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We report on the temperature dependence of the crystal and magnetic structure of the layered colossal
magnetoresistive manganite, 4.8, Sr, . ,,Mn,0;, x=0.3. Neutron-diffraction measurements show that the
insulator-metakIM) transition (T),,) at ~100 K is accompanied by a ferromagnetféM) ordering of spins
within MnOg bilayers (intrabilayer coupling, but with an antiferromagnetic coupling between neighboring
bilayers(interbilayercoupling. Below T, , the Mn spins rotate from-45° inclination to thec axis until they
are almost parallel to the axis at 5 K. Coincident with this spin reorientation, a Fvlaxis component
develops below 75 K. Evidence from both neutron and synchrotron x-ray-diffraction experiments suggest that
the FM c-axis magnetic moment results from a second layered manganite phase with compositdon 0.3
=0.32. This observation emphasizes the need for thorough examination of the homogeneity when measuring
bulk propertiede.g., magnetization, transppdf nominallyx=0.3 samples. Associated with the electronic and
magnetic transitions, a pronounced lattice response alongakis (observed in both phasesignals a transfer
of charge intad,>_,2 orbitals in the low-temperature phase. That the lattice effects here are opposite in sign to
those observed in the=0.4 layered manganite points to the sensitivity of the spin-lattice-charge coupling to
dopant concentration in these reduced-dimensionality mangaff@$63-18209)00513-5

I. INTRODUCTION tion suggests the development of canted interlayer antiferro-
magnetism(AF). This is in contrast to the ferromagnetic
Naturally layered manganite perovskites that exhibit co-coupling observed in the previously studied=0.4
lossal magnetoresistaricd (CMR) have provided the oppor- compound' This AF coupling is believed to be responsible
tunity not only to study the strong interplay among chargefor the large tunneling magnetoresistai€®R) observed in
spin, and lattice in reduced dimensions, but also to exploréhe c-axis transport at low temperaturks. Furthermore,
phenomena that are not found in the three-dimensi(3ia) Kimura et al1? demonstrated that the magnetic coupling be-
perovskite manganites. For example, the natural stacking dfveen perovskite layers may be manipulated with magnetic
(Ln,SnMnO; perovskite layers, separated thya,SnO block-  field or pressure; application of a magnetic field produces an
ing layers, forms the framework of tunneling structures andncreased interlayer conductivity while hydrostatic pressure
spin valves in a single chemical phase, as opposed to thdecreases the conductivity along thexis and within theab
larger scale structures obtained by thin-film deposition. Explane? This behavior has likewise been linked to a proposed
ploring these opportunities, Kimuet al>2 have recently re-  AF structure.
ported the observation of spin-polarized interlayer conduc- Such a combination of FM planes with AF coupling is
tivity and high CMR in the naturally layered materials observed in the canonical A-type antiferromagnet, LaMnO
Lay_ .S _»Mn,0, x=0.3 (10% at 50 kOe and at 90 which is an insulator. However, Akimotet al> have re-
K). From magnetization measurements they suggest that thrted that Lg,Srs4MnO; exhibits a metallic state and
layered manganite orders ferromagnetic@fiifl) along thec  type-A antiferromagnetism. In addition, they have suggested
axis at 90 K, but below 60 K an anomaly in the magnetiza-that quasi-2D metallic conductivity in lgaeSry 5MnO; oc-
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curs in the planes via double exchangedg .2 bands, TABLE I. Results of Rietveld refinement for
while super exchange dominates along #rexis. This may  Lax-2Sh42Mn;07, x=0.3 from neutron powder-diffraction
be possible due to a high anisotropy betwe:gzLyz and data collected on SEPD at 300 K. The space group used in the
ds,2_,2 orbitals found in this perovskite manganit@hus, refinement wasl4/mmm a=3.861823) A and c=20.35443)
the present bilayer compound can be regarded as an extef- Site occupancies are given as a fractional occupancy where a
sion of this perovskite into reduced dimensions value of 1 indicates full occupation. For the Mn site the occupancy
- . - . 2

In this paper we report on the lattice effects and accomy_"zsstjxel‘j EO Sl'lwﬁﬁ_f'lgo/;' goodness of fitl.8, R(F?)
panying magnetic ordering in bLa,Sr_,,Mn,0;, with a > [La,S(D]=U[La,S(2)]
nominal dopant concentration 8&0.3. We find that associ-

2
ated with a sharp drop in resistivity both within thb plane Atom x Y z Occupancy v A
and along thec axis, Mn moments order to form ferromag- La,S1) 0 O 1/2 1.012) 0.00782)
netic perovskite bilayers that are antiferromagnetically cou1a,S2) 0 0  0.31691) 0.971) 0.00782)
pling along thec axis; at low temperatures we find a mag- mn 0 0 0.096%92) 1 (fixed) 0.00414)
netic structure similar to that suggested by Kimtzal? 0(1) 0 0 0 1.002) U,,=0.013(1)
However, in addition to this AF interlayer coupling, we find Ua3=0.014(2)
a rich magnetic behavior characterized by rotating Mn mo- ) 0 0 0.19781) 1.01(1) U,,=0.014(1)
ments and coexisting AF and FM interbilayer coupling. Both Uaa=0.021(1)
crystal structure data from high-resolution synchrotron X-Tayq ) 0 12 0.0958) 1.012) U,;=0.007(1)

diffraction and magnetic structure data from neutron diffrac-
tion indicate that the latter effect is attributable to the coex-
istance of twan=2 layered phases in the sample whose dop-
ant concentrations are extremely close €x3<0.32). The

temperature dependence of the lattice parameters for boiyg k) ysing high-resolution x-ray diffraction, performed at
phases is qualitatively the same, indicating that the charggsaam line X7A at the National Synchrotron Light Source
spin-lattice interactions are similar in both phases. Despit?NSLS) at the Brookhaven National Laboratory, using
the small difference in dopant concentration, there is a drag wavelength of 0.8 A and a GELl)/Ge(éZO)
matic difference in magnetic structure: the hole-poor phase,,nochromator/analyzer combination. The temperature de-
exhibits AF interbilayer coupling and the hole-rich phase FMpangence of the crystal structure was also studied between
interbilayer coupling. As found in other manganites, latticeoq gnd 300 K using the Special Environment Powder Dif-
effects accompany the magnetic/electronic transition. In th?ractometer(SEPD at Argonne’s Intense Pulsed Neutron
x=0.3 sample a strong-axis contraction observed on cool- gqoyrce. The magnetic structure was determined using the
ing through_TN .tracks _the cha_nge in the apical MnTO bonds-high-ﬂux diffractometer D20 operated at the Institute Laue-
This behavior is consistent with a charge transfer oo 2 Langevin(\=2.41 A, 2=0-1609 between 5-150 K.

orbitals. In contrast, the axis is very weakly temperature  Neytron-diffraction data were consistent with a tetragonal
dependent, and the anomaly at 80 K is presumably attributse|| space groupt/mmm as we have reported earlier for the
able solely to magnetostrictive effects, as it is quite smalk_q 4 compositior, however, two additional phases were
(Aa/a~0.03%), and it tracks the projection of the orderedgpserved in small amounts: perovski® wt %) and single
moment on to thfab plane. T_hese Iattlce_ effects are opposite|ayer (La,S),MNO, (4 Wt %). These second phases are typi-
to those found in the previously studiec=0.4 materlal“, cally found in an annulus at the outer regions of the boule.
suggesting that charge-lattice coupling at the magnetic trarRegylts of structural analysis using the Rietveld method at

sition is different at these two dopant levels. room temperature are given in Table I. These refinements
indicate that the occupancy of the oxygen sublattice is fully

Il. EXPERIMENTAL DETAILS stoichiometric, as is the 12-coordinate L&J$rsite within
AND SAMPLE CHARACTERIZATION the perovskite bilayer. However, the fractional occupancy of

the 9-coordinate La,&) site in the rocksalt layer is less than

Single crystals of La ,,Sr, . »,Mn,0O; were melt grown  unity, suggesting the presence of either cation vacancies for
on flowing 100% Q in a floating zone optical image furnace this specific sitg{3(1)%], or a deviation from the nominal
(NEC SC-M15HD. Crystals were characterized using induc- La/Sr ratio. A 3% vacancy concentration on the L&gsite
tively coupled plasmdICP) analysis, yielding araverage would give the same effect as a(20)% excess of Sr in the
composition ofx=0.301). Transport measurements on a rocksalt layers.
small specimen from this crystal boule show a peak in both Battleet al.” have pointed out that ceramic samples of the
Pap @ndp. at T;,~100 K. Details of these transport mea- LaSrL,Mn,O; (x=0.5) phase separate into two chemically
surements are reported elsewh®fihis transport behavior is  distinct Ruddlesden-PoppéRP) phases. To investigate this
gualitatively similar to that observed by Kimued al. on a  possibility in our sample, we have further characterized it
x=0.3 specimen below 100 &2 Sections from various loca- using high-resolution synchrotron x-ray diffraction at the
tions of the as-grown bouléut not from the endgswere  X7A diffractometer at the NSLSAd/d~ 0.005). The results
pulverized and used in powder-diffraction studies. The samef this measurement indicate that there are indeed two
pulverized crystalline samplgs-3 g) was used in all x-ray chemically distincin=2 RP phases in this sample. Consider-
and neutron powder-diffraction measurements. The qualitying the(0,0,) reflections, and th€0,0,10 in particular(Fig.
(chemical phase homogengitgf the powdered crystalline 1), a small asymmetry atigher angles is observed that was
samples was investigated as a function of temperg®0e  not resolved in the neutron experiment. This asymmetry is
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800 w r J lattice constants cf=3.860386) A andc=20.27843), and
@ 7 a minor phase wita=3.86242) A and c=20.255120) A.

600 J R La ,Sr MnO, 4

(00 10)

The proportion of the minor phase is estimated~&5%.
Unfortunately, a more accurate measurement is prevented by
the high degree of correlation between the peak shape pa-
rameters for the two reflections. The domain size of both
phases is macroscopic>1000 A), as indicated by the full
width at half maximumgFWHM'’s) of the x-ray reflections:

for the (2,0,0 reflection a~0.02° and~0.03° FWHM for

L i major and minor phases, respectively; for {ded,10 reflec-

tion a 0.04° and 0.06° FWHM, again for major and minor
phases, respectively.

The temperature dependence of that lattice parameters
of the majority and minority phases was determined by ana-
lyzing the (2,0,0 and (0,0,1Q reflections as a function
of temperature. The data in Fig(a2 show that both phases
have qualitatively the same temperature dependence and that
they parallel the temperature dependence obtained from
the neutron dat@Fig. 2(b)]. At 20 K, the difference in lat-
tice parametergminor—majo¥ is Aa=0.002 A andAc=
\ ‘ ‘ ‘ ‘ { —0.026 A, much smaller than that reported by Battle

226 227 228 729 23 etal’ (e.g., Aa=-0.008 A, Ac=0.132 A for
26 (deg) LaSrLMn,0,). Such small differences are below the resolu-
FIG. 1. The(0 0 10 reflection of La_ St ,Mn,0, at 20 K tion of the instruments used in the neutron investigations

(crosses measured using high-resolution x-ray diffraction on the(Ad/d>0'035)' Because the/a rafio is expected 1o de-

X7A beam line at the NSLS. The profile is clearly asymmetric with crease with increasing Mn concentratioridue to the dimin-

an asymmetric tail at higher angles. The upper panel shows the fit t'oShIng influence of the Jahn-Teller effjcthese differences

the data assuming one peak profi}€12) while the lower panel !2riI?tt::Cc()amp%rr?emr1$tﬁgs\/i;0xzoé?n:ﬂirc\c/)glilgti?t d\é)v'tgnihSOrr?CE:n-
shows the fit to two peak profileg¢f=2.2). The positions of the jorty P 9 P

: trationx than the minority component. Lattice parameters for
calculated peaks and the difference between observed and calcy- . . .
e two distinct chemical phases were refined from the x-ray
lated values are shown on the bottom of each panel.

data up to 300 K, the highest temperature reached. We thus
visible at 20 K in several reflections: for exampi®,0,10, cannot comment on whether the two-phase mixture forms
(2,0,0, (1,1,10, (2,2,0, and (1,0,17. The observed asym- during synthesis or results from a chemical phase separation
metry may represent a distribution ofaxes that may be at some temperature between 300 K and the melting point.

modeled in simple terms as multiple=2 RP phases. In-

deed, using a series of 16 reflections measured at 20 K we
find that the data are well modeled using twe-2 RP The parallel variation of the lattice parameters in the ma-
phases. From this refinement we find a major phase withority and minority phases revealed by the x-ray study im-
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FIG. 2. Lattice parameters as a function of temperature fgr L&r, , ,,Mn,O;, with nominalx=0.3. (a) Lattice parameters for the
major (open symbolsand minor(filled symbols phases as a function of temperature as determined from synchrotron x-ray diffréation.
Lattice parameters from Rietveld analysis of neutron-diffraction data &ef3 (open symbolsandx=0.4 (filled symbolg. For thex=0.3
sample lattice parameters were determined from Rietveld analysis of diffraction data from the D20 diffractomBtet50rK and from
SEPD between 20—-300 K. Far=0.4, lattice parameters are taken from Ref. 3. Lattice parameters have been normalized to measurements
at 5 K for x=0.3[a=3.8659411) A, ¢=20.2996998) A] and 20 K forx=0.4 [a=3.867 6@3) A, c=20.062 0727) A)]. Error bars are
smaller than the plot symbol3,,, for x=0.4 is 125 K.
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TABLE Il. Mn-O bond lengths at various temperatures. ‘ ' * T
(@
Temperature Mn-O(1) Mn-O(2) Mn-O(3)  (Mn-Ogpicap 1.931 /: .
(K) A) A) A) R)
300 1.971628) 2.0454) 1.9311@4) 2.008334) < | ; l
160 1.95585 2.0534) 1.9293@6) 2.003633) 3 1930 - i
100 1.95729) 2.0434) 1.929015) 2.000135) s .
50 1.956829) 2.0364) 1.929384) 1.996434) | o 1) i
11 1.955128) 2.0364) 1.929295) 1.995G34) — e
1.929 |- o g
plies that even the “average” structure probed by the neu- 200 F - (b) ) T

trons qualitatively reflects the behavior of the individual ..
phases. As the neutron data measured on SEPD are more >, - i
extensive in terms of both Q range and temperatures mea- »_

sured than the x-ray measurements, refinements of these data £
will be used to discuss the structural evolution with tempera-
ture.

Similar to what has been observed in perovskites and in
the x=0.4 layered material, th&=0.3 layered manganite
demonstrates pronounced lattice effe(sise Fig. 2at Ty . -
AboveTW! bothaandlc lattice parameters appear tq decrease 0 o 100 150 200 250 300 350
linearly with decreasing temperature. Ry, , thec axis con- Temperature (K)
tracts by 0.14% while tha@ axis shows a slight expansion
(~0.03%9 between 100 and 50 Ksee Fig. 20)]. The ex- FIG. 3. Temperature dependence @ the Mn-Q3) bond
ceedingly small magnitude of tleeaxis expansion combined lengths and(b) the (Mn-O,yca) bond is given by3[Mn-O(1)]
with the fact that thea axis essentially tracks the develop- +3[Mn-O(2)].
ment of magnetic order in thab plane (see next section
argues that the origin of this effect is purely magnetostricx=0.3 the Mn-@3)-Mn bond angle is~178.85)° and does
tive. The changes in lattice parametersTgf for x=0.3 re-  not vary with temperature, while the Mn¢D-Mn bond
sult in an overall volume contraction 6£0.09% (compa- angle is constrained by symmetry to 186°.Although not
rable to that of thex=0.4 layered manganite and other shown here, tha axis varies linearly with the in-plane com-
manganite perovskité§9. Interestingly, thadirectionof the ~ ponent of the Mn ordered moment, corroborating the assign-
lattice effects in thisx=0.3 is opposite to that of the=0.4  ment of this lattice parameter variation to magnetostriction.
compositior1% In x=0.4 materials charge delocalization is  The more significant changes occur along thaxis at
accompanied by an abrupt contraction of &haxis by 0.16% T,y and can be understood in terms of the apical Mn-O
and an expansion of theaxis by ~0.06%*1° The tempera- bonds. Because determining the length of individual apical
ture dependence of the=0.4 material is also shown in Fig. Mn-O bonds is complicated by the presence of two crystal-
2(b) for comparison. It is not clear why tha axis of the lographic phases in this sample, we look specifically at the
x=0.3 sample changes by so little comparedte0.4, but  average apical Mn-O bor{Mn-O,pc.).* As shown in Fig.
the behavior probably reflects a difference in the distribution3(b) the average apical Mn-O bond contractsTat by an
of charge between these two compositions, which, as wamount that is approximately the same asdlais contrac-
shall discuss below, may result from a difference in thegir tion. In x=0.4, thec axis expands al,y by 0.06%? The
orbital occupations. opposite behavior of the lattice parameters between the

The temperature evolution of the three symmetry index=0.3 andx=0.4 compositions also appears in the changes
pendent Mn-O bond lengths provides a microscopic view ofof the Jahn-Teller distortion of the MrQpctahedra below
the lattice response &y, . The largest effects are seen along T,y . In thex=0.4 composition we reported that the octahe-
the c direction. Crystallographic parameters computed fromdral distortion parameted = (Mn-O,p;cap/MN-Ocquatoriai IN-
Rietveld refinement of neutron powder data for #w0.3  creasesby 0.6% atT,, (Fig. 4. However, in thisx=0.3
composition at 300 K and several Mn-O bond lengths atmaterial we find that islecreasedy 0.3% atT,,, suggest-
various temperatures are given in TabléthHe labeling of O ing that a more highly conductive electronic state is charac-
atoms used here is shown in Figap Consistent with the terized by less distorted Mnctahedra at this composition.
temperature dependence of taaxis, we find that the Mn-  This finding agrees with the recent pair distribution function
O(3) bond shows a monotonic decrease with temperaturanalysis of neutron-scattering data from a ceramid).3
from 300 K down toT,,. As shown in Fig. 89), at Ty sample reported by Loucat al!? The same behavior has
Mn-O(3) (and hence tha axis) expands slightly; ik=0.4 it  also been noted for the manganite perovskites, for it has been
contracts, and considerably more so thanxi#0.3. The widely shown that the octahedral distortion gets smaller—
small anomaly between 100 and 50 K on thexis results although it remains nonzero—in the metallic regifrte.
from changes in the Mn-@) bond length as opposed to the  The different lattice effects observedxs0.4 andx=0.3
Mn-O(3)-Mn bond angle(as in thex=0.4 composition, in cannot be accounted for purely by the change in the mean
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FIG. 4. Variation of the octahedral distortion paraméaas a function of temperature far=0.3 (open circlesandx=0.4 (filled circles.

ionic radius of the rare-earth site cation. La and Sr are ofouin zone. This near degeneracy of the orbitals indicates
similar ionic size so betweer=0.4 andx=0.3 the ionic that charge transfer between the two orbital manifolds could
radius changes by a mere 0.005 A. This indicates that thee a reasonable response of the system to the coupled
direction of the lattice effect &, depends on the electronic magnetic-electronic transition. In addition, Zheual 1* have
doping, which in turn influences the character of the occusuggested that in th&=0.4 compound the application of
pied orbitals on the Mn ion. In th&=0.4 compound the pressure may result in a charge transfer frdm_,2 to
contraction of the equatorial Mn{®) and the expansion of ds,2_,2 orbitals in the metallic state, perhaps resulting from
the apical Mn-@2) bond atT,y is consistent with a charge this large overlap betweeg, electronic states. In contrast,
transfer from in-planed,2_,2 orbitals aboveT¢ to axially  for thex=0.3 sample the marked contraction of thaxis on
directedds,2_,2 orbitals belowT,,, . Recent band structure cooling throughT,, results directly from the contraction of
calculations and ARPES measurements reported by Dess#ue apical Mn-O bonds. This is consistent with a charge
et al® in single crystals ok=0.4 material indicate that the transfer fromds,2_,2 orbitals to the planad,2_ 2 orbital at
dy2_,2 orbital is slightly lower in energy thads,2 2, but T,y , just the opposite of what is found in the=0.4 mate-
that these bands overlap substantially throughout the Brilrial. In this interpretation the analogy to Akimoto's A-type

0(2) ﬁwx §FM§
(1) :—\i x x :—\I
Pl

?t Il»uab”
o

uabAFL\i 451 !—\i
‘ NN NN

0(3)

(a) (b) (c)

FIG. 5. (a) Crystal structure of La ,,Sr . ,,Mn,O;. The three oxygen sites are labeled while the La,Sr atoms are not skiown.
Arrangement of Mn spins depicting the antiferromagnetic compon;e@'fsand ,u’;kf (tilted antiferromagnetand (c) the ferromagnetic
componentu™ in a canted ferromagnetic arrangement.



8700 D. N. ARGYRIOU et al. PRB 59

R
Sz
== 3000
sz
Gi F o=

-
g| g 8= 2000
g = =2

1000

<
S
<

5K

(syunop)) senisuajuy pajerdaug

Counts (Arb. units)
} <—(001)

10 20 30 40 50 0 20 40 60 80 100 120 140 160
20 (deg) Temperature (K)

FIG. 6. Neutron powder-diffraction data measured at various FIG. 7. Variation of intensities of thél11), (105, and (001)
temperatures above and beldyy, from thex=0.3 sample, on the magnetic reflections as a function of temperatpper portioi.
D20 diffractomete(A=2.41 A). Various FM and AF magnetic re- The (001) and (105 reflections represent directly the temperature
flections are labeled. dependence of thg’ and ut™ components, respectively, while
the (111) represent a combination pfa} and ™™ components. The
temperature dependence of the magnetic componebfis w4",
and ,uEM and the total momenM in the AF majority phase are
based on Rietveld refinement of data measured on the D20 diffrac-

tometer(lower portion.

antiferromagnetic metal with conduction throudfe 2 or-
bitals in layers separated by unoccupigg. .2 orbitals is
clear®

IV. MAGNETIC STRUCTURE spins aligned along the axis - [see Fig. &)]. The tem-
erature dependence of tfiE05 reflection is also shown in
The evolution of long-range magnetic order was studie ig. 7. We emphasize that for theaxis magnetic compo-
using neutron powder diffraction on the D20. On cooling thenents,uEM and M?F, the perovskite bilayers remain ferro-
sample, new magnetic refle_c'uons arisd indicative of a magnetically coupled; only the magnetic interbilayer cou-
long-range AF statdsee Fig. 6. Reflections such as the pling is different.
(001 and (005 arise below 100 K from AF stacking along * A’ determination of the low-temperature magnetic struc-
the c axis of FM perovs/l(Flte bilayers with the Mn spins par- 4,re was attempted using a number of single magnetic phase
allel to the ab plane, uyy, . Also below 100 K the(100,  models with different combinations of AF and FM compo-
(104), (111) reflections signal an AF ordering along tee nents. Clearly, the coexistence of AF and FMixis mag-
axis of FM bilayers with the Mn spins parallel to thexis,  netic components is not compatible with spin canting. Re-
e . These arrangements are shown schematically in Figsinement of the diffraction data using combinations of FM
5(b) and Hc). Inspection of the data revealed no signs of aand AF perovskite layers, produced intensity under the ob-
FM stacking of FM in-plane moments, as seen inxke.4  served magnetic reflections, but the magnitude of the calcu-
compositiori! In both cases the observed antiferromagnetidated intensities agreed poorly with the data. Also models
reflections are consistent with a spin arrangement where Miyhere Mn moments were constrained to be different between
moments order ferromagneticalyithin perovskite bilayers adjacent layeréferrimagnetic modeldid not improve the fit
(intrabilayer coupling is FM, but rotate by 180° in the ad- further and in some cases led to divergent refinements. Fur-
jacent layer, forming an antiferromagnetiterbilayer cou-  thermore, the absence of any superlattice reflections in the
pling [see Fig. 8)]. The temperature dependence of thedata eliminated models that include an ordered arrangement
(111 and (00Y) reflections, characteristic gi2~ and u4l,  of FM and AF coupled bilayers along tleeaxis. We are thus
are shown in Fig. 7. We note that the component of the AHed to conclude that the two magnetic components arise from
moment in theab plane has a maximum in its temperature distinct regions of the sample, each magnetically ordered
dependence at 80 Ksee Fig. 7, indicating that the ordered over long length scales as indicated by resolution limited
moment rotates with cooling to form a tilted antiferromag- magnetic peak widths. This conclusion agrees with the re-
netic interbilayer coupling at low temperatures. This is thesults of the synchrotron x-ray study discussed above under
structure suggested by Kimuret al. from magnetization the assumption that distinct chemical phases have distinct
measurements, and by Heffner etal. from uSR  magnetic structures associated with them.
measurementS. A closer inspection of the diffraction data ~ The magnetic structures observed héhé& interbilayer
reveals additional intensity development on (&#81), (105, coupling and FM interbilayer couplinghave not been ob-
and (110 nuclear reflections below 75 K. This extra inten- served in any single-phase composition of the
sity is consistent with a ferromagnetic arrangement of MnLa,_,,Sr, ;. ,,Mn,O, system. However, a layered manganite
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exhibiting a ferromagnetic structure with the Mn spins par- ‘ ‘ ‘ Lt
. ; 16 gu f

allel to the c axis is known for a doping levex=0.32. 40 - o ﬁgﬁﬂ E _
"’/
|
|
|
|
|

Importantly, forx>0.35 FM moments are aligned parallel to - po!
the ab plane®® This puts an upper concentration bound of !
x=0.32 on any possible phase separation in our nominal

x=0.3 sample. Recent measurements on=&.4 bilayer

30 ¢

N NN

Tilt Angle ¢ (deg)

sample give an estimate of the interbilayer exchange in this i T

component as}=0.065 me\}’ It is not unreasonable to 20 b

speculate that the sign of such a small exchaidé vs AF) i f e

could depend sensitively on the chemical environment. For saggan st

single-phase samples @=0.32, distinct ferromagnetic re- 10 ‘ ‘ ‘ ‘ '

flections appear at &c of ~125 K6 much higher than the 9 20 0 Tempei(:m ® 80 0o 1o

75 K wherec-axis FM coupling is first clearly observed in

the present nominallx=0.3 sample. FIG. 8. Variation of the tilt anglep as a function of temperature
Good agreement with the neutron dateébak was found ~ for the major phase in the nomingi=0.3 sample.

using models that included two distinct magnetic phases,ging these constraints yielded a saturation moment ¢2)3.4
consistent with the synchrotrpn x-ray results. In this analys%B/Mn, in excellent agreement with the bulk magnetization
only one nuclear phase was included, as the phase separatigidasurements of Kimuret al? Although we acknowledge
behavior was not resolved on the D20. The assignment of thghat the model just described is not unique, it does represent
c-axis magnetic components is straightforward; the intensitya good fit to the available low-temperature data and repro-
of magnetic reflections arising from thes@xis components duces well the expected saturation moment at 5 K.
leads us to assign the." to the major phase and-" to the The results of the analysis of the temperature-dependent
minor phase. However, the assignment of the in-plane comaeutron-diffraction data are shown in Fig. 7. For this analysis
ponent is less clear. There are three possibilities: The inthe magnetic scale factors for the major and minor magnetic
plane AF component may be associated exclusively with thghases were fixed to the value determined at 5 K. This con-
major phasdtilted AF structure, exclusively with the minor  straint reflects the assumption that the magnetic phases are
phase(canted FM structune or divided between therttilted  tied to distinct chemical phases whose fractions will not vary
AF structurercanted FM structupe Analysis of the data in this temperature regime. As inghb K refinement, the
with u4F assigned exclusively to either the AF-major or the magnitude of the in-plane component for both phases was
FM-minor phases lead to a refined total magnetic moment ofonstraint to be the same. The analysis under these con-
4.2 ug/Mn at 80 K, substantially larger than the expectedstraints shows that at 100 K Mn spins in the majority
spin-only moment 3.7.g/Mn at this doping level. We thus phase—which exhibits Alnterbilayer and FMintrabilayer
take this as evidence that the in-plane component should @upling—order in a tilted arrangement with an angle
assigned to both major and minor phases. $~43°, from thec axis. On cooling, Mn spins rotate towards
With the available data we are not able to determine thdhe ¢ axis, reaching a final value @$~13° at 5 K(see Fig.
relative contribution of the in-plane component in the two8). We note that in these analyses the total magnetization of
phases. To allow for this ambiguity, we have applied thethe majority phase does not exceed the saturation moment at
following assumptions and/or constraintd) The saturation 80 K as occurred in a previously described mogele Fig.
moment in both major and minor phases is the samg,( 7). The evolution of magnetic structure of the minor phase is
= ufM). This assumption is valid because the small differ-Similar to that of the major phase, except that no FM com-
ence in the saturation moment due to compositie.02 ponent is observed e}pove 75 K. For the minor phase the'data
ws/Mn) is much smaller than the experimental error in de-also suggesF a transition from a canted to an almost colinear
termining the size of the Mn moment-0.3ug/Mn). Appli- fer_romagnetlc state at 5 K. However, the analysis of thg data
cation of this assumption allows us to determine the mag¥Sing this model indicates that close Ty, the magnetic
netic scale factotS) at 5 K using the additional constraint of 2rdering in the minor phase is purely AF in tia® plane.
Sar+ Sem= Serystaliographic HereSag is the Rietveld scale fac- That both major and minor phases exhibit a similar tempera-
tor for the tilted AF phasdFig. 5(b)], Sey for the canted ture dependence of their lattice parameter suggests that the

ferromaanetic phask=ia. 5¢)] andS. _the chemi- minor phases also undergo a _similar rotation in_thg direction
cal or n%clear ponlyigalgf;]ctotZ) Eltyﬁ:”crjggpghﬁcitude of the ©f the Mn moment as the majority phase. If this is correct,

in-plane component was constrained to be the same for boltIFenrt]here V‘g” be ";‘5':'\}2 err?Hayer compt).on.ertn In .tthe minor-
major and minor phasdg.AF(major)= uAF(minon]. This fi- 'Y PNase above - AS Tefromagnetic Intensity appears

nal constraint is arbitrary, but in the absence of additionaPuperlmposed on nuclear reflections, our sensitivity to this

information it is a simple, unbiased method of dividing the_cr(r)]mpcf)nent tls “m't?d' partlcultarlyl n ?ﬂ:T"”O“thFI)_?aS?-
in-plane component between the two magnetic phases. Ap- erelore at present we cannot rule OFL,fA € possiiiity of a
plying these constraints todlb K measurements, we obtain small ferrpmagnetmx-ams component/™) above 75 K in
phase fractions of 62%tilted AF phas¢ and 38%(canted the minority phase.
FM phase. Given the difficulties of resolution, this result is

in reasonable agreement with the ratio of major to minor

chemical phases determined by the synchrotron x-ray mea- In this paper we report on the structure and magnetism of

surements(75% and 25% At 5 K the Rietveld analysis the layered manganite La,,Sr ,,Mn,0; with nominal

|
Lo
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compositionx=0.3. Our sample exhibits a biphasic behaviorconsistent with a model in which hole doping leads to
corresponding to two layered manganite phases. The twohanges in the charge transfer on cooling throiigj into
phases show considerable similarity in terms of both compoedls,2_ 2 orbitals forx=0.4 and intad,2 2 orbitals forx=0.3.
sition (6x~0.02) and lattice effects &, . The lattice pa- This demonstrates that the direction of lattice effects in lay-
rameters of these two phases track one another in parallered materials is a sensitive function of charge and orbital
with temperature—including the anomaly through the mag-degrees of freedom and implies a crossover betweed 3
netic transition—indicating a similar charge spin-lattice cou-2ndx=0.4. Finally, these measurements also suggest that the
pling. We find that the main difference between these twghterbilayer magnetic coupling is governed by charge and
phases lies in their magnetic structure, which exhibits a cleaPrPital degrees of freedom, since the easy axis varies from
temperature dependencet &K the majority phase exhibits Within the ab plane to along the axis over the same com-
AF interbilayer coupling, as suggested by other worRafs, positional range as the crossover in lattice effects.

while the minority phase shows FM interbilayer coupling. It ~ We thank R. B. von Dreele for allowing some preliminary
is interesting to note that despite the differémterbilayer  powder-diffraction measurements on the HIPD spectrometer
coupling, the lattice parameters of both phases parallel onat the Manuel Lujan Jr. Neutron Scattering Center, Los Ala-
another as a function of temperature. This suggests that thraos National Laboratory. Preliminary neutron-scattering
spin-lattice interaction is largely confined to the perovskitedata from single crystals of=0.3 were also measured on
blocks and that interbilayer spin-lattice coupling is consider-SCD at the Lujan center. We also thank R. Heffner and K.
ably weaker. Both x-ray and neutron results imply that theGray for making available preprints of their work on these
minority phase has a greater hole concentration than the maaaterials. This work was supported by the U. S. Department
jority phase, suggesting that hole-rich compositions favowof Energy, Basic Energy Sciences-Materials Sciences under
FM interbilayer coupling. This is consistent with the broaderContract No. W-7405-ENG-3@.N.A., H.N.B), W-31-109-
picture of the(La,Sn;Mn,0; phase diagrarnf Structure and ENG-38 (J.F.M., J.D.). and DE-AC02-98CH10886
magnetism in this nominally=0.3 sample are in sharp con- (D.E.C), and UCDRD Grant No. STB-UC:97-2461.N.B.).

trast to the prototypical layered ferromagnetic CMR mangaD.N.A. also thanks the Institut Laue-Langevin for financial
nite with compositionrx=0.4. We find structural behavior support.
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