn
and evenn in Fig. 3~c! arise from the magnetic structure
illustrated in the left and right insets, respectively, of F
3~b!. We display in Fig. 3~b! the intensity of a representativ
magnetic Bragg reflection~0, 1

2,
3
2! as a function of tempera

ture. The temperature profile of the order parameter es
lishes the Ne´el temperatureTN'150 K, and shows a therma
hysteresis belowTN in accord with that in resistivity@Fig.
1~c!#. As clearly seen in the temperature dependence of
tice parameters aroundTN of Fig. 3~a!, the magnetic ordering
enhances the orthorhombicity of the lattice structure. In
dition, the relative fraction of the orthorhombic phase stee
increases belowTN . The drop ofrab at TN'150 K in the
crystals with theImmmorthorhombic phase@Figs. 1~c! and
1~d!# may have intimate connection to the formation of t
ferromagnetic chains along thea-axis. In the double-
exchange model,12 electrons can only hop between sites w
ferromagnetically aligned core spins, and hence in theC-type
AF phase the hopping is possible only along the ferrom
netic chains, rendering the conduction one-dimensional.

FIG. 4. ~a! Electronic phase diagram of Nd12xSr11xMnO4

(0.67<x<1.0). Closed squares, closed circles, and open cir
represent the charge-orbital ordering temperatureTCO, the onset
temperature of the tetragonal-to-orthorhombic phase transitionTOT ,
and the onset temperature of single orthorhombic phase, res
tively. Closed and open triangles represent the Ne´el temperatureTN

determined from neutron diffraction and magnetization measu
ments, respectively. Solid and broken lines are the guide to the
for crystallographic and magnetic transitions, respectively.~b! Sche-
matic illustration of a possible switching of the ferromagne
chains between zigzag-type and straight-type which arise from
eg-orbital ordering of alternated3x22r 2 /d3y22r 2 and coherent
d3x22r 2, respectively. Gray discontinuous lines represent poss
magnetic chains with the same direction of the largest componen
the spins~along @110# direction!. ~Gray solid lines are for the op
posite direction.! Arrows indicate possible motion ofeg-like elec-
trons.
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though the present crystals have not been detwinned,
would observe more conducting behaviors along the fe
magnetic chains in twin-free crystals.

To sum up the current study, the crystallographic a
magnetic phase diagram of Nd12xSr11xMnO4 is shown in
Fig. 4~a!. For understanding the phase diagram, we sho
take account of the orbital state of theeg-like electrons of
Mn31. Since a lattice form is strongly affected by the orbi
character through the collective Jahn-Teller~JT! distortion,
the observed structural change by varying temperature
doping level should reflect sensitively a change in the orb
state. The observed crystallographic superstructures ix
50.67 andx50.75 crystals can be associated with the f
mation of the diagonal charge-orbital ordered stripes. T
left and middle panels in Fig. 4~b! schematically display a
possible Mn31-Mn41 ordering andd3x22r 2 /d3y22r 2 orbital-
ordering on Mn31 ions forx50.67 and 0.75 crystals, respe
tively, which has been proposed for the pseudocubic man
nite La12xCaxMnO3 ~so-called Wigner-crystal model!13 and
is also consistent with the observed ordering wave vector
the present single-layered manganite. In charge-orbital
dered La1/3Ca2/3MnO3, there is striking discrepancy in th
order pattern between the bistripe model8 and the Wigner-
crystal model.13–15According to the simulation study of th
electron diffraction pattern,16 the latter model much bette
describes the observed diffraction pattern with minimal
tensities of higher harmonics of the superlattice spots for
present single-layered manganite. Further study of the c
tallographic and magnetic structures for the pres
Nd12xSr11xMnO4 single crystals with a simple lattice form
may provide significant information on this controvers
issue.

Meanwhile, the appearance of theImmm orthorhombic
phase in the composition range of 0.75,x,0.9 can be un-
derstood in terms of stabilization of thed3x22r 2 orbital state
via the JT distortion. The schematic illustration for a possi
orbital state is depicted in the right panel of Fig. 4~b!. The
Y.
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d3x22r 2-type orbitals are stabilized to maximize the trans
interaction ofeg-like electrons along thea-axis ~x direction!
and to give rise to the ferromagnetic~FM! double-exchange
interaction only along thea axis. As a result, theC-type AF
ordered state is realized in Nd12xSr11xMnO4 crystals, in
which antiferromagnetically couple FM chains lie with
single MnO2 layers. The phase coexistence is seen in
vicinity of the phase boundary between the charge-orde
and charge-disorderedC-type AF phases (0.75<x<0.78).
The ordering temperature of orbital (TOO'270 K) is higher
than that for spin (TN'150 K), although the phase separ
tion tendency for the orbital states is suppressed by the
ordering. This implies that the orbital correlation is a drivin
force for the spin ordering but the spin ordering also affe
the orbital state in the present layered manganite.

In conclusion, we have observed a doping-induced cro
over from the charge-ordered state to the charge-disord
one-dimensional ferromagnetic@C-type antiferromagnetic
~AF!# state in Nd12xSr11xMnO4 crystals. There are a grea
number of studies that deal with the competition or coex
ence between the ferromagnetic~FM! and the charge-orbita
ordered CE-type AF phases in magnetoresistiv
manganites.17 However, only a few theoretical studies hav
been reported on those between the charge-orbital ord
CE-type and theC-type AF states.18,19Most of them focus on
the similarity between the zigzag FM stripe in theCE-type
AF state and the straight FM stripe in theC-type one. In both
cases, theeg electrons can hop along these FM chains. T
presently observed variation of the crystallographic and m
netic structures against the doping-level can be viewed
switching between the charge-orbital orderedCxE12x-type
~zigzag FM stripe!20 and theC-type ~straight FM stripe! AF
states in spin sector, and a switching between theantiferro
d3x22r 2 /d3y22r 2 and theferro d3x22r 2 orbital-ordered states
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