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Interplay of spin and orbital ordering in the layered colossal magnetoresistance
manganite La2À2xSr1¿2xMn2O7 „0.5ÏxÏ1.0…
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~Received 22 May 2000; revised manuscript received 13 June 2000!

The crystallographic and magnetic phase diagram of then52 layered manganite La222xSr112xMn2O7 in the
regionx>0.5 has been studied using temperature-dependent neutron powder diffraction. The magnetic phase
diagram reveals a progression of ordered magnetic structures generally paralleling that of three-dimensional
~3D! perovskites with similar electronic doping:A (0.5<x<0.66)→C (0.75<x<0.90)→G (0.90<x<1.0).
However, the quasi-2D structure amplifies this progression to expose features of manganite physics uniquely
accessible in the layered systems:~i! a ‘‘frustrated’’ region between theA andC regimes where no long-range
magnetic order is observed;~ii ! magnetic polytypism arising from weak interbilayer magnetic exchange in the
type-C regime; and~iii ! a tetragonal-to-orthorhombic phase transition whose temperature evolution directly
measures ordering ofd3y22r 2 orbitals in thea-b plane. This orbital-ordering transition is precursory to type-C
magnetic ordering, where ferromagnetic rods lie parallel to theb axis. These observations support the notion
thateg orbital polarization is the driving force behind magnetic spin ordering. Finally, in the crossover region
between type-C and type-G states, we see some evidence for the development of local type-C clusters embed-
ded in a type-G framework, directly addressing proposals of similar short-range magnetic ordering in highly
doped La12xCaxMnO3 perovskites.
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I. INTRODUCTION

Colossal magnetoresistive~CMR! manganite perovskite
have been intensively studied in recent years. The trans
properties of these itinerant ferromagnets appear to be re
to strong interactions among charge, spin, and lattice deg
of freedom. Reducing the dimensionality of these pero
kites by studying their behavior in layered phases can h
elucidate these interactions by constraining the lattice
grees of freedom and by enhancing the amplitude of cha
magnetic fluctuations in the critical region above t
insulator-metal transition. Then52 Ruddlesden-Poppe
~RP! phase La222xSr112xMn2O7 ~which can be written
SrO•~La12xSrxMnO3!2 to highlight the analogy to perovs
kites! has proved to be one of the most interesting such
ered CMR manganites, exhibiting a remarkable range
magnetic behavior.

Experimentally, the system La222xSr112xMn2O7 has been
thoroughly described in the CMR region 0.3<x<0.5, yield-
ing an extraordinarily rich magnetic phase diagram. At lo
temperatures, a paramagnetic insulating~PI! state gives way
to antiferromagnetic metallic~AFM!,1–3 ferromagnetic me-
tallic ~FM!,4–8 canted antiferromagnetic~CAF!,9 antiferro-
magnetic insulating~AFI!,4 and charge-ordered~CO! ~Refs.
5–8 and 10! states. An AFI state was also found
x51.0.11,12 The intermediate region 0.5,x,1.0, however,
remained unexplored until very recently, when we were a
to overcome the materials problems associated with this
of the phase diagram and successfully synthesize sam
across its entire range.13

In this paper, we present detailed neutron powd
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diffraction measurements on samples in the Mn41-rich half
of the phase diagram. We find a progression of AFI phaseA
@(0.5<x<0.66)→C (0.75<x<0.90)→G (0.90<x<1.0)#
generally following that of the three-dimensional~3D! per-
ovskites, with notable differences resulting from the co
straints of the quasi-2D layered structure. In particular,
find: a region between the type-A and type-C stability fields
where no long-range magnetic structure is stable; an
tetragonal-orthorhombic orbital ordering transition as well
magnetic polytypism in the type-C regime. Furthermore, we
present evidence for short-range type-C magnetic structure
motifs ~i.e., ferromagnetic rods! embedded in a type-G ma-
trix in the crossover region between the stability fields
type-G and type-C. These observations directly address t
hypothesis of similar phenomena in 3D perovskites.14 MnO6
octahedral distortions are interpreted in terms of the oc
pancy, polarization, and ordering ofeg orbitals and their re-
lationship to magnetic ground state, suggesting that these
the driving forces behind spin ordering. The layered man
nite structure thereby facilitates the observation of magn
phenomena critical to understanding the relationship
tween spin and orbital degrees of freedom in manganites

II. EXPERIMENT

Synthesis of samples in the range 0.5<x<1.0 followed
the method described previously.13 All samples were an-
nealed to completely fill oxygen vacancies present in
quenched samples. Oxygen contents were verified by t
mogravimetric analysis.

Preliminary synchrotron x-ray powder-diffraction~XRD!
data were collected on beamline X7A at Brookhaven N
15 096 ©2000 The American Physical Society
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PRB 62 15 097INTERPLAY OF SPIN AND ORBITAL ORDERING IN . . .
tional Laboratory’s National Synchrotron Light Source. Su
sequent temperature-dependent synchrotron XRD data
collected for certain samples (x
51.00,0.95,0.90,0.80,0.75,0.55,0.50) on beamline 12-BM
~BESSRC-CAT! at Argonne National Laboratory’s Ad
vanced Photon Source~APS!. Full width half maxima
~FWHM! for the ~2 0 0! and ~0, 0, 10! reflections at 300 K
~l50.688 Å, step size 0.005 °2u! are listed in Table I, and
compare favorably with the Al2O3 calibration standard use
@FWMH50.035(5) °2u#. These results give us addition
confidence in the crystallinity and chemical homogeneity
our samples, bearing in mind the potential for mislead
results obtained with inhomogeneous samples, as discu
by Battleet al.15 A slight broadening of~2 0 0!, but not~0, 0,
10!, for 0.75<x,0.95 will be discussed in Sec. III C.

Temperature-dependant time-of-flight~TOF! neutron
powder-diffraction data were collected on the Special En
ronment Powder Diffractometer~SEPD!, the High Intensity
Powder Diffractometer~HIPD!, and the General Purpos
Powder Diffractometer~GPPD! at Argonne National Labo-
ratory’s Intense Pulsed Neutron Source~IPNS!. Data were
analyzed using the program suiteGSAS.16 The perovskite
La12xSrxMnO3 was included in a number of refinements a
minor impurity, between 0 and 3 wt %. No evidence w
found for symmetry lowering belowI4/mmm with the ex-
ception of the orthorhombic regime discussed in Sec. II
The difference between the neutron-scattering lengths o
and Sr was insufficient to adequately assess possible o
ing on mixed La/Sr sites, therefore these sites were treate
disordered mixtures of La and Sr in ratios appropriate to
value of x. Oxygen sites were fixed at 100% occupancy
accordance with thermogravimetric analyses. Unit ce
atomic positions, isotropic thermal displacement paramet
absorption, and extinction of the samples were refined
addition to the background and peak profiles of the diffr
tion patterns.

III. RESULTS

The magnetic phase diagram of La222xSr112xMn2O7
across the currently accessible range of the solid solut
0.3<x<1.0, is presented in Fig. 1. A number of magne
phases are identified: AFM, FM,A, C, C* , G. Diagrams of
the spin arrangements for each of these phases are pres
in Fig. 2; detailed descriptions of these structures can
found in the text. In this section, we will describe the vario
stability fields in the phase diagram and comment on

TABLE I. FWHM of synchrotron XRD reflections at 300 K
l50.688 Å, step size 0.005 °2u.

x
FWHM

~0, 0, 10! ~°2u!
FWHM

~2 0 0! ~°2u!

1.00 0.015~5! 0.020~5!

0.95 0.025~5! 0.030~5!

0.90 0.025~5! 0.050~5!

0.80 0.025~5! 0.050~5!

0.75 0.025~5! 0.045~5!

0.55 0.030~5! 0.025~5!

0.50 0.025~5! 0.025~5!
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influence of crystallographic structure on the magne
ground state.

The region 0.3<x<0.5 has been studied in some det
by several groups. At room temperature, the entire rang
PI. At x50.3 the material is AFM below the insulator-met
transition temperature3 TIM'100 K @Fig. 2~a!#. A tilted FM
state is found below the Curie temperatureTC in the region
0.32<x<0.36, while in-plane ferromagnetism is found b
tween 0.36<x<0.40 ~Refs. 4–8! @Figs. 2~b! and 2~c!#. The
region 0.42<x<0.50 is type-A AFI below the Néel tempera-
tureTN ~Ref. 4! @Fig. 2~d!#. A lower temperature transition in
the range 0.42,x,0.48 gives rise to a CAF ground sta
@Figs. 2~c! and 2~d!#. At x50.50 a CO state appears belo
TCO,5–8,10 which is slightly aboveTN , below which the
type-A AFI state replaces it.17 At the far end of the phase
diagram,x51.00 is type-G AFI below TN @Fig. 2~h!#. Mag-
netic states in the newly elucidated region 0.50,x,1.00 are
described in the following subsections.

A. Type-A AFI „0.42ËxË0.66…

As x is increased beyond the CO compositionx50.50, we
do not observe Bragg peaks due to long-range CO in s
chrotron XRD data. Reflections due to the type-A AFI state
in neutron powder diffraction persist tox50.65. Forx close
to 0.50, the refined type-A magnetic momentmA at 20 K is
close to the expected spin-only moment of 3.5mB /Mn, indi-
cating a highly ordered spin state~Fig. 3!. As x increases,mA
decreases slowly up tox50.60 before dropping rapidly to
zero whenx50.66. A typical low-temperature magnetic re
finement@x50.58 at 20 K,m52.32(5)mB /Mn] is shown in
Fig. 4, with corresponding data in Table II. Perovskite-ty
bilayers in the type-A AFI state@Fig. 2~d!# consist of ferro-
magnetic sheets perpendicular toc, with antiferromagnetic
intrabilayer coupling and ferromagnetic interbilayer co
pling. No diffraction evidence was found for canting of th
type-A spins whenx.0.50, either within or between ferro
magnetic sheets.

B. Frustrated spin state „0.66ÏxÏ0.74…

In samples of compositionx50.66, 0.68, and 0.70, no
evidence for any kind of long-range magnetic order was
served in neutron powder-diffraction data down to 20
despite an available spin-only moment in the order
3.3mB /Mn. Figure 3 highlights the sharp decrease in t
proportion of long-range-ordered spins on either side of t
region, indicating the presence of a frustrated spin state.
possible existence of a spin glass in this region will be
vestigated in the near future using frequency-dependent m
netic susceptibility and/or specific-heat measurements.

C. Type-CÕC* AFI „0.74ËxË0.92…

A crystallographic phase transition was observed on co
ing samples in the range 0.75,x<0.94 ~Fig. 1!. Single dif-
fraction peaks such as~2 0 0! split cleanly into triplets, indi-
cating a tetragonal→orthorhombic phase transition, i.e., th
triplet is (2 0 0)T1(2 0 0)O1(0 2 0)O ~Fig. 5!. No reflec-
tions violating body-centering extinction conditions in th
orthorhombic phase were observed in neutron powd
diffraction data or synchrotron XRD data, leavingImmmas
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FIG. 1. ~Color! Magnetic and crystallographic phase diagram of La222xSr112xMn2O7. Solid data points represent magnetic transitio
determined from neutron powder-diffraction data~antiferromagnetic Ne´el temperatureTN , ferromagnetic Curie temperatureTC , charge-
ordering temperatureTCO, and orbital ordering temperatureTO). Open data points represent crystallographic transitions. Lines are guid
the eye.
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the only appropriate~orthorhombic! maximal nonisomorphic
subgroup ofI4/mmm. Rietveld-refinement of thermal dis
placement parameters provided no justification for furt
symmetry lowering~i.e., breaking of mirror symmetries!,
therefore Immm was retained as the orthorhombic spa
group. The magnitude of the orthorhombic splitting~at all
temperatures! maximises atx50.80. Forx50.80, the refined
I4/mmmcrystal structure at room temperature is compa
to the Immmcrystal structure at 10 K in Table II. As dis
cussed below, this crystallographic phase transition is a
ciated with an orbital ordering transition that preferentia
orients the occupied Mn31 eg orbital along they axis. Ob-
servation of all threê2 0 0& peaks indicates that tetragon
and orthorhombic phases coexist toT510 K, reflecting the
first-order nature of this orbital ordering transition.

In approximately the same composition range (0.75<x
<0.90) ~Fig. 1!, a new set of AF diffraction peaks appea
belowTN . These peaks can be divided into two subsets~Fig.
5!, the relative intensities of which vary~apparently unsys-
tematically! with x. The more intense subset can be index
in terms of theImmmnuclear subcell to (h1 1

2 , k, l 1 1
2 ) and

the weaker subset to (h1 1
2 , k, l!. This indicates the presenc
r

d

o-

d

of two distinct but related AF superstructures. The doubl
of the shorta axis, but not the longb axis, in both cases
indicates the presence of ferromagnetic columns alongb, an-
tiferromagnetically coupled alonga. Comparing calculated
to observed magnetic intensities clearly indicates that th
columns are also antiferromagnetically coupled alongc
within the perovskite-type bilayers. This is analogous to
type-C AFI state first seen in La12xCaxMnO3, x'0.8,18 and
more recently in Sm12xCaxMnO3 and Pr12xSrxMnO3, x
'0.85.19 Magnetic transitions in the latter compounds we
also accompanied by structural transitions. Interbilayer c
pling is neither ferromagnetic nor antiferromagnetic, cons
tent with the degeneracy in the space-group symme
Immm; however, coupling between one bilayer and the ne
nearest bilayer is not degenerate, and the two possibil
available are the source of the two subsets of AF reflectio
i.e., there are two magnetic polytypes. The minority phas
hereafter referred to as type-C @Fig. 2~e!#, and the majority
phase, in whichc is doubled, as type-C* @Fig. 2~f!#. Rietveld
refinement indicates that the spins are aligned parallel to
long basal plane axis,b. Two-phase magnetic refinemen
were carried out on the assumption thatmC5mC* . Final
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Rietveld-refined neutron powder-diffraction data (x50.84)
are presented in Fig. 5, and key results (x50.80) in Table II.

The presence of well-defined magnetic reflections
both type-C and type-C* in neutron powder-diffraction data
rules out the possibility that the minority type-C phase rep-
resents stacking faults in type-C* rather than a separat
phase. Although stacking faults could be expected when
interaction differentiating the two phases takes place ac
approximately 16 Å, only long-range-ordered type-C regions
can account for the observed data. Stacking fault in
growths, such as those seen atx'0.4 by Osbornet al.,20

only lead to a diffuse scattering streak parallel to thec axis.
Gurewitz et al.21 reported an analogous form of magne
polytypism in then52 RP phase Rb3Mn2Cl7, where indi-
vidual bilayers have a type-G AFI arrangement. They found
that different methods of single-crystal growth led to t
formation of different magnetic polytypes. We have as
been unable to grow a single crystal of La222xSr112xMn2O7
within the type-C/C* AFI regime with which to further in-
vestigate this magnetic polytypism.

The tetragonal→orthorhombic phase transition was o
served to be incomplete, even at 10 K. Consequently
order to obtain meaningful values for the type-C/C* mag-
netic moment, it was necessary to determine whether
type-C/C* state resides in one or both crystallograph
phases. Neutron powder-diffraction data atx50.80 were col-
lected on both cooling and warming over the range 10<T
<300 K. The refined tetragonal crystallographic phase fr

FIG. 2. Schematic illustrations of magnetic structures
La222xSr112xMn2O7, arrows representing spin orientations on M
sites:~a! AFM, ~b! FM at x50.32, ~c! FM at x50.40, ~d! type-A
AFI, ~e! type-C AFI, ~f! type-C* AFI, ~g! type-G AFI at x50.92,
and ~h! type-G AFI at x51.00.
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tion is shown on the left-hand axis of Fig. 6~a!. At 300 K,
14.0~9!% is already orthorhombic, indicating that the tran
tion temperatureTO.300 K, although the bulk of the sampl
remains tetragonal. An approximate value ofTO'340 K can
be determined by extrapolating lattice parameters@Fig.
11~c!# to the mutual intersection ofaO , bO , and aT . The
orthorhombic phase fraction remains temperature indep
dent down toT'200 K, below which the transformation
rapidly accelerates. AtT'90 K, only 6.9~2!% remains te-
tragonal, and this phase fraction persists down to 10 K. T
transformation was reversible on warming, with a hystere
of approximately 30 K. The experiment was conduct

FIG. 3. Rietveld-refined magnetic moments at 20 K~type-A and
type-G! or 10 K ~type-C/C* ) for the various states of overdope
La222xSr112xMn2O7, compared to the total expected spin-only m
ment. At x50.90 two different models have been used to expl
the observation of both type-G and type-C/C* moments; the open
marker represents chemical phase segregation model and the
markers represents the magnetic phase segregation model~see Sec.
III C !. The orbitals~or delocalized bands! occupied by Mn31 eg

electrons are indicated. Lines are guides to the eye.

FIG. 4. Observed~1!, calculated and difference~below! plots of
Rietveld-refined GPPD neutron powder-diffraction data~90° detec-
tor bank! for La222xSr112xMn2O7, x50.58 at 20 K. The bottom
row of reflection markers refers to theI4/mmm nuclear structure
and the top row to the type-A AFI magnetic structure. Some prom
nent type-A magnetic peaks are indexed, a perovskite~* ! and an
n51RP ~†! impurity peak are marked.

f
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TABLE II. Data from final Rietveld-refinements of La222xSr112xMn2O7 at various values ofx using
GPPD (x50.58) and SEPD data. Atomic positions: inI4/mmm~# 139! Mn in 4e, LaSr1 in 2b, LaSr2 in
4e, O1 in 2a, O2 in 4e, O3 in 8g; in Immm~# 71! Mn in 4i , LaSr1 in 2c, LaSr2 in 4i , O1 in 2a, O2 in
4i , O3 in 4j , O4 in 4j .

x50.58
~20 K!

x50.80
~300 K!

x50.80
~10 K!

x50.92
~20 K!

x50.98
~20 K!

Symmetry I4/mmm I4/mmm Immm Immm I4/mmm
a ~Å! 3.853 224~6! 3.834 70~7! 3.788 94~5! 3.797 285~9! 3.800 450~13!

b ~Å! 3.864 04~5! 3.802 282~9!

c ~Å! 19.8686~9! 20.0037~4! 19.9629~2! 20.0010~13! 20.1006~19!

Mn z 0.0971~2! 0.096 66~17! 0.097 15~11! 0.0972~3! 0.0974~5!

LaSr2z 0.317 97~12! 0.316 74~9! 0.316 81~6! 0.3163~2! 0.3161~3!

O2 z 0.193 61~16! 0.192 76~12! 0.193 40~8! 0.1924~3! 0.1925~4!

O3 z 0.094 98~12! 0.095 15~9! 0.095 02~13! 0.095 34~13!a 0.095 81~19!

O4 z 0.095 51~13! 0.095 34~13!

Mn-O1 ~Å! 1.930~5! 1.934~3! 1.939~2! 1.944~7! 1.957~10!

Mn-O2 ~Å! 1.917~6! 1.922~4! 1.922~3! 1.905~9! 1.913~13!

Mn-O3 ~Å! 1.927 08~13! 1.917 58~7! 1.932 49~8! 1.901 50~15! 1.900 49~19!

Mn-O4 ~Å! 1.894 75~6! 1.899 00~15!

Rp 0.0483 0.0569 0.0387 0.0551 0.0762
wRp 0.0661 0.0903 0.0549 0.0766 0.1212

R(F2) 0.0495 0.0778 0.0485 0.0738 0.0710
x2 2.612 1.471 5.040 2.117 1.104

Spin state A AFI C/C* AFI G AFI G AFI
m (mB /Mn) 2.32~5! 1.85~4! 1.67~4! 2.40~4!

aConstrained to be equal.
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twice, using two different cooling/warming rates~5 and 0.1
K min21!; both the hysteresis and the final low-T tetragonal
phase fraction were found to be rate independent in
range. Only type-C* ~not type-C! magnetic reflections were
seen in low-T data for thex50.80 sample. The right-han
axis of Fig. 6~a! shows the refined type-C* magnetic mo-

FIG. 5. Observed~1!, calculated and difference~below! plots of
Rietveld-refined SEPD neutron powder-diffraction data~60° detec-
tor bank! for La222xSr112xMn2O7, x50.84 at 10 K. The bottom
row of reflection markers refers to theI4/mmmnuclear structure,
the middle row to theImmmnuclear structure, and the top row t
the type-C/C* AFI magnetic structures. Some prominent typeC
(h1

1
2 , k, l ) and type-C* (h1

1
2 , k, l 1 1

2 ) magnetic peaks are in
dexed. Inset shows the splitting of the~2 0 0! reflection in the
middle of the tetragonal-orthorhombic transition upon cooling.
is

ment, calculated on the assumption that the tetragonal
orthorhombic phase fractions are equally responsible
these reflections. The hysteresis in the magnetization has
form of a magnetization curve convoluted with the cryst
lographic hysteresis, suggesting that type-C* exists in the
orthorhombic phase fraction only. RecalculatingmC* on this
basis gives a magnetization curve with no hysteresis@Fig.
6~b!#, confirming that the type-C* magnetic superstructur
only exists in the presence of an orthorhombic subcell. N
that for x50.80 andx50.82 ~Table III!, the orthorhom-
bic:tetragonal crystallographic ratios are similar but t
C:C* magnetic phase ratios are very different; this rules
the possibility that type-C resides in the tetragonal phas
fraction while type-C* resides in the orthorhombic phas
fraction. Note also that forx50.80, the observed moment
only 60% of the expected spin-only moment~Fig. 3!, indi-
cating that a considerable fraction of the Mn spins do
take part in long-range type-C* ordering.

This approach to the refinement of SEPD neutron powd
diffraction data was used to determine crystallographic a
magnetic phase fractions and magnetic moments for o
samples in the type-C/C* regime. Final results are presente
in Table III and Fig. 3. Note in Table III that for all sample
where the crystallographic phase fraction could be refine
small proportion of the sample remains tetragonal at 20
Similarly, a small proportion of these samples is found to
orthorhombic at room temperature. The behavior shown
x50.80 in Fig. 6~a! cannot therefore be attributed to comp
sitional inhomogeneity, although it may arise from oth
small inhomogeneities within the samples such as in crys
linity or oxygen stoichimetry. This behavior cannot be attri
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uted to compositional inhomogeneity, as evidenced by
FWHM of synchrotron XRD reflections~Table I!; there is a
slight broadening of~2 0 0! in the orthorhombic regime bu
no broadening of~0, 0, 10!, indicating that a small ortho
rhombic component rather than compositional inhomoge
ity @as in Fig. 7~a!# causes the broadening.

FIG. 6. ~a! I4/mmm nuclear phase fraction vsT for
La222xSr112xMn2O7, x50.80 on cooling ~empty circles! and
warming ~filled circles!, and type-C* AFI magnetic moment~as-
suming type-C* exists in bothImmmandI4/mmmnuclear phases!
vs T on cooling~empty squares! and warming~filled squares!. ~b!
Type-C* AFI magnetic moment~assuming type-C* exists in only
the Immm nuclear phase! vs T on cooling ~empty squares! and
warming~filled squares!. Lines are guides to the eye~from Rietveld
refinement of SEPD neutron powder-diffraction data!.

TABLE III. Evolution of nuclear and magnetic phase fractio
~PF! and magnetic momemts across the type-C/C* AFI regime of
La222xSr112xMn2O7 at 20 K ~Rietveld refined SEPD data!.

x

Nuclear PF
Immm/

(Immm1I4/mmm)
Magnetic PF
C* /(C1C* ) mC/C* (mB /Mn)

0.75 0a 1a 1.24~8!

0.78 0.612~2! 1a 2.04~8!

0.80 0.931~16! 1a 1.85~4!

0.82 0.937~16! 0.775~16! 1.78~4!

0.84 0.982~16! 0.807~14! 1.78~2!

0.86 0.983~16! 0.69~10! 1.28~12!

0.88 0.953~18! 0.81~11! 1.28~8!

0.90 0.955~4! 1a 0.94~5!b

aFixed.
bUsing a magnetic phase segregation model~see Sec. III C!.
e

e-

For samples at the lower and upper limits of the typ
C/C* regime, certain reasonable assumptions were ne
sary to obtain the values reported in Table III. The result
these assumptions is a consistent picture of the compos
dependence of the crystallographic and magnetic-phase
gram. At x50.75, a type-C* magnetic moment~Fig. 3!
could be refined, but no orthorhombic splitting@Fig. 7~a!#
was observed~even with synchrotron XRD data!, i.e., the
subcell appears to remain metrically tetragonal~Fig. 1!. Fu-
ture electron microscopy studies might reveal some twinn
phenomena which help to elucidate this point; for the p
poses of the present study, a single phase tetragonal m
was assumed. The refined magnetic moment forx50.75
given in Table III has been calculated on the assumption
if type-C/C* only requires an infinitesimal orthorhombicit
at this composition, then the entire sample will be in t
type-C/C* state belowTN .

For x50.90 at low temperatures, crystallographic pha
fractions for theI4/mmm and Immmcomponents were re
fined to give 94 wt % orthorhombic and 6 wt % tetragon
However, determination ofmC/C* was complicated by the
simultaneous presence of type-G and type-C* magnetic re-
flections at low temperatures. Type-C reflections were not
observed; however, considering the typically small ratio
type-C:type-C* reflections throughout the type-C/C* re-
gime ~e.g., atx50.84, Fig. 5!, and the weakness of type-C*
reflections forx50.90, type-C reflections may be simply too
weak to observe at this composition. The possibility that
simultaneous presence of type-G and type-C* reflections is
due to compositional inhomogeneity is remote, based
analysis of the FWHM of synchrotron XRD peaks~Table I!
in Sec. II. Initial refinements of the magnetic reflections a
sumed that type-G ordering arose only in the tetragonal an
type-C/C* ordering only in the orthorhombic phase fra
tions. These assumptions were based on our observation
neighboring compositions. This model produced an unph
cally high value formG528mB /Mn, indicating that the ob-
served type-G intensities could not arise from a mere 6 wt
tetragonal phase fraction. Some of the orthorhombic ph
therefore also exhibits type-G magnetic ordering.

Since the type-G and type-C/C* magnetic states both ex
ist in the orthorhombic crystallographic phase, it is impo
sible to deconvolute the magnetic from the crystallograp
phase fractions, i.e., the refinement ofmC/C* andmG is un-
derdetermined. Stable refinements can only be carried
when certain assumptions are made about the relation
between these magnetic phases. There are two end-
models, which are assessed below against the plausible
terion that the moments within the type-C/C* and type-G
domains of thex50.90 sample are smoothly continuous wi
the moments across the whole of the type-C/C* and type-G
regimes~as a function ofx! ~Fig. 3!. The relationship be-
tween the refined magnetic moments and the intensitie
observed magnetic reflections in these models is fully
plained in the Appendix. Analysis of these two models lea
to important conclusions regarding the evolution of magne
ordering as a function ofx.

In the first model, long-range-ordered type-C/C* regions
exist in different crystallites~of a polycrystalline sample! to
those which contain long-range-ordered type-G regions. This
is achemical phase segregationmodel, consistent with phas
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FIG. 7. ~a! Unit-cell dimensions vsx at room
temperature~filled circles! and low temperature
(5<T<20 K) ~empty circles! and~b! c/a vs x at
room temperature~from Rietveld refinement of
GPPD, SEPD, and HIPD neutron powde
diffraction data!. Error bars are smaller than sym
bols. Lines are guides to the eye.
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segregation due to compositional inhomogeneity. This mo
does not remove the additional degree of freedom from
refinement@Eq. ~A9! in the Appendix#, therefore it is neces
sary to fix either the crystallographic or the magnetic ph
ratio. The most obvious constraint ismC/C* 5mG @Eq.
~A10!#. The refined magnetic moment obtained using t
constraint is shown as an open marker in Fig. 3, where it
be seen that this model results in an unexplainable uptur
the mC/C* vs x curve. From Eq.~A9!, it can be seen tha
increasing theC/C* orthorhombic phase fractionCFo
causesmC/C* to decrease towards its value atx50.88, but
mG to increase towards its value atx50.92. There is in fact
no value of CFo for which neither themC/C* nor mG vs x
curve displays an anomalous upturn atx50.90. This model
is therefore rejected. Note that the rejection of this mode
further evidence that compositional inhomogeneity is no
significant factor in our samples, and hence is not impac
our phase diagram.

In the second model, long-range-ordered type-C/C* re-
gions and long-range-ordered type-G regions exist in the
same crystallites~of a polycrystalline sample!. This is amag-
netic phase segregationmodel that does not involve chem
cal phase segregation. In this case, the refinement is
longer underdetermined@Eqs.~A12a! and~A12b! in the Ap-
pendix#. The results are shown as gray markers in Fig.
which fall on themC/C* and mG vs x curves smoothly ex-
trapolated from the rest of the type-C/C* and type-G re-
el
e

e

s
n
of

is
a
g

no

,

gimes. Clearly, while the true nature of the phase segrega
at x50.90 may fall between the two end-case models c
sidered, the second~magnetic phase segregation! is a far bet-
ter approximation based on available data. It should still
remembered, however, that the refined moments fox
50.90 ~Fig. 3, Tables II and III! are necessarily less certa
than those for the rest of the type-C/C* and type-G regimes.

In contrasting the two models forx50.90, it is important
to note the difference between the sets of magnetic mom
terms which do not contribute to observed neutron
diffraction intensity, i.e., the terms subtracted frommTOT on
the right-hand side~rhs! of Eq. ~A8! ~chemical phase segre
gation model! and Eqs.~A11a! and ~A11b! ~magnetic phase
segregation model!. The rhs of Eq.~A8! has the same form
as the rhs of Eqs.~A4! and ~A5!, which refer to the type-G
and type-C/C* regimes, where the only terms not contribu
ing to observed intensity are non-long-range-ordered~sub-
script D! terms. On the rhs of Eq.~A11a!, however, a long-
range-ordered term (moC) is also subtracted frommTOT . If
the composition~x! at the boundary between type-G and
type-G1C/C* regimes isX, then at a slightly higher com
position X1d, moC50 and Eq.~A11a![Eq.~A4! ~type-G!.
As d→0 and then becomes negative,mG must decrease
smoothly through the phase boundary in this model~Fig. 3!
~a discontinuity inmG would imply the alternative, chemica
phase segregation, model!. Therefore sincemC/C* becomes
nonzero discontinuously at the first-order phase transi



o-
re
re
(

e

h
e

t o
se
h

re
is

tio
a
it

t

to

r
en

fi-
ffi-
om

ar-
ar,

to

g

-
-
in
e-
he
te
e

s

PRB 62 15 103INTERPLAY OF SPIN AND ORBITAL ORDERING IN . . .
whend50, it must do so at the expense ofmoD ; i.e., regions
of type-C/C* grow out of non-long-range-ordered orth
rhombic regions, rather than out of long-range-orde
type-G regions, and the total number of long-range-orde
spins increases. This can be seen in the result thatmG
1mC/C* ) at x50.90 is greater thanmG at x50.92 ~Fig. 3,
Tables III and IV!. Analogous arguments hold when th
type-G1C/C* regime is entered from the type-C/C* re-
gime. The magnetic phase segregation model therefore
important implications for the nature of non-long-rang
ordered spins in the type-C/C* and type-G regimes, to be
discussed further in Sec. IV.

The temperature dependence ofmC/C* and of mG at x
50.90, normalized to their 10-K values, i.e., independen
a model for phase separation, are shown in Fig. 8. Becau
is determined by a single point, at this stage we can attac
significance to the local minimum atT560 K in themC/C*
curve. However, thatmC/C* decreases below 35 K whilemG
is increasing demonstrates that the magnetic phases a
competition within the same crystallites. This behavior
consistent with the second model for the phase separa
and further demonstrates that the observation of both m
netic phases is not a result of compositional inhomogene

D. Type-G AFI „0.89ËxÏ1.00…

Low-temperature neutron powder-diffraction data atx
50.90 display a number of magnetic peaks in addition

TABLE IV. Evolution of spin magnitudes and orientations (u
5angle toz! across the type-G AFI regime at 20 K~Rietveld re-
fined SEPD data!. See Sec. III D for discussion of azimuthal angle

x u ~°! m (mB /Mn)

0.90 42~12! 1.22~7!a

0.92 68~10! 1.67~3!

0.94 68~5! 1.98~3!

0.96 60~2! 2.21~2!

0.98 24~5! 2.40~4!

1.00 8~8! 2.39~3!

aUsing a magnetic phase segregation model~see Sec. III C!.
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those of the type-C/C* AFI. These peaks can be indexed
the I4/mmmand/orImmmsubcells as (h1 1

2 k1 1
2 l!, indica-

tive of the type-G AFI state found atx51.00.11,13 At x
50.92, only type-G reflections remain. Type-G reflections
persist tox51.00. The relative intensities of type-G reflec-
tions vary as a function ofx over the whole range 0.90<x
<1.00, however, type-C/C* reflections are not observed fo
x.0.90. The low-temperature orthorhombic transition se
in the type-C/C* regime persists as far asx50.95 ~Fig. 1!.
For 0.90<x<0.94, the magnitude of the splitting was suf
cient to refine orthorhombic lattice parameters but insu
cient to refine a tetragonal/orthorhombic phase fraction fr
SEPD data. Atx50.96, no splitting of the~2 0 0! reflection
could be observed, even in synchrotron XRD data.

The ideal type-G state atx51.00 involves fully AF cou-
pling between nearest-neighbor Mn sites, with all spins p
allel to c. Since no additional magnetic reflections appe
the only available degree of freedom in the type-G model
with which to fit SEPD data across the entire regime was
apply a uniform, parallel, tilting of the spins away fromc and
into the a-b plane. This tilting is defined byu, the polar
angle ofm to c. The direction of thea-b component of the
spin vector~defined byf, the azimuthal angle ofmxy to a!
cannot be determined in the tetragonal space groupI4/mmm
(x.0.95), therefore the diagonal betweena and b (f
545°) is chosen arbitrarily. As the orthorhombic splittin
increases belowx50.95, differentiatinga from b, refinement
of f is in principle possible. Atx50.92,f refines to a stable
value of 65~7!°, i.e., it tends towards the longerb axis as
observed in ordered type-C/C* . Representative 20-K refine
ments (x50.98 and 0.92! are shown in Fig. 9, with corre
sponding data in Table II. Table IV lists the final refined sp
magnitudes and orientations as they evolve across the typG
AFI regime, the magnitudes also being plotted in Fig. 3. T
treatment ofx50.90 data was described in Sec. III C. No
that atx50.90, type-G reflections were too weak to refin
the angle azimuthal toa; f was fixed at 45°, which was
found to give a better refinement than thex50.92 value of
65°. Trends in spin orientation~u andf in Table IV! there-
fore suggest that the type-G magnetic state whenx50.90 is
closer to ideal type-G (x51.00) than whenx50.92. The

.

e-

re
FIG. 8. Magnetic moments due to the typ
C* and type-G states vsT at x50.90, normalized
in each case to the moments at 10 K. Lines a
guides to the eye.
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FIG. 9. Observed~1!, calculated, and differ-
ence~below! plots of Rietveld-refined SEPD neu
tron powder-diffraction data~60° detector bank!
for La222xSr112xMn2O7, ~a! x50.94 and~b! x
50.98 at 20 K. The bottom rows of reflectio
markers refers to theI4/mmmnuclear structures
and the top rows to the type-G AFI magnetic
structures.u is the angle toz by which the type-G
spins are tilted. Some prominent magnetic pea
are indexed and a perovskite impurity peak
marked~* !.
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interpretation of trends inu andf, including their apparen
reversal whenx,0.95, will be discussed further below i
terms of the mixed type-G1C/C* state described above fo
x50.90.

IV. DISCUSSION

The composition- and temperature dependence of la
constants and Mn-O bond lengths can illuminate det
about electronic states of the layered manganites. MnO6 oc-
tahedra do not rotate in these layered phases as they do i
perovskite analogs~hence themmmsymmetry!, thereforea
and c are directly related to the equatorial and axial Mn
bond lengths, respectively. Changes in the relationship
tween equatorial and axial bond lengths can be interprete
terms of the distribution ofeg electron density associate
with Mn31 ions (12x) into either planardx22y2-type or lin-
eard3z22r 2-type orbitals. The relative stability of these orb
als is thought to play an important role in determining t
ground-state magnetic structure of both 3D~Ref. 22! and
layered23 manganites. Maezono and Nagaosa24 have pro-
duced a theoretical phase diagram forn52 manganites
based on orbital polarization, Coulombic repulsion, and c
pling with lattice deformation. Extended into the high-x re-
gion, this model predicts a smooth transition from type-A to
type-G over the range 0.5<x<1.0. Having accessed this re
e
ls

the

e-
in

-

gion experimentally and found the magnetic phase diag
to be somewhat different, we are now in a position to co
ment further on the relationship between orbital polarizat
and magnetic structure. In considering this relationship
the basis of a neutron powder-diffraction study, it should
remembered that while this technique is far more sensitiv
spin ordering than to orbital ordering, it is not complete
insensitive to the latter. Consequently, the absence of di
evidence for orbital ordering is not a conclusive result
itself, and orbital ordering patterns discussed below are
ferred from ~directly observed! spin ordering patterns. We
will also comment on~limited! evidence for an extension o
the CO regime as far asx50.6.

Trends in room-temperature lattice parameters forx
.0.5 are a reversal of those forx,0.5 ~Refs. 3 and 25! @Fig.
7~a!#. The a axis reaches a maximum atx'0.5, and the
minimum in c/a @Fig. 7~b!# is only slightly offset from this
point by a minimum inc at x'0.6. Lattice parameters at low
temperatures~10–20 K! track those at room temperatur
@Fig. 7~a!#, with the obvious exception of the region 0.7
,x,0.95 where the bulk of the sample is orthorhombic
low temperatures. MnO6 octahedral bond lengths also va
smoothly with composition~Fig. 10!. Close to the magnetic
transition temperatures, however, the behavior of lattice
rameters varies significantly between compositions~Fig. 11!.
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FIG. 10. MnO6 octahedral bond lengths vsx at room tempera-
ture ~from Rietveld refinement of GPPD, SEPD, and HIPD neutr
powder-diffraction data!. Lines are guides to the eye.

FIG. 11. Lattice parameters vsT for ~a! x50.55,~b! x50.58,~c!
x50.80, and~d! x50.96 @from Rietveld refinement of HIPD~a!,
GPPD~b!, and SEPD~c! and~d! neutron powder-diffraction data#.
Lines are guides to the eye.
Coherent lattice effects such as these have been consid
in detail elsewhere forx,0.5;3,25–29 for x>0.5, they are
considered below in terms of qualitative rules of orbital e
change interactions and Jahn-Teller~JT! distortions of
Mn31O6 octahedra.

The CO state seen atx50.50 has analogs in many perov
skite phases Ln12xCaxMnO3 when x50.50.30–36 These
phases adopt a type-CE AFI structure belowTN,TCO. The
gap betweenTCO and TN , i.e., the relative thermodynami
stability of AFI vs CO states, is very sensitive to bothx
~nominal hole concentration! and average cation radius o
the perovskiteA site.30 In perovskites, Akimotoet al.22 re-
lated these sensitivities to the one-electron bandwidthW:
largerA cations lead to straighter Mn-O-Mn angles and th
larger W, delocalizingdx22y2 orbitals and facilitating ferro-
magnetic double exchange in thea-b plane. SmallerA cat-
ions lead to smallerW, localizingeg electrons and favoring a
CO ~type-CE AFI! state. Increased hole doping~x! further
facilitates double exchange.

In the layered manganites, however, MnO6 octahedra do
not tilt as in perovskites, so the effect of cation size onW is
less obvious or pronounced. Nonetheless, variations in la
parameters~Fig. 7! and Mn-O bond lengths~Fig. 10! with x
in the type-A AFI regime are consistent with Akimoto
et al.’s model22 and with ideas from Maezono and Nagaosa24

about planar orbital stabilization. Note that sincex51.00
implies that all Mn ions are in the non-JT active 41 oxida-
tion state, the distortion of MnO6 octahedra atx51.00 can
be taken as the base line distortion due solely to the st
influence of surrounding cations. Octahedra in the typeA
regime are distorted from this base line by a contraction
the axial bond Mn-O1~within the perovskite-type layer!,
shortening Mn-Mn distances alongc. This short Mn-Mn dis-
tance is the one over which an antiferromagnetic supe
change interaction takes place in Akimotoet al.’s model for
type-A. The ferromagnetic double exchange interacti
within the a-b plane is less distance dependant, hence
type-A regime is centered around the minimum inc/a @Fig.
7~b!#. As x increases,eg electron density is lost, weakenin
the double exchange interaction and causingc/a to increase
again~back towards the non-JT distorted value atx51.00),
both effects contributing to the disappearance of the typA
state atx50.66.

The presence of antiferromagnetically coupled ferrom
netic planes in type-A suggests anisotropic transport prope
ties, and perhaps foreshadows metallic conductivity in
a-b plane given the picture of Akimotoet al.22 and Maezono
and Nagaosa24 of mobile eg electrons in adx22y2 band me-
diating double exchange. In the syste
(La12zNdz)12xSrxMnO3, where the additional variablez
controls averageA-site radius, Akimotoet al.22 did in fact
find ~weak! metallic conductivity in the type-A regime (x
50.54) whenz50.0. As z was increased, resistivity in
creased, but the general behavior remained metallic upz
50.8 except at low temperatures~<60 K! where a weak
localization effect was observed. In our ceramic samp
normalized resistanceR/R295K vs T plots for various values
of x within the type-A regime are shown in Fig. 12. Althoug
the resistivity is much too high to justifiably call these m
terials metallic ~one must, of course, consider grai
boundary effects not present in single-crystal samples!, for



-
C
-
te
,
g
ry
in

e

s

i

c
nt

2
g
ag

ca
r-

r

g

s

em.

o-
he

ag-
-
-
t all
lat-
ed,

ag-
This

seg-
o
es

l
en
e-
av-
to

15 106 PRB 62C. D. LING et al.
x<0.60 there is a slight downturn inR/R295K belowTN . We
note that for 0.5,x,0.6,R/R295K shows a small anomaly
aroundTN . This anomaly is similar to that observed in in
plane resistivity measurements of single crystals at the
compositionx50.50.6,10 Unfortunately, neutron powder dif
fraction and synchrotron XRD have been unable to de
Bragg peaks associated with long-range CO in this region
diffuse scattering in the case that CO is only short ran
Electron microscopy studies are underway on the polyc
talline samples, and a future single-crystal study search
for CO diffraction peaks may resolve the issue.

In the region 0.50<x<0.55, significant coherent lattic
effects are observed as a function ofT. For example, upon
cooling thex50.55 sample throughTN , there are anomalie
in the temperature dependence of the both thec anda axes
similar to those observed forx50.50 ~Ref. 17! @Fig. 11~a!#.
The change in slope in the temperature dependence ofc close
to TN is consistent with transfer of charge intodx22y2 orbit-
als belowTN .17,37 A similar trend~much smaller in magni-
tude! is observed whenx50.58 @Fig. 11~b!#. The small
anomaly observed ina for x50.55 ~a small increase! @Fig.
11~a!# has also been reported for layered manganites w
lower x and may be ascribed to magnetostrictive effects.29

The type-C/C* AFI state is analogous to the type-C state
in La12xCaxMnO3.

18 Goodenough38 described this magneti
structure atx50.75 using qualitative rules of semicovale
exchange, with ‘‘case 1’’~filled-filled d orbital! antiferro-
magnetic interactions taking place in a plane and ‘‘case
~filled-empty d orbital! ferromagnetic interactions takin
place perpendicular to that plane. Although 1 in 4 ferrom
netic interactions~1 in 12 of all interactions! are unfavorable,
this is the most cooperative possible arrangement of lo
ized d3y22r 2 orbitals at this composition. The proposed o
bital ordering pattern and spin orientations in thea-b plane
are shown in Fig. 13~d!. There is no diffraction evidence fo
such orbital ordering, and the range of Mn31 doping across
the type-C/C* solid solution~10–25% of Mn sites! rules it
out as an exact pattern. Nonetheless, lattice effects~i.e.,
orthorhombic splitting! do clearly indicate thateg electron
density from Mn31 ions is concentrated alongb. This sug-
gests a model in whichd3y22r 2 orbitals are delocalized alon
b to form bands@dashed lines in Fig. 13~d!#. Thesed3y22r 2

bands mediate ferromagnetic double exchange while AF

FIG. 12. Normalized resistances of pellets vsT for various val-
ues ofx within the type-A AFI regime.
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perexchange interactions dominate perpendicular to th
This is analogous to the model proposed by Martinet al.19

for type-C ordering in the perovskites Sm0.15Ca0.85MnO3 and
Pr0.15Sr0.85MnO3. Note that in the present case, an orth
rhombic lattice distortion could be avoided by placing t
ferromagnetic rods alongc rather thanb. That the distortion
nonetheless takes place supports the notion that ferrom
netic coupling in type-C/C* requires long-range delocaliza
tion, which cannot occur alongc in the layered phase. Trans
port measurements on polycrystalline samples reveal tha
compounds in this region of phase space are highly insu
ing. If suitable untwinned single crystals could be prepar
they should reveal anisotropic conductivity in thea-b plane
if this picture is correct.

The present model for type-C/C* implies that orbital or-
dering alongb ~and hence symmetry lowering! is a precon-
dition for spin ordering, i.e.,TO.TN . Figure 1 supports this
hypothesis,TO tracking approximately 150 K aboveTN asx
varies. As discussed in Sec. III C, however, betweenTO and
TN the bulk of the sample remains tetragonal, i.e., the tetr
onal phase exists in a metastable, supercooled form.
behavior is observed across the whole of the type-C/C* re-
gime, and therefore cannot be explained by gross phase
regation into type-C/C* and neighboring regimes due t
compositional inhomogeneity. The proportions of crystallit
which transform immediately atTO or remain untransformed
at 10 K vary unsystematically withx, and may reflect smal
inhomogeneities in factors such as crystallinity or oxyg
stoichiometry ~although small compositional inhomogen
ities may play some role, they cannot account for this beh
ior across the whole regime!. The hysteresis was observed

FIG. 13. Schematic illustration of spins on Mn sites in thea-b
plane evolving from the type-G to the type-C/C* AFI states. Dark
gray d3y22r 2 orbitals are intended to indicate the density of Mn31

sites rather than exact ordering patterns; pseudodelocalizedd3y22r 2

bands are light gray.~a! No Mn31. ~b! Mn31 uncorrelated alonga
and b. ~c! Mn31 uncorrelated alonga but correlated alongb. ~d!
Mn31 correlated alonga andb.
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be rate independent. It is interesting to note the coincide
of the crystallographic hysteresis loop withTN when x
50.80@Fig. 6~a!#, suggesting a possible relationship betwe
them. Structural phase transitions were also noted to coin
with TN in the type-C perovskites Sm0.15Ca0.85MnO3 and
Pr0.15Sr0.85MnO3.

19 The simplest explanation is that forTN
,T,TO , the energy difference between tetragonal a
orthorhombic states is insufficient to drive the transition
the bulk of the crystallites; then forT,TN , the potential for
spin ordering in the orthorhombic state increases the en
difference and drives the transformation for the bulk of t
crystallites. However, the temperature at which the bulkT
→O transition occurs@i.e., the steepest part of the hystere
curve in Fig. 6~a!, as opposed to the actualTO# does not
trackTN asx increases from 0.80, but in fact remains almo
x invariant. Any relationship betweenTN and the bulk tran-
sition must therefore be more subtle, possibly involvi
short-range spin ordering, the onset of which does not n
essarily trackTN and is not visible to neutron powder di
fraction.

The type-G AFI regime is also analogous to the magne
structure of La12xCaxMnO3 over the same range of Mn31

doping x.18 As explained by Goodenough,38 type-G at x
51.00 is a consequence of AF superexchange interact
between all nearest-neighbor Mn41 sites. Isolated Mn31

sites, introduced into the type-G lattice asx decreases from
1.00, have ferromagnetic double exchange interactions
their Mn41 neighbors. This reduces the total AF mome
without creating a net ferromagnetic moment, in agreem
with observations of a smoothly decreasing moment ax
decreases from 1.00~Fig. 3!.

There are, however, a number of indications that t
simple model for type-G asx decreases from 1.00 is incom
plete. First, type-G spins appear to ‘‘tilt’’ into thea-b plane
~Table IV!. Second, with decreasingx the equatorial Mn-O3
bonds lengthen while axial Mn-O1 and Mn-O2 bonds rem
essentially constant~Fig. 10!, indicating thateg electron den-
sity from doped Mn31 ions is concentrated in thea-b plane.
Third, the tetragonal-orthorhombic phase transition ass
ated with type-C/C* extends fromx'0.75 tox'0.95 ~Fig.
2!, indicating that in this region,eg electron density is con
centrated alongb. All these features suggest a transition t
wards type-C/C* as x decreases from 1.00, however, th
absence of type-C/C* neutron-diffraction reflections rule
out a continuous long-range-ordered canting of spins fr
type-G to type-C/C* .

A qualitative picture explaining these observations is
lustrated in Fig. 13. Isolated Mn31 sites are introduced into
the type-G framework@Fig. 13~a!#, but by virtue of the per-
turbation of the perovskite-type unit in this layered phaseeg
electron density is concentrated randomly ind3x22r 2 and
d3y22r 2 orbitals @Fig.13~b!#. At low doping (0.95,x
,1.00), eg orbitals on Mn31 sites are uncorrelated inx and
y, giving isolated ferromagnetic units but no net ferroma
netic or type-C/C* moment. At higher doping (0.90,x
,0.95), eg orbitals correlate in one dimension to form d
localized bands mediating double exchange along ferrom
netic ‘‘rods’’ @Fig. 13~c!#. The experimental observation o
an orthorhombic structure in this region indicates that th
‘‘rods’’ lie parallel ~along y!, possibly as a consequence
the constrained 2D nature of the perovskite layers. None
ce
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less, they remain uncorrelated inx and therefore no net fer
romagnetic or type-C/C* reflections are observed. We no
in Fig. 3 that asx decreases from 1.00, the saturation m
ment of the type-G ~or tilted type-G! magnetic ordering de-
creases as we approach the type-C phase boundary from
above. In the absence of any additional magnetic reflecti
over this composition range, this observation suggests tha
increasing number of Mn spins are not participating in lon
range magnetic ordering. We suggest that this is further
dence in support of the development of uncorrelated ty
C/C* clusters. A similar trend is observed in the type-C/C*
phase field asx approaches the type-G phase boundary from
below. Clearly, focused studies of diffuse scattering, pref
ably on single crystals, will be required to verify these h
potheses. It should be remembered that the observed ti
of type-G spins~Table IV! whenx,1.00 is an experimenta
observation rather than a prediction of this qualitati
scheme. Nonetheless, the tilt angleu does appear to be
useful parameter tracking the development of short-ra
magnetic order in this mixed-phase regime.

Both type-C/C* and type-G magnetic phases were ob
served in neutron powder-diffraction data atx50.90. As dis-
cussed in Sec. III C, two alternative models were conside
in order to allow the refinement of the magnetic mome
due to each phase. In the adopted~magnetic phase segrega
tion! model, as this two-phase regime is approached from
type-G regime, long-range-ordered type-C/C* regions grow
out of previously non-long-range-ordered regions, rat
than out of long-range-ordered type-G regions; i.e., the total
number of spins which are long-range ordered actually
creases. We can now interpret this behavior in terms of
qualitative scheme for the type-G regime discussed abov
~Fig. 13!. As x decreases from 1.00, an increasing numbe
Mn spins do not participate in long-range type-G magnetic
ordering~Fig. 3!. For x,0.95, however, these spins appe
to be short-range ordered in the manner of type-C/C* , as
uncorrelated ferromagnetic rods alongb @Fig. 13~c!#. The
magnetic phase segregation model used atx50.90 now im-
plies that in that two-phase regime, these short-range-ord
rods coalesce into long-range-ordered type-C/C* , without
affecting the magnetic and crystallographic phase fracti
occupied by the long-range-ordered type-G state. The net
type-G magnetic moment of the sample is unaffected by t
magnetic phase segregation~Fig. 1! and falls on the samemG
vs x curve as the rest of the type-G regime~Fig. 3!. That the
same behavior is observed for type-C/C* moments implies
that for x,0.90, short-range-ordered type-G regions may
similarly exist within a type-C/C* framework. However,
since type-G does not have lower symmetry than type-C/C*
there will be no unambiguous evidence in the lattice para
eters. Note that the tilting angleu of type-G spins to thec
axis, which grows asx decreases from 1.00, shrinks again f
x50.90 ~Table IV!. This, too, is consistent with phase se
regation at that composition; the type-G regions should be-
come more like the ideal type-G state (x51.00) again when
the type-C/C* regions coalesce.

V. CONCLUSIONS

A key motivation for studying mixed-valent mangani
perovskites in the RP series is the potential they offer



d
an
ro
s

ig

o
ir
ex

s

ze
a

at
tu
-

in
n

,

d
g

ag
o
e
he
-

t

C

en

hi

n

an

-

is
a

g
,
n

-

l-
x-

, all

e
er,
rial
ly
d
for

a-
to

t
bi-

g

ls
se-

g

nd

lass

nal-

by

ted
e
liza-
ed

he

15 108 PRB 62C. D. LING et al.
investigate relationships among charge, spin, and lattice
grees of freedom in a reduced-dimensional setting,
thereby better understand those relationships in 3D pe
skite analogs. The low-temperature magnetic structure
La222xSr112xMn2O7 in the range 0.50<x<1.00 all have di-
rect analogs in mixed-valent manganite perovskites. At h
x in particular, the type-G and type-C/C* regimes occupy
approximately the same Mn31-doping~i.e., x! regions of the
phase diagram as they do in La12xCaxMnO3,

18,39and can be
understood in much the same way.38 These layered phases d
indeed yield important information by virtue of the
reduced-dimensional setting, specifically the fact that
tended ferromagnetic rods in type-C/C* are constrained to
lie parallel to one another in thea-b plane. This demonstrate
that the ferromagnetic rods in perovskite type-C are medi-
ated by double exchange in long-range, pseudodelocali
d3y22r 2 bands. Furthermore, in the layered system it appe
that these rods lie parallel even when they are not correl
with one another. They therefore have a structural signa
~symmetry lowering! detectable by neutron powder diffrac
tion even in the absence of long-range magnetic order
This feature of the layered system provides strong evide
for short-range-ordered type-C units ~i.e., ferromagnetic
rods! within a type-G framework asx decreases from 1.00
leading to a phase-segregated (type-G1type-C/C* ) region
before the type-C/C* regime is entered. Neumeier an
Cohn14 have in fact proposed a very similar phenomenolo
for the magnetic phase behavior of La12xCaxMnO3 in the
same range ofx, based on measurements of saturation m
netization. The findings of the present study provide supp
for their model by analogy from the 2D to the 3D cas
Ultimately, all these magnetic ground states follow from t
polarization of Mn31eg orbitals which places electron den
sity preferentially along they axis, initially on isolated sites
~0D! and subsequently in delocalized rods~1D!.

The analogy between La222xSr112xMn2O7 and
La12xCaxMnO3 breaks down at lower values ofx. In the
perovskite case, a long-range CO type-CE AFI state ax
50.50 persists up to a two-phase region with type-C.18 In the
present (n52) case, long-range CO associated with type
~but no actual long-range type-CE spin ordering! is observed
only atx50.50,5–8,10in a narrow temperature range betwe
TCO and TN ~for a type-A AFI ground state!. The present
study has found evidence that CO may persist in a t
‘‘wedge’’ of x-T phase space aboveTN for 0.50<x<0.60.
While many perovskite manganites Ln12xCaxMnO3 exhibit
CO whenx50.50,30–36 the relative stability of CO type-CF
AFI, type-A AFI, and FM states around that compositio
varies significantly.

Given the finely balanced competition among states,
the demonstrated influence of perovskiteA-site cation radius
on the balance between them,22,23,30the only appropriate sys
tem with which to compare La222xSr112xMn2O7 when con-
sidering the effects of reduced dimensionality
La12xSrxMnO3.

22 In this system the FM state dominates
low temperature up tox50.54. Forx>0.54, the FM state
forms belowTC but is replaced belowTN (,TC) by the
type-A AFI state. CO is not observed at all. The key chan
in a reduced-dimensional setting is that asx decreases
Type-A AFI holds off FM as the ground-state configuratio
down to lower values ofx. This implies that in reduced di
e-
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mensions,dx22y2 orbitals continue to delocalize at lower va
ues ofx, forming a pseudo-2D band mediating double e
change in thea-b plane. This band~and hence the type-A
AFI state! is destroyed asx decreases by mounting Mn31 JT
distortions, which lift the degeneracy of theeg orbitals and
stabilize one-dimensionald3z22r 2 orbitals.~Note that for the
perovskite Nd12xSrxMnO3,

40 substitution of a smallerA-site
cation also stabilizes the CO type-CE state by reducingW, in
agreement with Akimotoet al.23!

Figure 10 shows why a higher density of JT active Mn31

ions ~i.e., lowerx! is required for this to occur in then52
compared with the perovskite phase. Whenx51.00, no
Mn31 ions are present and the perovskite phase is cubic
Mn-O distances being equivalent. In then52 phase, this
structural ‘‘base line’’ atx51.00 is already distorted by th
steric impact of the rocksalt layer on the perovskite lay
elongating the axial bond Mn-O1 compared to the equato
Mn-O3. ~Note that in the layered phase, Mn-O2 is effective
a ‘‘spectator’’ bond responding to the other Mn-O bon
lengths by maintaining an appropriate bond valence sum
the average oxidation state of Mn.26! As discussed in relation
to the type-G and type-C/C* states, asx decreases,eg elec-
tron density goes into thea-b plane and elongates the equ
torial relative to the axial bonds. In perovskite, this leads
more distorted MnO6 octahedra asx decreases; in then52
phase~Fig. 10! it leads to less distorted MnO6 octahedra asx
decreases down to;0.6, at which point they are almos
regular. This effectively suppresses the JT distortion, sta
lizing the type-A AFI ground state in the~La, Sr! n52 man-
ganite to lowerx ~;0.48! than in the perovskite analo
~;0.54!.22 Akimoto et al.23 stabilized type-A down to even
lower x ~0.40! by substituting Ca for Sr at doping leve
above 30%. This result was similarly interpreted as a con
quence ofeg orbital polarization; calculation of Madelun
potentials demonstrated that Ca substitution stabilizesdx22y2

orbitals relative tod3z22r 2 orbitals, with a concomitant
switch from FM to type-A AFI states.

Similar effects of perovskite layering can be seen in~Pr,
Sr! and ~Nd, Sr! manganites. Pr12xSrxMnO3 and
Nd12xSrxMnO3 at x50.50 both have FM states belowTC
and AFI states below TN,TC ,41 whereas
Pr222xSr112xMn2O7 and Nd222xSr112xMn2O7 at x50.50
both have AFI states belowTN but no FM state:42,43 In con-
trast, it is interesting to note that the spin-glass region fou
below Tg in the ~Gd, Sr!, ~Dy, Sr!, ~Ho, Sr!, and~Eu, Sr! x
50.50 perovskite manganites are also found in theirn52
analogs atx50.50;43 since there is no 2D delocalizeddx22y2

band in the spin-glass state, the location of the spin-g
regime with respect tox is independent of MnO6 octahedral
distortions and therefore unaffected by reduced dimensio
ity.

The significance of delocalizeddx22y2 orbitals to the
type-A AFI state, and the equally important role played
delocalizedd3y22r 2 orbitals in the type-C/C* state, allows
some insight into the presence of a magnetically frustra
regime between the two~Fig. 3!. The absence of long-rang
spin order suggests the absence of such orbital deloca
tion, i.e., the transition between long-range 1D delocaliz
d3y22r 2 ~type-C/C* ) and 2D delocalizeddx22y2 ~type-A!
bands asx decreases is discontinuous. This differs from t
smooth transition from type-G to type-A predicted by Ma-



f
em
e
is
c
y
th

he
ite
th

d
h

.
th
e

y

im
n-
y

2
io
fo
th

t
e

ga

D
as
rg
0

e
d

e

-
ust

ipts

PRB 62 15 109INTERPLAY OF SPIN AND ORBITAL ORDERING IN . . .
ezono and Nagaosa,24 even more than does the presence o
type-C/C* state. It appears that spin ordering in this syst
is very closely coupled toeg orbital polarization, and henc
highly sensitive to distortions of the perovskite unit as d
cussed above. The same theoretical models, applied to a
rate structural data~such as reported in the present stud!,
may well predict a magnetic phase diagram closer to
experimental one described here.

Two distinct effects of reduced dimensionality on t
magnetic behavior of mixed-valent manganite perovsk
have been identified in this study. The first of these is that
occupied axialeg orbitals on Mn31 sites, the delocalization
of which mediates the type-C/C* AFI state, are constraine
to lie in the basal plane of the layered compounds. T
allows the transition from ideal type-G ~no Mn31 sites! to
type-C/C* to be more easily observed and understood
also leads to a magnetically frustrated region between
type-C/C* and type-A AFI regimes, presumably due to th
incompatibility between 1Dd3y22r 2 delocalization ~type-
C/C* ) and 2D dx22y2 delocalization~type-A!, both in the
a-b plane. Nonetheless, forx>0.75 the relative stability of
type-G and type-C/C* AFI states is largely determined b
the extent of Mn31 doping into the Mn41 lattice, so the mag-
netic phase diagrams of the 3D and 2D phases are very s
lar in this region. Forx<0.66, however, reduced dimensio
ality affects the polarization ofeg orbitals, and consequentl
the relative stability of type-A AFI and FM states, which are
mediated by delocalizeddx22y2 bands and axiald3z22r 2 or-
bitals, respectively. The magnetic phase diagrams of the
and 3D phases are therefore quite different in this reg
Studying layered manganites provides complementary in
mation to the perovskites and can illuminate effects in
latter compounds that are more difficult to observe due
their pseudocubic symmetry, thus contributing to our und
standing of spin and orbital ordering in mixed-valent man
nite perovskites.
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APPENDIX

For type-G, type-C/C* , and type-G1C/C* , total spin-
only moment due to Mn:

mTOT5moG1m tG1moC1moD1m tD . ~A1!

Subscript notation:t5tetragonal,
o5orthorhombic,
G5 long-range ordered type-G,
C5 long-range ordered type-C/C* ,
D5non-long-range ordered.

~Note: Long-range ordered type-C/C* moments can only
exist in the orthorhombic phase fraction[ m tC50.)
Neutron powder-diffraction data include type-G and type-
C/C* magnetic reflections~proportional to the squares of th
respective magnetic moments!, as well as tetragonal an
a
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cu-

e
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e

is
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r-
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orthorhombic nuclear reflections~note that tetragonal and
orthorhombic type-G magnetic reflections overlap!. Rietveld
refinement of this data is therefore sensitive to:

observable type-G momentmGobs5moG1m tG ; ~A2a!

observable type-C/C* moment mCobs5moC ; ~A2b!

orthorhombic crystallographic phase fractionF.

Type-G and type-C/C* magnetic moments per Mn sit
within the crystallographic phase fraction they occupy~note
that since type-G reflections from the orthorhombic and te
tragonal crystallographic phase fractions overlap, we m
assumemG is the same in both!:

mG5moG /Fo5m tG /~12Fo!, ~A3a!

mC/C* 5moC /Fo . ~A3b!

1. Type-G „0.90ËxÏ1.00…

No type-C/C* reflections[ moC50,

[ from Eq. ~A1 !: mTOT5moG1m tG1moD1m tD ;

[ from Eq. ~A2a!: mGobs5moG1m tG

5mTOT2moD2m tD ; ~A4!

[from Eq. ~A3a!: 5mG•Fo1mG•~12Fo!;

mG5mGobs. ~A5!

2. Type-CÕC* „0.75ÏxË0.90…

No type-G reflections[ moG5m tG50,

[from Eq. ~A1 !: mTOT5moC1moD1m tD ;

[from Eq. ~A2b!: mCobs5moC5mTOT2moD2m tD ,
~A6!

[from Eq. ~A3b!: 5mC/C* •Fo ;

mC/C* 5mCobs/Fo . ~A7!

3. Type-G¿type-CÕC* „xÄ0.90…

Chemical phase segregation model: Long-range-ordered
type-C/C* moments and long-range-ordered type-G mo-
ments exist indifferent orthorhombic crystallites within the
polycrystalline sample, which we denote by the superscr
C andG, respectively, on the orthorhombic terms, i.e.,moG
5GmoG , moC5CmoC , moD5GmoD1CmoD , and Fo5GFo
1CFo .

[from Eq. ~A1 !: mTOT5GmoG1m tG1CmoC1GmoD

1CmoD1m tD ;

[from Eqs. ~A2a! and ~A2b):

mGobs1mCobs5
GmoG1m tG1CmoC5mTOT2moD2m tD ;

~A8!
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[from Eqs. ~A3a! and ~A3b):

5mG•
GFo1mG•~12GFo2CFo!1mC/C* •

CFo ,

mG•~12CFo!1mC/C* •
CFo5mGobs1mCobs. ~A9!

Equation~A9! cannot be solved by refinement without fixin
an additional variable since we cannot determineCFo , e.g.,

fix m5mG5mC/C* ;

[from Eq. ~A9! m5mGobs1mCobs. ~A10!

Magnetic phase segregation model: Long-range-ordered
type-C/C* moments and long-range-ordered type-G mo-
ments exist inthe sameorthorhombic crystallites within the
polycrystalline sample.
a,

v.

.

,

s.

a,

lie
ta

.

,

r-

.

-

g,
te

ra
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F

[from Eq. ~A2a! mGobs5moG1m tG5mTOT2moC2moD

2m tD ~A11a!

[from Eq. ~A3b!: 5mG•Fo1mG•~12Fo!;

mG5mGobs; ~A12a!

& from Eq. ~A2b!: mCobs5moC

5mTOT2moG2m tG2m tD

2moD ~A11b!

[from Eq. ~A3a!: 5mC/C* •Fo ;

mC/C* 5mCobs/Fo . ~A12b!
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