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The crystallographic and magnetic phase diagram ohth@ layered manganite La,,Sr; , ,,Mn,0O; 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: (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 systerti$:a “frustrated” region between th& andC regimes where no long-range
magnetic order is observe(i) 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 af;2_ 2 orbitals in thea-b plane. This orbital-ordering transition is precursory to type-
magnetic ordering, where ferromagnetic rods lie parallel tobtlagis. These observations support the notion
thateg orbital polarization is the driving force behind magnetic spin ordering. Finally, in the crossover region
between types and type6 states, we see some evidence for the development of localQygbesters embed-
ded in a types framework, directly addressing proposals of similar short-range magnetic ordering in highly
doped La_,CaMnO; perovskites.

. INTRODUCTION diffraction measurements on samples in the*fMrich half
of the phase diagram. We find a progression of AFI phéses
Colossal magnetoresisti€MR) manganite perovskites [(0.5<x=<0.66)—C (0.75=x=<0.90) -G (0.90=x=<1.0)]
have been intensively studied in recent years. The transpogenerally following that of the three-dimension@D) per-
properties of these itinerant ferromagnets appear to be relatexvskites, with notable differences resulting from the con-
to strong interactions among charge, spin, and lattice degreedraints of the quasi-2D layered structure. In particular, we
of freedom. Reducing the dimensionality of these perovsfind: a region between the typeand type€ stability fields
kites by studying their behavior in layered phases can helivhere no long-range magnetic structure is stable; and a
elucidate these interactions by constraining the lattice detetragonal-orthorhombic orbital ordering transition as well as
grees of freedom and by enhancing the amplitude of charg@agnetic polytypism in the typ€-regime. Furthermore, we
magnetic fluctuations in the critical region above thePresent evidence for short-range typemagnetic structure
insulator-metal transition. Then=2 Ruddlesden-Popper Motifs (i.e., ferromagnetic rodsembedded in a typ& ma-
(RP) phase La »SN,,Mn,0, (which can be written trix in the crossover region between the stability fields of

SrO-(Lay (StMNOy), to highlight the analogy to perovs- type-G and type€. These observations directly address the

kites) has proved to be one of the most interesting such IayhypOtheSIS of similar phenomena in 3D perovskitesinOg

. o ctahedral distortions are interpreted in terms of the occu-
ered CMR manganites, exhibiting a remarkable range o o : . .
. . pancy, polarization, and ordering ef orbitals and their re-
magnetic behavior.

. lationship to magnetic ground state, suggesting that these are
Experimentally, the system ba,,Sr 2,Mn,0; has been 4,0 driving forces behind spin ordering. The layered manga-
thoroughly described in the CMR region &3=<0.5, yield-  nite siructure thereby facilitates the observation of magnetic
ing an extraordinarily rich magnetic phase diagram. At lowpnenomena critical to understanding the relationship be-
temperatures, a paramagnetic insulaiRt) state gives way tween spin and orbital degrees of freedom in manganites.
to antiferromagnetic metalli¢éAFM),'~2 ferromagnetic me-
tallic (FM),*® canted antiferromagnetitCAF),° antiferro- Il. EXPERIMENT
magnetic insulatingAF!),* and charge-ordere(CO) (Refs. '

5-8 and 10 states. An AFI state was also found at Synthesis of samples in the range €%6<1.0 followed
x=1.0112 The intermediate region 0s5x<1.0, however, the method described previousfyAll samples were an-
remained unexplored until very recently, when we were ablaealed to completely fill oxygen vacancies present in the
to overcome the materials problems associated with this paguenched samples. Oxygen contents were verified by ther-
of the phase diagram and successfully synthesize sampl@sogravimetric analysis.
across its entire rand@é. Preliminary synchrotron x-ray powder-diffracti¢XRD)

In this paper, we present detailed neutron powderdata were collected on beamline X7A at Brookhaven Na-
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TABLE I. FWHM of synchrotron XRD reflections at 300 K, influence of crystallographic structure on the magnetic

A=0.688 A, step size 0.005 &2 ground state.

The region 0.3<x<0.5 has been studied in some detall

FWHM FWHM by several groups. At room temperature, the entire range is

X (0, 0,10 (°29) (200 (°20) Pl. At x=0.3 the material is AFM below the insulator-metal
1.00 0.01%5) 0.0205) transi;ion temperatu?eT,Mwl(.)OK [Fig. 2(a)]..A tilted F_M
0.95 0.0285) 0.0305) state is found belc_)w Fhe Curie temperatcrr@m t_he region
0.90 0.02%5) 0.0505) 0.32<x=0.36, while in-plane ferrpmagnehsm is found be-
0.80 0.02%5) 0.0505) tween 0.36x=<0.40 (_Refs. 4-8 [Figs. 2b) and 2(c)]. The
0.75 0.0255) 0.0455) region 0.4Z&x< 0:50 is typeA AFI below the Nel tem.p_era?
0.55 0.0305) 0.0255) ture Ty (Ref. 4 [Fig. 2(d)]. A IOW(_ar temperature transition in
0.50 0.02%5) 0.0255) the range 0.42x<0.48 gives rise to a CAF ground state

[Figs. 4c) and Zd)]. At x=0.50 a CO state appears below
Tco,> 1% which is slightly aboveTy, below which the

tional Laboratory’s National Synchrotron Light Source. Sub-YPeA AFI state replaces ! At the far end of the phase
sequent temperature-dependent synchrotron XRD data wefagramx=1.00 is typeS AFI below Ty [Fig. 2h)]. Mag-
collected for certain samples x ( hetic states in the newly eIuC|dateq region 650<1.00 are
—1.00,0.95,0.90,0.80,0.75,0.55,0.50) on beamline 12-BM-glescribed in the following subsections.

(BESSRC-CAT at Argonne National Laboratory’s Ad-

vanced Photon Sourc€¢APS). Full width half maxima A. Type-A AFI (0.42<x<0.66)

(FWHM) for the (2 0 0 and(0, 0, 19 _reflec_tlons at 300 K As xis increased beyond the CO composition0.50, we
(A\=0.688 A, step size 0.005 B}Zare' listed in Table I, and 44 ot observe Bragg peaks due to long-range CO in syn-
compare favorably with the AD; calibration standard used 410 XRD data. Reflections due to the tybe\FI state
[FW_MHZO',O35(5) P]. These results give us addltlc_)nal in neutron powder diffraction persist to=0.65. Forx close
confidence in the crystallinity and chemical homogeneity of; 0.50, the refined typ&-magnetic moment., at 20 K is

our samples, bearing in mind the potential for misleading| e to the expected spin-only moment of2;3Mn, indi-
results obtained with inhomogeneous samples, as discussg ting a highly ordered spin statéig. 3. Asxincreas'es,uA
by Battleet al® A slight proadening of2 0 9. butnot(0, 0, decreases slowly up t8=0.60 before dropping rapidly to
10), for 0.75<x<0.95 will be Q|scusse_d in Sec. lllC. zero whenx=0.66. A typical low-temperature magnetic re-
Temperature-dependant time-of-flighfTOF) neutron finement x=0.58 at 20 K,u=2.32(5)s/Mn] is shown in
powder-diffraction c_jata were collected on th_e Special .EnVi'Fig. 4, with co.rrespondin;; daté in Tat?le II. Perovskite-type
ronment Powder DiffractometdSEPD, the High Intensity bilayers in the typeA AFI state[Fig. 2(d)] consist of ferro-
. Dlﬁractometer(HIPD), and the Gene_ral Purpose magnetic sheets perpendicular ¢owith antiferromagnetic
POWd?r Diffractomete(GPPD) at Argonne National Labo- intrabilayer coupling and ferromagnetic interbilayer cou-
ratory’s Intense Pulsed Neutron SouENS). Data were pling. No diffraction evidence was found for canting of the

analyzed using the_: program suiEsAS™® The.perovskite typeA spins whenx>0.50, either within or between ferro-
La; _,Sr,MnO; was included in a number of refinements as amagnetic sheets '

minor impurity, between 0 and 3 wt%. No evidence was
found for symmetry lowering below4/mmm with the ex- ,
ception of the orthorhombic regime discussed in Sec. Il C. B. Frustrated spin state (0.66<x<0.74

The difference between the neutron-scattering lengths of La |n samples of compositiox=0.66, 0.68, and 0.70, no
and Sr was insufficient to adequately assess possible ordesvidence for any kind of long-range magnetic order was ob-
ing on mixed La/Sr sites, therefore these sites were treated @&rved in neutron powder-diffraction data down to 20 K,
disordered mixtures of La and Sr in ratios appropriate to thejespite an available spin-only moment in the order of
value ofx. Oxygen sites were fixed at 100% occupancy in3.3u,5/Mn. Figure 3 highlights the sharp decrease in the
accordance with thermogravimetric analyses. Unit cellsproportion of long-range-ordered spins on either side of this
atomic positions, isotropic thermal displacement parametersegion, indicating the presence of a frustrated spin state. The
absorption, and extinction of the samples were refined imossible existence of a spin glass in this region will be in-
addition to the background and peak profiles of the diffracvestigated in the near future using frequency-dependent mag-

tion patterns. netic susceptibility and/or specific-heat measurements.
. RESULTS C. Type-C/C* AFI (0.74<x<0.92
The magnetic phase diagram of ,L3,Sr ,Mn,0O; A crystallographic phase transition was observed on cool-

across the currently accessible range of the solid solutioring samples in the range 0.%<0.94 (Fig. 1). Single dif-
0.3=x=1.0, is presented in Fig. 1. A number of magneticfraction peaks such d2 0 0 split cleanly into triplets, indi-
phases are identified: AFM, FM3, C, C*, G. Diagrams of  cating a tetragonabtorthorhombic phase transition, i.e., the
the spin arrangements for each of these phases are presenteglet is (20 0)+ (20 0)y+(020) (Fig. 5. No reflec-

in Fig. 2; detailed descriptions of these structures can bé&ons violating body-centering extinction conditions in the
found in the text. In this section, we will describe the variousorthorhombic phase were observed in neutron powder-
stability fields in the phase diagram and comment on thdliffraction data or synchrotron XRD data, leavingmmas
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FIG. 1. (Color) Magnetic and crystallographic phase diagram of_LaSr, , »,,Mn,0,. Solid data points represent magnetic transitions
determined from neutron powder-diffraction ddsmtiferromagnetic Nl temperaturely, ferromagnetic Curie temperatulg., charge-
ordering temperatur€.o, and orbital ordering temperatufg,)). Open data points represent crystallographic transitions. Lines are guides to
the eye.

the only appropriatéorthorhombi¢ maximal nonisomorphic  of two distinct but related AF superstructures. The doubling
subgroup ofl4/mmm Rietveld-refinement of thermal dis- of the shorta axis, but not the long axis, in both cases
placement parameters provided no justification for furtheiindicates the presence of ferromagnetic columns alpram-
symmetry lowering(i.e., breaking of mirror symmetrigs tiferromagnetically coupled along. Comparing calculated
therefore Immm was retained as the orthorhombic spaceto observed magnetic intensities clearly indicates that these
group. The magnitude of the orthorhombic splittitef all  columns are also antiferromagnetically coupled along
temperaturgsmaximises ak=0.80. Forx=0.80, the refined  within the perovskite-type bilayers. This is analogous to the
l4/mmmecrystal structure at room temperature is comparedype-C AFI state first seen in La ,CaMnOs, x~0.818 and
to the Immmcrystal structure at 10 K in Table Il. As dis- more recently in Sm.,CaMnO; and Py_,SrMnO;, X
cussed below, this crystallographic phase transition is asse=0.85° Magnetic transitions in the latter compounds were
ciated with an orbital ordering transition that preferentially also accompanied by structural transitions. Interbilayer cou-
orients the occupied M gy orbital along they axis. Ob-  pling is neither ferromagnetic nor antiferromagnetic, consis-
servation of all thred2 0 0) peaks indicates that tetragonal tent with the degeneracy in the space-group symmetry
and orthorhombic phases coexistTe- 10K, reflecting the Immm however, coupling between one bilayer and the next-
first-order nature of this orbital ordering transition. nearest bilayer is not degenerate, and the two possibilities
In approximately the same composition range (&%5 available are the source of the two subsets of AF reflections,
=<0.90) (Fig. 1), a new set of AF diffraction peaks appearsi.e., there are two magnetic polytypes. The minority phase is
belowTy . These peaks can be divided into two subgEig.  hereafter referred to as tyge{Fig. 2(e)], and the majority
5), the relative intensities of which varapparently unsys- phase, in whicle is doubled, as typ&* [Fig. 2(f)]. Rietveld
tematically with x. The more intense subset can be indexedefinement indicates that the spins are aligned parallel to the
in terms of themmmnuclear subcell tol{(+ 3, k, | +3) and  long basal plane axig). Two-phase magnetic refinements
the weaker subset td¢ 3, k, I). This indicates the presence were carried out on the assumption tha¢=uc« . Final
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# f marker represents chemical phase segregation model and the gray
~ | y markers represents the magnetic phase segregation tisegeSec.
(’ ll I(I lIIC). The orbitals(or delocalized bandsoccupied by MA* €y
/s

electrons are indicated. Lines are guides to the eye.
©TypeC»)  OType-C'() (@ TypeG (-2 () Type-G () tion is shown on the left-hand axis of Fig(ah. At 300 K
FIG. 2. Schematic illustrations of magnetic structures of 14.09)% is already orthorhombic, indicating that the transi-

La, 2,5h + 5,Mn,0;, arrows representing spin orientations on Mn N temperaturd o>300K, although the bulk of the sample
sites: (@) AFM, (b) FM at x=0.32, (c) FM at x=0.40, (d) typeA  'e€mains tetragonal. An approximate valueTef~340K can
AFI, () type<C AFI, (f) typeC* AFI, (g) typeG AFI atx=0.92, be determined by extrapolating lattice parametgfsy.
and (h) type-G AFI at x=1.00. 11(c)] to the mutual intersection ddg, bg, andar. The
orthorhombic phase fraction remains temperature indepen-
Rietveld-refined neutron powder-diffraction data=0.84) dent down toT~200K, below which the transformation
are presented in Fig. 5, and key results=(0.80) in Table Il.  rapidly accelerates. AT~90K, only 6.92)% remains te-
The presence of well-defined magnetic reflections fortragonal, and this phase fraction persists down to 10 K. The
both type€ and typec* in neutron powder-diffraction data transformation was reversible on warming, with a hysteresis
rules out the possibility that the minority tyg@phase rep- of approximately 30 K. The experiment was conducted
resents stacking faults in tyge* rather than a separate
phase. Although stacking faults could be expected when the I
interaction differentiating the two phases takes place acros: x=0.58

approximately 16 A, only long-range-ordered typeegions i TT: ZOE il
ype-

can account for the observed data. Stacking fault inter- _
growths, such as those seenxat0.4 by Osbornet al,?°
only lead to a diffuse scattering streak parallel to ¢hexis.

Gurewitz et al?! reported an analogous form of magnetic |

2

i

polytypism in then=2 RP phase Rn,Cl;, where indi- &l i@ e 8 |
vidual bilayers have a typ&-AF| arrangement. They found § - I TU =, S 2 S
that different methods of single-crystal growth led to the =.| g}.}ag.; ;é&ﬁ* ﬁ A ‘,gw M i
formation of different magnetic polytypes. We have as yet3°| ____ o waiwoinoa
been unable to grow a single crystal of,La,Sr; | 5,MNn,O : I e e msndiimpns |
within the type€/C* AFI regime with which to further in- 8 : l i
vestigate this magnetic polytypism. 1.0 2.0 3.0

The tetragonakorthorhombic phase transition was ob- d-spacing ()

served to be, 'ncomp,lete’ even at 10 K. Consiquently, N FG. 4. Observed+), calculated and differend®elow) plots of
order to obtain meaningful values for the tyBe€* mag-  Rietveld-refined GPPD neutron powder-diffraction déga® detec-
netic moment, it was necessary to determine whether thgy nang for La, ,,Sr,,Mn,0, x=0.58 at 20 K. The bottom
type-C/C* state resides in one or both crystallographicyow of reflection markers refers to tHéd/mmmnuclear structure
phases. Neutron powder-diffraction dataxat0.80 were col-  and the top row to the typ&-AFI magnetic structure. Some promi-
lected on both cooling and warming over the rangesI0  nent typeA magnetic peaks are indexed, a perovskite and an
=<300K. The refined tetragonal crystallographic phase fracn=1RP (f) impurity peak are marked.
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TABLE Il. Data from final Rietveld-refinements of La,,Sr,,,,Mn,0O; at various values ok using
GPPD §&=0.58) and SEPD data. Atomic positions:li#mmm (# 139 Mn in 4e, LaSrl in 2, LaSr2 in
4e, Olin 2a, O2in 4e, O3 in 8g; in Immm(# 71) Mn in 4i, LaSrl in Z, LaSr2 in 4, Ol in 2a, O2 in
4i, O3 in 4j, O4 in 4.

x=0.58 x=0.80 x=0.80 x=0.92 x=0.98
(20 K) (300 K) (10 K) (20 K) (20 K)
Symmetry 14/mmm B/mmm Immm Immm Afmmm
a(A) 3.8532246) 3.834707) 3.788 945) 3.797 28%9) 3.80045013)
b (A) 3.864 045) 3.802 2829)
c(R) 19.868649) 20.00374) 19.96292) 20.001013) 20.100619)
Mn z 0.09712) 0.096 6617) 0.097 1511 0.09723) 0.09745)
LaSr2z 0.3179712) 0.316 749) 0.316 816) 0.31632) 0.31613)
02z 0.1936116) 0.192 7612 0.193 408) 0.19243) 0.1925%4)
03z 0.094 9812) 0.095 15%9) 0.0950213) 0.095 34132 0.095 8119)
04z 0.0955113) 0.095 3413)
Mn-O1 (A) 1.9305) 1.9343) 1.9392) 1.9447) 1.95710)
Mn-02 (R) 1.9176) 1.9224) 1.9223) 1.9059) 1.91313)
Mn-03 (R) 1.927 0813 1.917 587) 1.932498) 1.901 5@15) 1.900 4919
Mn-04 (R) 1.894 7%6) 1.899 0@15)
Rp 0.0483 0.0569 0.0387 0.0551 0.0762
wRy 0.0661 0.0903 0.0549 0.0766 0.1212
R(F?) 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
w (g /Mn) 2.325) 1.854) 1.674) 2.404)
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@Constrained to be equal.

twice, using two different cooling/warming rat€s and 0.1 ment, calculated on the assumption that the tetragonal and
K min~%); both the hysteresis and the final IoWetragonal  orthorhombic phase fractions are equally responsible for
phase fraction were found to be rate independent in thighese reflections. The hysteresis in the magnetization has the
range. Only typeE* (not typeC) magnetic reflections were form of a magnetization curve convoluted with the crystal-
seen in lowT data for thex=0.80 sample. The right-hand lographic hysteresis, suggesting that type-exists in the
axis of Fig. &a) shows the refined typ€* magnetic mo-  orthorhombic phase fraction only. Recalculatjngs on this
basis gives a magnetization curve with no hystergsig.
6(b)], confirming that the typ&* magnetic superstructure

W[ ] T T ) 2 J o ) . :

A x=0.84 o A only exists in the presence of an orthorhombic subcell. Note
TT=1(‘:)/§* that for x=0.80 andx=0.82 (Table IIl), the orthorhom-
ype-

bic:tetragonal crystallographic ratios are similar but the
C:C* magnetic phase ratios are very different; this rules out
the possibility that type&s resides in the tetragonal phase
fraction while type€* resides in the orthorhombic phase
fraction. Note also that fox=0.80, the observed moment is
only 60% of the expected spin-only momeiig. 3), indi-
cating that a considerable fraction of the Mn spins do not
take part in long-range typ€* ordering.

This approach to the refinement of SEPD neutron powder-
diffraction data was used to determine crystallographic and
magnetic phase fractions and magnetic moments for other
samples in the typ&/C* regime. Final results are presented
in Table 1l and Fig. 3. Note in Table Il that for all samples
where the crystallographic phase fraction could be refined, a
tor bank for Lay_ ,Sh +2Mn,0;, x=0.84 at 10 K. The bottom SMall proportion of the sample remains tetragonal at 20 K.
row of reflection markers refers to thd/mmmnuclear structure, Similarly, a small proportion of these samples is found to be
the middle row to thdmmmnuclear structure, and the top row to Orthorhombic at room temperature. The behavior shown for
the typeC/C* AFI magnetic structures. Some prominent type- X=0.80 in Fig. a) cannot therefore be attributed to compo-
(h+%’ k,I) and typec*(h—k%’ k, |+%) magnetic peaks are in- sitional inhomogeneity, although it may arise from other
dexed. Inset shows the splitting of thi@ 0 0 reflection in the  small inhomogeneities within the samples such as in crystal-
middle of the tetragonal-orthorhombic transition upon cooling.  linity or oxygen stoichimetry. This behavior cannot be attrib-

|
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FIG. 5. Observed+), calculated and differendéelow) plots of
Rietveld-refined SEPD neutron powder-diffraction dé@° detec-
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100 For samples at the lower and upper limits of the type-

C/C* regime, certain reasonable assumptions were neces-
sary to obtain the values reported in Table Ill. The result of
these assumptions is a consistent picture of the composition
dependence of the crystallographic and magnetic-phase dia-
gram. At x=0.75, a typec* magnetic momen{Fig. 3
could be refined, but no orthorhombic splittiffig. 7(a)]

was observedeven with synchrotron XRD dafai.e., the
subcell appears to remain metrically tetragoffag. 1). Fu-

ture electron microscopy studies might reveal some twinning
phenomena which help to elucidate this point; for the pur-
poses of the present study, a single phase tetragonal model
was assumed. The refined magnetic moment Xer0.75
given in Table Il has been calculated on the assumption that
if type-C/C* only requires an infinitesimal orthorhombicity

at this composition, then the entire sample will be in the
type-C/C* state belowTy,.

For x=0.90 at low temperatures, crystallographic phase
fractions for thel4/mmm and Immmcomponents were re-
fined to give 94 wt% orthorhombic and 6 wt% tetragonal.
However, determination oftc,c+ was complicated by the
simultaneous presence of tyfeand type€* magnetic re-

\ flections at low temperatures. Tyg@ereflections were not
o , , , \l observed; however, considering the typically small ratio of
0 50 w00 150 200 250 300 type-C:type-C* reflections throughout the typ@/C* re-
T gime (e.g., atx=0.84, Fig. 5, and the weakness of tyye*
reflections forx=0.90, type€ reflections may be simply too

FIG. 6. (@ l4/mmm nuclear phase fraction vsT for  weak to observe at this composition. The possibility that the
Lay_5,Sn+2Mn;0;, x=0.80 on cooling (empty circle3 and  simultaneous presence of tyeand typeC* reflections is
warming (filled circles, and type€* AFI magnetic momentas-  due to compositional inhomogeneity is remote, based on
suming type€* exists in bothmmmandl4/mmmnuclear phasgs analysis of the FWHM of synchrotron XRD peak®able |
vs T on cooling(empty squargsand warming(filled squares (b) i sec. |1, Initial refinements of the magnetic reflections as-
TypeC* AFI magnetic momen(assuming typ&™ exists in only g, e that typ&s ordering arose only in the tetragonal and
w;rr'nr?r:grgiﬁ‘;g'ses;afzg?_eir‘]’iaroengE%c:'sn?o(tehrng(&z?;’geestj;g type-C/C* ordering only in the orthorhombic phase frac-

: . X tions. These assumptions were based on our observations of
refinement of SEPD neutron powder-diffraction data - . -, . .

neighboring compositions. This model produced an unphysi-
uted to compositional inhomogeneity, as evidenced by th&ally high value forug=28ug/Mn, indicating that the ob-
FWHM of synchrotron XRD reflectionéTable |); there is a  Served types intensities could not arise from a mere 6 wt %
slight broadening of2 0 0) in the orthorhombic regime but tetragonal phase fraction. Some of the orthorhombic phase
no broadening of0, 0, 10, indicating that a small ortho- therefore also exhibits typ&-magnetic ordering.
rhombic component rather than compositional inhomogene- Since the types and type€/C* magnetic states both ex-
ity [as in Fig. 7a)] causes the broadening. ist in the orthorhombic crystallographic phase, it is impos-

TABLE lll. Evolution of nuclear and magnetic phase fractions sible to deconvolute the magnetic from the crystallographic
(PP and magnetic momemts across the typ/&* AFI regime of 82?;;;:%2235’SI';E)éh?erf?:grirgﬁtgtﬁ/nc *O;:]llnd Hg 1S UN-

. ; . y be carried out
L2, 251+ 2Mn;07 at 20 K (Rietveld refined SEPD data when certain assumptions are made about the relationship
between these magnetic phases. There are two end-case
models, which are assessed below against the plausible cri-
terion that the moments within the ty@®C* and typeG
domains of thex=0.90 sample are smoothly continuous with

80

60

40

Tetragonal Phase Fraction (%)
(uw/Bry (Lo,

20

W(CY) (ng/Mn)

0.5

Nuclear PF
Immni Magnetic PF
X (Immm+14/mmmn)  C*/(C+C*)  uciex (ug/Mn)

0.75 ¢ 12 1.248) the moments across the whole of the typEE* and typeG

0.78 0.6122) 12 2.048) regimes(as a function ofx) (Fig. 3. The relationship be-

0.80 0.93116) 18 1.854) tween the refined magnetic moments and the intensities of

0.82 0.93716) 0.77516) 1.784) observed magnetic reflections in these models is fully ex-

0.84 0.98216) 0.80714) 1.792) plained in the Appendix. Analysis of these two models leads

0.86 0.98816) 0.6910) 1.2812) to important conclusions regarding the evolution of magnetic

0.88 0.95818) 0.81(11) 1.288) ordering as a function of. _

0.90 0.9584) 12 0.945)° In the first model, long-range-ordered ty@écC* regions
exist in different crystallitegof a polycrystalline sampjeto

Fixed. those which contain long-range-ordered ty®@eegions. This

bUsing a magnetic phase segregation mddek Sec. 1l G is achemical phase segregatiomodel, consistent with phase
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segregation due to compositional inhomogeneity. This modejimes. Clearly, while the true nature of the phase segregation
does not remove the additional degree of freedom from that x=0.90 may fall between the two end-case models con-
refinemen{Eq. (A9) in the Appendiy, therefore it is neces- sidered, the secon@nagnetic phase segregatias a far bet-
sary to fix either the crystallographic or the magnetic phasder approximation based on available data. It should still be
ratio. The most obvious constraint igccx=ug [Eq. remembered, however, that the refined moments Xor
(A10)]. The refined magnetic moment obtained using this=0.90(Fig. 3, Tables Il and Il are necessarily less certain
constraint is shown as an open marker in Fig. 3, where it cathan those for the rest of the ty&C* and type6G regimes.

be seen that this model results in an unexplainable upturn of In contrasting the two models for=0.90, it is important

the uc/cx VS X curve. From Eq.(A9), it can be seen that to note the difference between the sets of magnetic moment
increasing theC/C* orthorhombic phase fractio’F,  terms which do not contribute to observed neutron-
causesucc+ to decrease towards its value>at 0.88, but  diffraction intensity, i.e., the terms subtracted framgr on

g to increase towards its value at0.92. There is in fact the right-hand sidérhs) of Eq. (A8) (chemical phase segre-
no value of °F, for which neither thewc,cx nor ug vs x  gation model and Eqs(Al11a) and(A11lb) (magnetic phase
curve displays an anomalous upturnxat0.90. This model segregation modgl The rhs of Eq(A8) has the same form

is therefore rejected. Note that the rejection of this model isas the rhs of Eq9A4) and (A5), which refer to the typés
further evidence that compositional inhomogeneity is not sand type€/C* regimes, where the only terms not contribut-
significant factor in our samples, and hence is not impactingng to observed intensity are non-long-range-orde(sd-

our phase diagram. script D) terms. On the rhs of EA11a), however, a long-

In the second model, long-range-ordered tfp&* re-  range-ordered termu,c) is also subtracted fronuor. If
gions and long-range-ordered ty@efegions exist in the the composition(x) at the boundary between tygg-and
same crystallitegof a polycrystalline sampjeThis is amag-  type-G+ C/C* regimes isX, then at a slightly higher com-
netic phase segregatiomodel that does not involve chemi- position X+ 8, u,c=0 and Eq(Alla=Eq.(A4) (typeG).
cal phase segregation. In this case, the refinement is Mds 6—0 and then becomes negativeg must decrease
longer underdetermingdEgs.(A12a) and(A12b) in the Ap-  smoothly through the phase boundary in this md@eg. 3
pendixX]. The results are shown as gray markers in Fig. 3(a discontinuity inug would imply the alternative, chemical
which fall on theuc,c+» and ug vs x curves smoothly ex- phase segregation, mogeTherefore sinceuc,cx becomes
trapolated from the rest of the ty@&C* and typeG re- nonzero discontinuously at the first-order phase transition



PRB 62

TABLE IV. Evolution of spin magnitudes and orientationg (
=angle toz) across the typ& AFI regime at 20 K(Rietveld re-
fined SEPD data See Sec. 1l D for discussion of azimuthal angles.

X 6 (°) M (pg/Mn)
0.90 4212) 1.227)2
0.92 6810) 1.673)
0.94 685) 1.983)
0.96 6a2) 2.21(2)
0.98 245) 2.404)
1.00 §8) 2.393)

8UJsing a magnetic phase segregation mddee Sec. Il .

when =0, it must do so at the expense@fy; i.e., regions

of type-C/C* grow out of non-long-range-ordered ortho-
rhombic regions, rather than out of long-range-ordere
type-G regions, and the total number of long-range-ordere
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those of the types/C* AFI. These peaks can be indexed to
thel4/mmmand/orimmmsubcells asl{+ 3 k+ 3 1), indica-
tive of the typeG AFI state found atx=1.001112 At x
=0.92, only typeG reflections remain. Typ& reflections
persist tox=1.00. The relative intensities of tyge-reflec-
tions vary as a function of over the whole range 0.90x
=<1.00, however, typ&/C* reflections are not observed for
x>0.90. The low-temperature orthorhombic transition seen
in the type€/C* regime persists as far as=0.95 (Fig. 1).
For 0.96=x=0.94, the magnitude of the splitting was suffi-
cient to refine orthorhombic lattice parameters but insuffi-
cient to refine a tetragonal/orthorhombic phase fraction from
SEPD data. Ak=0.96, no splitting of thé€2 0 0 reflection
could be observed, even in synchrotron XRD data.

The ideal types state atx=1.00 involves fully AF cou-

llel to c. Since no additional magnetic reflections appear,
he only available degree of freedom in the typenodel

$Iing between nearest-neighbor Mn sites, with all spins par-

spins increases. This can be seen in the result thaf (' yjth which to fit SEPD data across the entire regime was to

+ ueex) atx=0.90 is greater thapg at x=0.92 (Fig. 3,
Tables Ill and 1\J. Analogous arguments hold when the
type-G+C/C* regime is entered from the typg@:C* re-
gime. The magnetic phase segregation model therefore h

important implications for the nature of non-long-range-

ordered spins in the typ€/C* and type& regimes, to be
discussed further in Sec. IV.
The temperature dependence @f,c+ and of ug at x

=0.90, normalized to their 10-K values, i.e., independent o
a model for phase separation, are shown in Fig. 8. Because\|l; o of 657)°, i.e
is determined by a single point, at this stage we can attach N o oq in orae.reltyd

significance to the local minimum dt=60K in the ¢ cx
curve. However, that.c,c+ decreases below 35 K whijeg
is increasing demonstrates that the magnetic phases are

competition within the same crystallites. This behavior is

apply a uniform, parallel, tilting of the spins away franand
into the a-b plane. This tilting is defined by, the polar
angle of u to ¢. The direction of thea-b component of the

Pin vector(defined by, the azimuthal angle ofi,, to a)

cannot be determined in the tetragonal space gtdémpmm
(x>0.95), therefore the diagonal betweenand b (¢
=45°) is chosen arbitrarily. As the orthorhombic splitting
increases below=0.95, differentiatinga from b, refinement

f ¢ is in principle possible. Ak=0.92, ¢ refines to a stable
it tends towards the longér axis as
type#C* . Representative 20-K refine-
ments &=0.98 and 0.92are shown in Fig. 9, with corre-

sponding data in Table 1. Table 1V lists the final refined spin

gnitudes and orientations as they evolve across theGype-

AFI regime, the magnitudes also being plotted in Fig. 3. The

consistent with the second model for the phase separatio
and further demonstrates that the observation of both ma
netic phases is not a result of compositional inhomogeneit

theatment ofx=0.90 data was described in Sec. Ill C. Note
Yhat atx=0.90, type6 reflections were too weak to refine
Yhe angle azimuthal t@; ¢ was fixed at 45°, which was
found to give a better refinement than tke 0.92 value of
65°. Trends in spin orientatiof® and ¢ in Table V) there-
Low-temperature neutron powder-diffraction dataat fore suggest that the typ@-magnetic state whex=0.90 is
=0.90 display a number of magnetic peaks in addition tocloser to ideal type&s (x=1.00) than whenx=0.92. The

D. Type-G AFI (0.89<x=<1.00)

1.4 -1 trrrrrrr+Trr 51T T 14
1 12
1 10
o =
X !
o ] os ¥
= i f:’ FIG. 8. Magnetic moments due to the type-
© 1 os = C* and type6 states vdl at x=0.90, normalized
§ {7 i in each case to the moments at 10 K. Lines are
. ] = guides to the eye.
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interpretation of trends i and ¢, including their apparent gion experimentally and found the magnetic phase diagram
reversal wherx<<0.95, will be discussed further below in to be somewhat different, we are now in a position to com-
terms of the mixed typ&+ C/C* state described above for ment further on the relationship between orbital polarization
x=0.90. and magnetic structure. In considering this relationship on
the basis of a neutron powder-diffraction study, it should be
IV. DISCUSSION remembered that while this technique is far more sensitive to

spin ordering than to orbital ordering, it is not completely

tant d Mn-O bond lenath luminate det _lf?]sensitive to the latter. Consequently, the absence of direct
constants an n- ond lengths can tlluminate 0etally, ijence for orbital ordering is not a conclusive result in

about electronic states of the layered manganites. Mo . jtself, and orbital ordering patterns discussed below are in-
tahedra do not rotate in these layered phases as they do in the

perovskite analogshence themmmsymmetry, thereforea e'rred from (directly opsgrvetj spin ordering pattern;. We
and c are directly related to the equatorial and axial Mn—OWIII also Comme”t or(limited) evidence for an extension of
bond lengths, respectively. Changes in the relationship bet—he co regime as far as=0.6. )

tween equatorial and axial bond lengths can be interpreted in 11€nds in room-temperature lattice parameters or
terms of the distribution ok, electron density associated ~0->are a reversal of those for0.5 (Refs. 3 and 25[Fig.
with Mn3* ions (1-x) into either planad,_,>-type or lin- ~ 7(@)]. The a axis reaches a maximum at=0.5, and the
eards,2_,2-type orbitals. The relative stability of these orbit- Minimum inc/a [Fig. 7(b)] is only slightly offset from this
als is thought to play an important role in determining thepoint by a minimum irc atx~0.6. Lattice parameters at low
ground-state magnetic structure of both 3Ref. 22 and temperature§10-20 K track those at room temperature
layered® manganites. Maezono and Nag&dshave pro- [Fig. 7(@], with the obvious exception of the region 0.75
duced a theoretical phase diagram for=2 manganites <x<0.95 where the bulk of the sample is orthorhombic at
based on orbital polarization, Coulombic repulsion, and coulow temperatures. Mn§octahedral bond lengths also vary
pling with lattice deformation. Extended into the highre-  smoothly with compositiorfFig. 10. Close to the magnetic
gion, this model predicts a smooth transition from typé&  transition temperatures, however, the behavior of lattice pa-
type-G over the range 05x=<1.0. Having accessed this re- rameters varies significantly between compositigtig. 11).

The composition- and temperature dependence of lattic
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205 f T - - : - T Coherent lattice effects such as these have been considered
——mwor in detail elsewhere fox<0.5:2°"2°for x=0.5, they are
[ = & Mn02 considered below in terms of qualitative rules of orbital ex-
200 g o Mnos] change interactions and Jahn-TelléiT) distortions of
Mn3* Oy octahedra.

The CO state seen &t=0.50 has analogs in many perov-
skite phases Ly ,CaMnO; when x=0.503"3¢ These
phases adopt a type-CE AFI structure beloyw<Tco. The
gap betweernTcq and Ty, i.e., the relative thermodynamic
stability of AFI vs CO states, is very sensitive to both
(nominal hole concentratiorand average cation radius on
the perovskiteA site® In perovskites, Akimotcet al?? re-
lated these sensitivities to the one-electron bandwidth
largerA cations lead to straighter Mn-O-Mn angles and thus
larger W, delocalizingd,2_2 orbitals and facilitating ferro-
magnetic double exchange in theb plane. SmalleA cat-

FIG. 10. MnQ octahedral bond lengths vsat room tempera-  jons lead to smallew, localizinge, electrons and favoring a
ture (from Rietveld refinement of GPPD, SEPD, and HIPD neutronCO (type-CE AF) state. Increased hole dopirfg) further
powder-diffraction data Lines are guides to the eye. facilitates double exchange.

In the layered manganites, however, Mp@rtahedra do
not tilt as in perovskites, so the effect of cation sizeWris

Mn-O (A)

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X

3.8700 less obvious or pronounced. Nonetheless, variations in lattice
1 19.98 parametergFig. 7) and Mn-O bond length&~ig. 10 with x
in the typeA AFI regime are consistent with Akimoto
o 38690 | A et al’s modef? and with ideas from Maezono and Nagadsa
bt 11994 o about planar orbital stabilization. Note that since 1.00
- implies that all Mn ions are in the non-JT active- bxida-
2.8680 | tion state, the distortion of MnQoctahedra ak=1.00 can
7 1990 be taken as the base line distortion due solely to the steric
influence of surrounding cations. Octahedra in the tpe-
regime are distorted from this base line by a contraction of
12004 the axial bond Mn-O1(within the perovskite-type laygr
IR 1 20.02 shortening Mn-Mn distances aloreg This short Mn-Mn dis-
< o tance is the one over which an antiferromagnetic superex-
i 12000 < change interaction takes place in Akimabal’s model for
8.8540 ¢ typeA. The ferromagnetic double exchange interaction
11998 within the a-b plane is less distance dependant, hence the
type-A regime is centered around the minimumcita [Fig.
3 19.095 7(b)]. As x increasesgy electron density is lost, weakening
3.880 the double exchange interaction and causifey to increase
< 1 10.085 again(back towar(_js t_he non-JT d_istorted valuexat1.00),
S a0l o both effects contributing to the disappearance of the #pe-
§ 1 10075 = state atx=0.66. . '
& : The presence of antiferromagnetically coupled ferromag-
as00 | 1 10065 netic planes in typé: suggests anisotropic transport proper-
ties, and perhaps foreshadows metallic conductivity in the
g a-b plane given the picture of Akimotet al?? and Maezono
58193 ) 11999 and Nagaos4 of mobile g, electrons in a,2_,2 band me-
3 diating double exchange. In the system
P jreer (La;_,Nd,);_,S,MnO;, where the additional variable
- ] 5 controls averagé\-site radius, Akimotoet al?? did in fact
8.8194 ¢ {1995 find (weak metallic conductivity in the typék regime
i o ] =0.54) whenz=0.0. As z was increased, resistivity in-
Hﬂé — 1 19.93 creased, but the general behavior remained metallic up to
84
38100 T =0.8_ except at low temperaturés<60 K) where_a weak
T localization effect was observed. In our ceramic samples,

normalized resistancB/R,gs¢ VS T plots for various values
FIG. 11. Lattice parameters Wsfor (a) x=0.55,(b) x=0.58,(c)  Of X within the typeA regime are shown in Fig. 12. Although
x=0.80, and(d) x=0.96 [from Rietveld refinement of HIPDa),  the resistivity is much too high to justifiably call these ma-
GPPD(b), and SEPD(c) and(d) neutron powder-diffraction data  terials metallic (one must, of course, consider grain-
Lines are guides to the eye. boundary effects not present in single-crystal samplies
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(d) 0.74 <x < 0.90

orthorhombic Type-C

x=<0.60 there is a slight downturn R/R,gsk below Ty . We

note that for 0.5:x<0.6R/Ryg5¢x Shows a small anomaly c @

aroundTy . This anomaly is similar to that observed in in- 2 cm«ﬂ-«caso =

plane resistivity measurements of single crystals at the CO ’

compositionx=0.50%*° Unfortunately, neutron powder dif- FIG. 13. Schematic illustration of spins on Mn sites in thé

fraction and synchrotron XRD have been unable to detegblane evolving from the typ& to the type€/C* AFI states. Dark
Bragg peaks associated with long-range CO in this region, Ogray dsy2_,2 orbitals are intended to indicate the density of ¥n
diffuse scattering in the case that CO is only short rangesites rather than exact ordering patterns; pseudodelocaliged,>
Electron microscopy studies are underway on the polycrysbands are light gray@ No Mn3*. (b) Mn®" uncorrelated along
talline samples, and a future single-crystal study searchingndb. (c) Mn®" uncorrelated along but correlated alond. (d)
for CO diffraction peaks may resolve the issue. Mn** correlated along andb.

In the region 0.56x=<0.55, significant coherent lattice
effects are observed as a functionTofFor example, upon perexchange interactions dominate perpendicular to them.
cooling thex=0.55 sample througffy, there are anomalies This is analogous to the model proposed by Mastirall®
in the temperature dependence of the bothdlemda axes  for type-C ordering in the perovskites $Ca, sMnO; and
similar to those observed for=0.50 (Ref. 17 [Fig. 11(@)].  Pry ;S sMnO;. Note that in the present case, an ortho-
The change in slope in the temperature dependencelose  rhombic lattice distortion could be avoided by placing the
to Ty is consistent with transfer of charge indg2_,2 orbit-  ferromagnetic rods alongrather tharb. That the distortion
als belowTy.*"*" A similar trend(much smaller in magni- nonetheless takes place supports the notion that ferromag-
tude is observed wherx=0.58 [Fig. 11(b)]. The small netic coupling in type=/C* requires long-range delocaliza-
anomaly observed ia for x=0.55 (a small increage[Fig.  tion, which cannot occur alongin the layered phase. Trans-
11(a)] has also been reported for layered manganites witlport measurements on polycrystalline samples reveal that all
lower x and may be ascribed to magnetostrictive effé&ts. compounds in this region of phase space are highly insulat-

The type€/C* AFI state is analogous to the tyfigstate  ing. If suitable untwinned single crystals could be prepared,
in La, _,CaMnO,.*® Goodenoug# described this magnetic they should reveal anisotropic conductivity in taeb plane
structure atx=0.75 using qualitative rules of semicovalent if this picture is correct.
exchange, with “case 1'(filled-filled d orbital) antiferro- The present model for typ€/C* implies that orbital or-
magnetic interactions taking place in a plane and “case 2"dering alongb (and hence symmetry lowerings a precon-
(filled-empty d orbital) ferromagnetic interactions taking dition for spin ordering, i.e.To>Ty. Figure 1 supports this
place perpendicular to that plane. Although 1 in 4 ferromaghypothesisT tracking approximately 150 K abovi, asx
netic interactiongl in 12 of all interactionsare unfavorable, varies. As discussed in Sec. Il C, however, betw&grand
this is the most cooperative possible arrangement of localf, the bulk of the sample remains tetragonal, i.e., the tetrag-
ized d3y2_,2 orbitals at this composition. The proposed or-onal phase exists in a metastable, supercooled form. This
bital ordering pattern and spin orientations in #® plane  behavior is observed across the whole of the t@€* re-
are shown in Fig. 1@). There is no diffraction evidence for gime, and therefore cannot be explained by gross phase seg-
such orbital ordering, and the range of ¥ndoping across regation into typec/C* and neighboring regimes due to
the type€/C* solid solution(10—25% of Mn sitesrules it ~ compositional inhomogeneity. The proportions of crystallites
out as an exact pattern. Nonetheless, lattice efféiots,  which transform immediately &ty or remain untransformed
orthorhombic splitting do clearly indicate thagy electron  at 10 K vary unsystematically witk, and may reflect small
density from Mi" ions is concentrated aloniy ThIS sug- inhomogeneities in factors such as crystallinity or oxygen
gests a model in whictsy2_,2 orbitals are delocalized along stoichiometry (although small compositional inhomogene-
b to form bandgdashed lines in Fig. 18)]. Theseds2 2  ities may play some role, they cannot account for this behav-
bands mediate ferromagnetic double exchange while AF suer across the whole regimeThe hysteresis was observed to
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be rate independent. It is interesting to note the coincidenckess, they remain uncorrelatedmand therefore no net fer-

of the crystallographic hysteresis loop wiffiy, when x  romagnetic or types/C* reflections are observed. We note
=0.80[Fig. 6(a)], suggesting a possible relationship betweenin Fig. 3 that asx decreases from 1.00, the saturation mo-
them. Structural phase transitions were also noted to coincidment of the types (or tilted typeG) magnetic ordering de-
with Ty in the type€ perovskites SgyCa ggMNO; and  creases as we approach the typgshase boundary from
Py 1551 sgMn03.1° The simplest explanation is that fdr above. In the absence of any additional magnetic reflections
<T<Ty, the energy difference between tetragonal andver this composition range, this observation suggests that an
orthorhombic states is insufficient to drive the transition inincreasing number of Mn spins are not participating in long-
the bulk of the crystallites; then far<T,, the potential for range magnetic ordering. We suggest that this is further evi-
spin ordering in the orthorhombic state increases the energyence in support of the development of uncorrelated type-
difference and drives the transformation for the bulk of theC/C* clusters. A similar trend is observed in the typec*
crystallites. However, the temperature at which the bllk phase field ax approaches the typ8-phase boundary from

— O transition occursi.e., the steepest part of the hysteresisbelow. Clearly, focused studies of diffuse scattering, prefer-
curve in Fig. §a), as opposed to the actud@l,] does not ably on single crystals, will be required to verify these hy-
track Ty, asx increases from 0.80, but in fact remains almostpotheses. It should be remembered that the observed tilting
x invariant. Any relationship betweeR and the bulk tran-  of type-G spins(Table IV) whenx<1.00 is an experimental
sition must therefore be more subtle, possibly involvingobservation rather than a prediction of this qualitative
short-range spin ordering, the onset of which does not necscheme. Nonetheless, the tilt angledoes appear to be a
essarily trackTy and is not visible to neutron powder dif- useful parameter tracking the development of short-range
fraction. magnetic order in this mixed-phase regime.

The typeG AFI regime is also analogous to the magnetic  Both typeC/C* and type6 magnetic phases were ob-
structure of La_,CaMnO; over the same range of Mh  served in neutron powder-diffraction dataxat0.90. As dis-
doping x.*® As explained by Goodenoudh,typeG at x  cussed in Sec. Il C, two alternative models were considered
=1.00 is a consequence of AF superexchange interactiorig order to allow the refinement of the magnetic moments
between all nearest-neighbor RKin sites. Isolated MA™  due to each phase. In the adoptetagnetic phase segrega-
sites, introduced into the typ®-lattice asx decreases from tion) model, as this two-phase regime is approached from the
1.00, have ferromagnetic double exchange interactions witfype-G regime, long-range-ordered tyi@<C* regions grow
their Mn*" neighbors. This reduces the total AF momentout of previously non-long-range-ordered regions, rather
without creating a net ferromagnetic moment, in agreemenihan out of long-range-ordered tyg@&regions; i.e., the total
with observations of a smoothly decreasing momenixas number of spins which are long-range ordered actually in-
decreases from 1.0Fig. 3. creases. We can now interpret this behavior in terms of the

There are, however, a number of indications that thisjualitative scheme for the typ@-regime discussed above
simple model for types asx decreases from 1.00 is incom- (Fig. 13. As x decreases from 1.00, an increasing number of
plete. First, types spins appear to “tilt” into thea-b plane ~ Mn spins do not participate in long-range ty@emagnetic
(Table IV). Second, with decreasingthe equatorial Mn-O3  ordering(Fig. 3). For x<0.95, however, these spins appear
bonds lengthen while axial Mn-O1 and Mn-O2 bonds remairfo be short-range ordered in the manner of tgi&*, as
essentially constarfFig. 10, indicating thak, electron den-  uncorrelated ferromagnetic rods alobg[Fig. 13c)]. The
sity from doped MA" ions is concentrated in the-b plane.  magnetic phase segregation model usex=a0.90 now im-
Third, the tetragonal-orthorhombic phase transition associplies that in that two-phase regime, these short-range-ordered
ated with typeC/C* extends fromx~0.75 tox~0.95(Fig. ~ rods coalesce into long-range-ordered typ&*, without
2), indicating that in this regiong, electron density is con- affecting the magnetic and crystallographic phase fraction
centrated alondp. All these features suggest a transition to-occupied by the long-range-ordered type-G stafbe net
wards typeC/C* as x decreases from 1.00, however, the type-G magnetic moment of the sample is unaffected by this
absence of typ&/C* neutron-diffraction reflections rules Magnetic phase segregatigig. 1) and falls on the sameg
out a continuous long-range-ordered canting of spins fron¥s X curve as the rest of the tygg+egime(Fig. 3). That the
typeG to typeC/C*. same behavior is observed for ty@éC* moments implies

A qualitative picture explaining these observations is il-that for x<0.90, short-range-ordered tyg@-egions may
lustrated in Fig. 13. Isolated M sites are introduced into Similarly exist within a typec/C* framework. However,
the typeG framework[Fig. 13a)], but by virtue of the per- Since typec does not have lower symmetry than typec*
turbation of the perovskite-type unit in this layered phase, there will be no unambiguous evidence in the lattice param-
electron density is concentrated randomlydg._,. and  €ters. Note that the tilting angle of type-G spins to thec
dsy2_,2 orbitals [Fig.13b)]. At low doping (0.95<x axis, which grows ag decreases from 1.00, shrinks again for
<1.00), e, orbitals on Mi#* sites are uncorrelated and ~ x=0.90(Table V). This, too, is consistent with phase seg-
y, giving isolated ferromagnetic units but no net ferromag-regation at that composition; the ty@+egions should be-
netic or type€/C* moment. At higher doping (0.80x  come more like the ideal typ&-state =1.00) again when
<0.95), e, orbitals correlate in one dimension to form de- the typeC€/C* regions coalesce.
localized bands mediating double exchange along ferromag-
netic “rods” [Eig. 130)]. The experiment'al _observation of V. CONCLUSIONS
an orthorhombic structure in this region indicates that these
“rods” lie parallel (alongy), possibly as a consequence of A key motivation for studying mixed-valent manganite
the constrained 2D nature of the perovskite layers. Nonethegperovskites in the RP series is the potential they offer to
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investigate relationships among charge, spin, and lattice denensionsg,_ 2 orbitals continue to delocalize at lower val-
grees of freedom in a reduced-dimensional setting, andes ofx, forming a pseudo-2D band mediating double ex-
thereby better understand those relationships in 3D perowhange in thea-b plane. This bandand hence the typA-
skite analogs. The low-temperature magnetic structures oAFI state is destroyed ag decreases by mounting MnJT
Lay_ 2,Sr; 4 2xMN,0; in the range 0.58x=<1.00 all have di- distortions, which lift the degeneracy of tleg orbitals and
rect analogs in mixed-valent manganite perovskites. At higtstabilize one-dimensionaly,2_,2 orbitals.(Note that for the
x in particular, the types and type€/C* regimes occupy perovskite Ng_,SrMnO,,*° substitution of a smalleA-site
approximately the same Mn-doping (i.e., X) regions of the  cation also stabilizes the CO type-CE state by redudihg
phase diagram as they do in,LgCaMn0;,*%%and can be agreement with Akimotet al*®)
understood in much the same w&yThese layered phases do  Figure 10 shows why a higher density of JT active¥n
indeed vyield important information by virtue of their ions(i.e., lowerx) is required for this to occur in the=2
reduced-dimensional setting, specifically the fact that excompared with the perovskite phase. Whes 1.00, no
tended ferromagnetic rods in ty@C* are constrained to Mn®" ions are present and the perovskite phase is cubic, all
lie parallel to one another in treeb plane. This demonstrates Mn-O distances being equivalent. In time=2 phase, this
that the ferromagnetic rods in perovskite typeare medi-  structural “base line” atx=1.00 is already distorted by the
ated by double exchange in long-range, pseudodelocalizedteric impact of the rocksalt layer on the perovskite layer,
dsy2_ 2 bands. Furthermore, in the layered system it appearslongating the axial bond Mn-O1 compared to the equatorial
that these rods lie parallel even when they are not correlatebln-O3. (Note that in the layered phase, Mn-O2 is effectively
with one another. They therefore have a structural signatura “spectator” bond responding to the other Mn-O bond
(symmetry lowering detectable by neutron powder diffrac- lengths by maintaining an appropriate bond valence sum for
tion even in the absence of long-range magnetic orderinghe average oxidation state of MP.As discussed in relation
This feature of the layered system provides strong evidenct the typeG and type€/C* states, ax decreasesg, elec-
for short-range-ordered type- units (i.e., ferromagnetic tron density goes into tha-b plane and elongates the equa-
rods within a typeG framework asx decreases from 1.00, torial relative to the axial bonds. In perovskite, this leads to
leading to a phase-segregated (type-type-C/C*) region  more distorted Mn@ octahedra ax decreases; in the=2
before the typec/C* regime is entered. Neumeier and phase(Fig. 10 it leads to less distorted Mnctahedra as
Cohrt* have in fact proposed a very similar phenomenologydecreases down te-0.6, at which point they are almost
for the magnetic phase behavior of LgCaMnO; in the  regular. This effectively suppresses the JT distortion, stabi-
same range of, based on measurements of saturation maghzing the typeA AFI ground state in théLa, Sy n=2 man-
netization. The findings of the present study provide supporganite to lowerx (~0.48 than in the perovskite analog
for their model by analogy from the 2D to the 3D case.(~0.54.?2 Akimoto et al?® stabilized typeA down to even
Ultimately, all these magnetic ground states follow from thelower x (0.40 by substituting Ca for Sr at doping levels
polarization of Mr:f+eg orbitals which places electron den- above 30%. This result was similarly interpreted as a conse-
sity preferentially along thg axis, initially on isolated sites quence ofe, orbital polarization; calculation of Madelung
(0D) and subsequently in delocalized rod®). potentials demonstrated that Ca substitution stabilizes, >

The analogy between La,Sr.,,Mn,0O;, and orbitals relative tod;,2 .2 orbitals, with a concomitant
La;_,CaMnO; breaks down at lower values of In the  switch from FM to typeA AFI states.
perovskite case, a long-range CO type-CE AFI statx at  Similar effects of perovskite layering can be seer{fn,
=0.50 persists up to a two-phase region with tgp&Inthe S and (Nd, Sp manganites. Rr,Sr,MnO; and
present i=2) case, long-range CO associated with type CBENd; _,Sr,MnO; at x=0.50 both have FM states beloW
(but no actual long-range type-CE spin ordejirgobserved and AFI states below Ty<Tc,*  whereas
only atx=0.502"%10in a narrow temperature range betweenPr,_,,Sr ; ,,Mn,0; and Nd_,,Sr . »Mn,0O, at x=0.50
Tco and Ty (for a typeA AFI ground statg The present both have AFI states beloWy but no FM staté?*3In con-
study has found evidence that CO may persist in a thirrast, it is interesting to note that the spin-glass region found
“wedge” of x-T phase space abov, for 0.50<x<0.60.  below T, in the (Gd, Sp, (Dy, Sn, (Ho, Sp, and(Eu, Sy x
While many perovskite manganites £nCaMnO; exhibit ~ =0.50 perovskite manganites are also found in timeir2
CO whenx=0.503°"*the relative stability of CO type-CF analogs ak=0.50;"since there is no 2D delocalizeif 2
AFI, type-A AFI, and FM states around that composition band in the spin-glass state, the location of the spin-glass
varies significantly. regime with respect ta is independent of Mn@octahedral

Given the finely balanced competition among states, andistortions and therefore unaffected by reduced dimensional-
the demonstrated influence of perovskdtsite cation radius ity.
on the balance between théft>*the only appropriate sys-  The significance of delocalized,2_,> orbitals to the
tem with which to compare La »,Sr; ;. ,,Mn,O; when con-  typeA AFI state, and the equally important role played by
sidering the effects of reduced dimensionality isdelocalizeddsy2_,2 orbitals in the types/C* state, allows
La; _,Sr,Mn0O5.%2 In this system the FM state dominates atsome insight into the presence of a magnetically frustrated
low temperature up tax=0.54. Forx=0.54, the FM state regime between the tw@-ig. 3. The absence of long-range
forms below T but is replaced belovily (<T¢) by the  spin order suggests the absence of such orbital delocaliza-
typeA AFI state. CO is not observed at all. The key changetion, i.e., the transition between long-range 1D delocalized
in a reduced-dimensional setting is that msdecreases, dsy2_,2 (type-C/C*) and 2D delocalizedd,2_2 (type-A)
Type-A AFI holds off FM as the ground-state configuration bands ax decreases is discontinuous. This differs from the
down to lower values ok. This implies that in reduced di- smooth transition from typ& to typeA predicted by Ma-
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ezono and Nagao£4even more than does the presence of aorthorhombic nuclear reflectiongiote that tetragonal and
type-C/C* state. It appears that spin ordering in this systenorthorhombic types magnetic reflections overlapRietveld
is very closely coupled teg orbital polarization, and hence refinement of this data is therefore sensitive to:

highly sensitive to distortions of the perovskite unit as dis-

cussed above. The same theoretical models, applied to acceRservable type-G momengops= oct Mic ; (A23)
rate structural datgsuch as reported in the present stydy . _
may well predict a magnetic phase diagram closer to th@Pservable typ&s/C* moment wcops= Koc; (AZb)
experimental one described here.

Two distinct effects of reduced dimensionality on the
magnetic behavior of mixed-valent manganite perovskiteJype-G and type€/C* magnetic moments per Mn site
have been identified in this study. The first of these is that thevithin the crystallographic phase fraction they occupgte
occupied axialeg orbitals on Mi* sites, the delocalization that since typeS reflections from the orthorhombic and te-
of which mediates the typ€/C* AFI state, are constrained tragonal crystallographic phase fractions overlap, we must
to lie in the basal plane of the layered compounds. Thisassumeug is the same in both
allows the transition from ideal typ&-(no Mr®* siteg to

orthorhombic crystallographic phase fractién

type-C/C* to be more easily observed and understood. It He= Moc!Fo=mc/(1—Fo), (A3a)
also leads to a magnetically frustrated region between the

type-C/C* and typeA AFI regimes, presumably due to the Mcrcx = toclFo- (A3Db)
incompatibility between 1Dd3,2 .2 delocalization (type-

C/C*) and 2Dd,2_2 delocalization(type-A), both in the 1. TypeG (0.90<x=<1.00

a-b plane. Nonetheless, for=0.75 the relative stability of
type-G and type€/C* AFI states is largely determined by
the extent of MA™ doping into the M lattice, so the mag- - from Eq. (A1l):  wror= oo+ et opt D

netic phase diagrams of the 3D and 2D phases are very simi-

lar in this region. Fox<0.66, however, reduced dimension- . from Eq. (A2a): gobs= Moct Mtc

ality affects the polarization dody orbitals, and consequently

the relative stability of typek AFI and FM states, which are = UTOT™ MoD ™ MtD (A4)
mediated by delocalized,. 2 bands and axiatlz,2_2 or-
bitals, respectively. The magnetic phase diagrams of the 2D
and 3D phases are therefore quite different in this region.

No typeC/C* reflections.. u,c=0,

~from Eq. (A3a): =pug-Fotug: (1—Fy);

Studying layered manganites provides complementary infor- MG KGobs: (AS)

mation to the perovskites and can illuminate effects in the

latter compounds that are more difficult to observe due to 2. Type-C/C* (0.75=x<0.90

their pseudocubic symmetry, thus contributing to our under- : . _

standing of spin and orbital ordering in mixed-valent manga- No type reflections.. o=t =0,

nite perovskites. ~from Eq. (Al):  pror=foct fopt MiD |

ACKNOWLEDGMENTS ~from Eq. (A2b):  scons™ Moc™ MTOT™ MoD ™ MiD »
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3. Type-G+type-C/C* (x=0.90

. . i Chemical phase segregation madebng-range-ordered
For typeG, typeC/C E and type+C/C*, total spin-  yne.c/C* moments and long-range-ordered tyPemo-
only moment due to Mn: ments exist indifferent orthorhombic crystallites within the
polycrystalline sample, which we denote by the superscripts

APPENDIX

= oot et oot Mot LD - Al : : .
HTOT™ HoG T MG T HoCT™ HoD ™ 1D (AD) C and G, respectively, on the orthorhombic terms, i2oc
. . _G _C _G C _G
Subscript notationt = tetragonal, = KoGs Moc= “Hoc) MoD= Mopt “Hop, and Fo="F,
o= orthorhombic, ++F,.

G=long-range ordered typ&;

. . _G c G
C=long-range ordered typ&/C*, ~from Eq. (Al):  uror="Moct MicT Moct ~MoD

D =non-long-range ordered. + %ot D ;
(Note: Long-range ordered tyg@C* moments can only
exist in the orthorhombic phase fractionu,c=0.) -.from Eqgs. (A2a) and (A2b):

Neutron powder-diffraction data include ty@-and type-
C/C* magnetic reflectionoroportional to the squares of the g opst cops= Citoct Mic+ Citoc= MTOT— MoD— MiD ;
respective magnetic momehtsas well as tetragonal and (A8)
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..from Egs. (A3a) and (A3b):
=pg CFot pg- (1=CF = Fo) + pejcx - °Fo,

MG‘(l_CFo)_"MC/C* : CFOZMGobs+ Mcobs:  (A9)

Equation(A9) cannot be solved by refinement without fixing
an additional variable since we cannot determfiig,, e.g.,

fix pw=pe=pcrer;

~from EqQ. (A9)  u= ucobst Mcobs: (A10)

Magnetic phase segregation moddlong-range-ordered
type-C/C* moments and long-range-ordered ty@emo-
ments exist inthe sameorthorhombic crystallites within the
polycrystalline sample.
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~from Eq. (A28)  wgobs™ HocT Mic= HTOT™ Moc™ MoD

— MtD (Al1a)
~from Eq. (A3b): =ug-Fotug (1—Fy);
MG= MGobs (A12a)
& from Eq. (A2Db):  tcons™ Moc

T MTOT™ MoG™ MG MtD

~ Mop (Allb)
~from Eq. (A3a): =pucicx-Fo;
Meicr = Mcobs! Fo- (A12b)
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