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Structural and magnetic phase diagrams of La_,Sr,MnO3 and Pr,_,Sr,MnO,
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The nuclear and magnetic structures and properties of JSt,MnO; with 0.45<x<1 and Py_,SrMnO;
(0.58<y=1) were investigated using neutron powder diffraction, resistivity and magnetic measurements. In
this paper, we present the full magnetic and structural phase diagram fofStgMnO; and a partial phase
diagram for Py_,Sr,MnO;. At low temperatures, we observe a series of structural phase transitions evolving
as a function of increasing as follows: orthorhombid® b nm-— rhombohedraR3c— orthorhombicFmmm
—tetragonall 4/mcm-— cubic Pm3m. At higher temperatures, the orthorhomBimmmestructural region dis-
appears. We also identify four magnetic stafesl, A, C, andG type) evolving as a function of increasing
The magnetic and nuclear structural transitions coincide for samples withx8:8.95. In the 0.5x<0.9
region, resistivity and magnetic measurements show a substantial hysteredig ndéuis hysteresis of a few
K is indicative of a first order antiferromagnetic transition in good agreement with the neutron diffraction
results. Our data also suggest the existence of a strong competition between the ferromagietyparsdates
for x~0.5, and between thé&- and G-type states forx~0.95. A similar behavior is observed for
Pr,_,Sr,MnO;.
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INTRODUCTION Pbnm?° tetragonalF4/mmg?! or tetragonall 4/mcm (Ref.
12) structure at room temperature, and a monoclii; /n
Extensive studies probing the propertiesRaf ,A,MN0O;  (Refs. 22, 23 or orthorhombicFmmm(Ref. 12 structure at
(R=La, Pr, Nd, etc.A=Sr, C3 resulted in the demonstra- low temperatures. La ,SrMnO; samples with 0.5x<1,
tion of exciting physical and structural properties that areon the other hand, were reported to be either cdtitroom
very sensitive to subtle structural distortions or to smalltemperature or not single phaSeClearly, reliable data are
changes in the hole or electron concentration at the Mn sité@cking because of the inherent difficulty in synthesizing
(e.g., varying the carrier density in these materials could leaffigh quality samples in this composition range. It is, there-
to insulating, metallic ferromagneti&M), or A-, C-, CE-, or fqre, important to determine the complete composition phase
G-type antiferromagnetiéAFM) properties and for certain diagram for the La ,Sr,MnOg and Pg ., Sr,MnO; systems
compositions to charge and/or orbital ordering of the>Mn t_hat present small str_uctural distortions at high Sr substitu-
and Mrf* iong). Using first-principles band structure calcu- tion levels(almost straight Mn-O-Mn bond anglesnd com-

. ; . .. pare their properties to other systems, for example,
lations based on the generalized gradient approximatio CaMnO. with large structural distortions. In this paper
Fang and his co-workersnodeled the magnetic properties . L~ X~ X3 9 ' baper,

. . i we present a detailed study of the structural and physical
of a highly substituted system, namely, SRCaMnOs, In - oo perties of La_SKMNO; and Py _,Sr,MnO; in the com-
terms of a relationship between the magnitude of t¢he

position range of 0.48x(y)=<1 with special attention being

ratio and the stability of the magnetic state of the materialpaid to samples near the phase boundaries that separate dif-
Indeed, the calculations of Faref al's were supported by  ferent magnetically ordered states.

the observation o€- and G-type®* antiferromagnetic states
in Sm, _,CaMnO; for x~0.8 and 0.85x=1, respectively,
and by the experimental results of Konishi and co-workers
showing that thec/a ratios and the magnetic states of R;_,CaMnO; with 0=x=<1 andR;_,S,MnO; with X
La; ,Sr,MnO; thin films can be controlled by using sub- <0.5 can be easily synthesized under normal conditions in
strates of different lattice mismatch. On the other hand, vanhe perovskite structure. However, perovskite samples with
der Brink and Khomskfi proposed that the stability of the higher Sr content—of larger ionic size—are much more dif-
FM state and theA- and C-type AFM states is due to a ficult to stabilize because of the decreasing average size of
double exchange mechanism via degeneggterbitals. the Mr®** ions and the unfavorable tolerance factor of the
The structures and properties Bf _,Sr,MnO; samples desired final phase. Normal synthesis conditions usually
with low strontium contentX<0.5) are well know?°On  vyield samples that contain a second hexagonal phase of
the other hand, the properties of samples with higheSrMnO; crystallizing in the P63/mmc structure. For this
Sr contents, which are difficult to synthesize under normalwork, polycrystalline La ,SrMnOz; and Pg_,SrpMnO;
conditions, are less understodd!® For example, both (0.45<x<1 and 0.5&y=<1) perovskite samples were syn-
metallic and nonmetallic A-type antiferromagnetic thesized from stoichiometric mixtures of prefired,(s,
La;_(Pr,_,)SrL,MNO; samples were reportéd’®*°  Pr,0,, SICQ;, and MnQ using a two-step method previ-
PlysSlhsMnNO; was reported to have an orthorhombic ously developed for similar metastable compouffde a

EXPERIMENTAL DETAILS
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FIG. 1. (a) Low field magnetization2 mT) measurements of
La;_,SrMnO;. (b) “Field-cooled (FC)” magnetization measure- FIG. 2. Field-cooled magnetization measurements of

ments at 5 T. Pr;_ySpMNnO; at 5 T. For this series witly=0.58, no significant

ferromagnetic signal was observed at 2 mT.

first step, single-phase oxygen-deficient perovskites are ob-

tained from precursors fired in flowing argon gasentaining A were also used in the refinements because they contain
~10 ppm Q or les3 at temperatures up to 1400°C far magnetic peaks of th€ andG type of considerable intensi-
=1 (SrMnG, ). In the second step, the oxygen-deficientties. In the analysis, background, peak width, and the extinc-
samples were annealed in air at 500 °C followed by slowtion parameter were refined, together with the lattice param-
cooling to room temperature to bring the oxygen content ugeters, atom positions, and isotropic and anisotropic
to 3.00+0.01 oxygen atoms per formula urtitoichiometry ~ temperature factors for the cations and oxygen atoms, re-
was carefully monitored using thermogravimetric analysis Spectively.
All samples were found to be single-phase from x-ray and

neutron powder diffraction data.

The magnetic and resistive properties of the samples were
determined from measurements performed using a Quantum Magnetic and resistivity measurementSerromagnetic
Design Physical Properties Measurement System-Modgiroperties were observed in the low field magnetization mea-
6000 at temperatures between 10 and 350 K. Time-of-flighsurements goH=2 mT) of Lg _,S,MnO; only for the x
neutron powder diffraction data were collected on the Spe=0.45, 0.5 samples beloWw,= 348 and 330 K, respectively,
cial Environment Powder DiffractometéBEPD?° at the In-  and for thex=0.55 sample over a temperature range of
tense Pulsed Neutron Sour@®NS). Diffraction data forx ~212-270 K, Fig. 1a). At 5 T, measurements of the tem-
=0.45, 0.5, 0.55, 0.6, 0.8, 0.9, 0.94, 1.0 and0.58, 0.66, perature dependence of “field-cooled~C) magnetization,
0.74, 0.78, 0.86, 0.90, 0.94 were acquired as a function oflisplayed on a logarithmic scale in Figlbl, show a satura-
temperature using a closed-cycle helium refrigerator withtion value of ~3.5ug for the x=0.45 and 0.5 samples. A
heating capabilities. Data for ax=0.7 sample were col- sharp drop in magnetization is observed for x#0.55 and
lected at room temperature. High-resolution backscatterin@.6 samples below a & temperature Ty) of ~195 and
data, from 0.5 to 4 A, were analyzed using the Rietveld230 K, respectivelydefined as the temperature at which the
method and the General Structure Analysis Sys{esny drop in magnetization corresponds to the transition from a
code?® Forx=0.9 and 0.94, forward-scattering data up to 10ferromagnetic or paramagnetic state to an antiferromagnetic

RESULTS AND DISCUSSION
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FIG. 3. Resistivity measurements at 0 and 5 T of L&r,MnO; (a) and Py_,St,MnO; (b). High-temperature resistivity measurements
for x=0.45, 0.55, and 0.7 are shown in the inset.

statg. For thex=0.55 sample, the application of a 5 T mag- netic state of the samples from FM #&, C-, and G-type
netic field results in a considerable decreas&pfrom 212  AFM as a function of increasing (or y) as will be discussed
to 195 K and an increase df: from 270 to~320 K. The in the next section. Resistivity measurements at temperatures
0.7=x=<0.95 samples remain antiferromagnetic at 5 T, withup to 1200 K, displayed in the inset of Fig. 3, for three
only a very small ferromagnetic component observed nearepresentative sampleg=0.45, 0.55, and 0)7show a me-
Tn - No significant ferromagnetic component is observed foitallic behavior at high temperature§e and Ty values ex-
SrMnG; (x=1.0) as expected from its regular “undistorted” tracted from the magnetic and resistive measurements will be
structure that remains cubic at all temperatures. used throughout this paper when referring to the magnetic
For the Py_,Sr,MnO; samples, similar behavior is ob- properties of our samples.
served for they=0.58 and 0.74y=<0.94 samples showing a Both magnetization and resistivity measurements carried
drop in magnetization at the onset of the AFM ordering, Fig.out as a function of increasing and decreasing temperature
2(a). Magnetization measurements of the remaining sampleshow a substantial hysteresis négg for 0.5<x<0.9, y
show AFM transitions over a somewhat broader temperature=0.58, and 0.78 y<0.9 as displayed in Fig. 4. The hyster-
range and a small but measurable FM component remainssis of a few K is indicative of a first-order antiferromagnetic

present at low temperatures, Figb2 transition, in good agreement with the neutron diffraction
Measurements at 0 and 5 T of the resistivity ofresults.
La; ,SrMnO; and Py_,SrMnO; show a semimetallic Neutron powder diffractionExtensive studies have been

character in the paramagnetic state and an insulating behapreviously performed in the narrow composition range of 0
ior below Ty, for all antiferromagnetic samples except the =<x=<0.2 and to a lesser extent in the €2<0.5 range®°
=0.5 sample, Fig. 3. As shown in the figure, tke0.5  These studies resulted in a well established partial phase dia-
sample—containing both FM and AFM phases belbyin gram Lg_,SrMnO; and in a good understanding of the
zero field as discussed in the next section—and the ferrostructural and physical properties as a functiox ahd syn-
magneticx=0.45 sample are the only samples that show ghesis conditions in this limited composition range. For ex-
metallic behavior at low temperatures. Tke 0.55 sample ample, different synthesis conditions for LaMQ result in
shows a metallic behavior between 210 and 280 K-ad80  four different crystallographic phases: AFM orthorhombic
and 320 K in 0 and 5 T, respectively, i.e., over a temperaturand FM orthorhombic, monoclinic, or rhombohedtaln a
range corresponding to the ferromagnetic phase at thegwevious study, we showed that these structures are related
fields. Finally, it is important to note the increase in the mag-o the oxygen soichiometry/non-stoichiometry of the samples
nitude of the resistivity a5 K from ~4x10"% to and that stoichiometric samples exhibit an AFM structure
>10° Q) cm as a function of increasing(or y). This behav- with a large Jahn-Teller distortion andTg of ~140 K for

ior can be explained by the progressive change of the mags=0. In the 0. x=<0.2 rang€, the Curie temperatureT()
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FIG. 4. Zero-field cooleddashed lingsand field cooledsolid lineg magnetizatiora)—(c); (g)—(i) and resistivity(d)—(f), (j)—(1) data for
La; ,SrMnO; and Py_,SrMnO;. For some samples, a substantial hysteresis is observedTpeandicative of a first-order phase
transition(see text for more detajls

increases linearly with increasing Sr content while the temthe rhombohedral structure is energetically more stable than
perature of an orbital ordering transition to a state with aother structures and remains so upte0.45. No structural
large coherent Jahn-Tell€dT) distortion decreases. These competition has ever been observed in the composition range
two phase transition lines cross» 0.145 andT=210K.  0.16x=<0.45. Neutron diffraction  patterns  of

In this limited phase diagram, several regions are identified.a, 555K 49MNO3, displayed in Fig. 5, show that this phase

in which the samples exhibit large or small coherent andemains rhombohedral at all measured temperatures between
incoherent JT distortions. For Sr contents higher th@16, 30 and 550 K.
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Phase diagramsIn the composition range Oﬁx(y.)' yin Pr,_ Sr MnO
<1, La ,SrMnO; and Pg_,SpMnO; systems exhibit vy <
similar structural and magnetic properties. In Fig. 6, we plot _ _
the full phase diagram of La ,Sr,MnO; and a partial phase FIG. 6. Magnetic and structural phase diagrams for

diagram of Py_,SK,MnO; with 0.5<y<1 in which we La&-StMnO; (@) and Pi_,SyMnO; (b). A- and C-type AFM
structures are shown iifb). Structural and magnetic transition

identify three structural regions: cubiem3m, tetragonal . i ; .
|4/mem and orthorhombiEmmmthat are functions of tem- boundaries are shown as solid and_ dashed lines, respectively. The
" . symbolsC, T, R, and O refer to cubic, tetragonal, rhombohedral,
perature and Com.pOSItlon' These phase diagrams were Cofvﬁd orthorhombic symmetries, respectively. Coherent and incoher-
structed by studying several well selected compositions Of; jahn-Teller distortions are present in @& and O* Pbnm

La, - SKMnO; and Pi_,SyMnO; as a function of tempera- siyctures, respectivelf* refers to aFmmmorthorhombic sym-
ture. This study included the Rietveld refinement of back-metry (see text and Table | for more details

scattering and 90° data sets. Details of the data for some
individual compositions will be given later. First, however, i, two equivalent apical oxygen atoms,(X), and four
the general features of the phase diagrams will be describegquiva|em in-plane oxygen atoms,(Z), with one unique
Data for the La ,SKMnO; phase diagram with €X  yotation angle of the Mn octahedron around thaxis. Upon
$O.4gzgwere extracted from our previously publisheddecreasing temperature in the approximate composition
work.>= . range 0.5-0.6, the tetragonal structure transforms to an
The highly doped end member of both phase diagramgthorhombic structure. In the low-temperature orthorhombic
SrMnO; (x=y=1) crystallizes in a simple cubi®m3m Fmmmstructure, the Mn ions are bonded with two indepen-
structure in which undistorted corner-sharing Mn@xtahe- dent in-plane pairs of oxygen atoms(2D and Q3), that
dra are stacked three dimensionally and the (La or RSr, rotate independently around thleaxis, thus, making two
ions occupy the space between the octahedra. This cubangles that are only slightly different from each other. The
structure extends to lower values »fin both systems, as structural parameters of several representative samples with
shown in Fig. 6, with a transformation to a tetragonal phaselifferent structures for the La,Sr,MnO; series are listed in
aroundx=0.7 at room temperature and increasingly higherTable I. The evolution of the room temperature reduced unit
values ofx at lower temperature. The tetragori@/mcm  cell volume of the full La_,Sr,MnO; series is presented in
structure is the result of elongation and rotation of the MnO Fig. 7(a) as a function of. The figure shows a linear rela-
octahedra along and around thexis, respectively, resulting tionship between the two parameters for0x<1 despite
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TABLE |. Structural parameters of selected,LaSr,MnO; samples.

X 0.45 0.5 0.5 0.55 0.55 0.6 0.6 0.7 0.8 0.9 1.0

T (K) 300 K 310 K 38K 290 K 12 K 300 K 50 K 300 K 300 K 300 K 290 K
R3c [4/mcm  Fmmm  |4/mcm Fmmm 14/mcm Fmmm 14/mcm Pm3m Pm3m Pm3m

aR) 5.475984) 5.444615) 7.56543) 5.433784) 7.560G1) 5.429644) 7.5566%4) 5.430188) 3.825492) 3.818113) 3.80413)

b (A) 5.475984) 7.75312) 7.730G2) 7.720874)

c A 13.34611) 7.759%1) 7.78852) 7.745%1) 7.78332)  7.73811) 7.7759%4) 7.67042)

y(®) 120

Vv (A3 346.5835) 230.0215) 456.833) 228.6944) 454.8%1) 228.1274) 453.6797) 226.1763) 55.9841) 55.66Q1) 55.0487%1)

x(La, Sy O 0.5 0 0.5 0 0.5 0 0.5 0.5 0.5 0.5

y(La, sy O 0 0 0 0 0 0 0 0.5 0.5 0.5

z(La,Sy  0.25 0.25 0.249@) 0.25 0.251(8) 0.25 0.25082) 0.25 0.5 0.5 0.5

Uy, (La, Sp 0.603) 0.573) 0.166)  0.522) 0.033) 0.602) 0.172) 0.5811) 0.572) 0.553) 0.603)

x (Mn) 0 0 0.25 0 0.25 0 0.25 0 0 0 0

y (Mn) 0 0 0.25 0 0.25 0 0.25 0 0 0 0

z (Mn) 0 0 0 0 0 0 0 0 0 0 0

Ug, (M)  0.263) 0.273) -0.147) 0.222) —0.00633 0.21(3) —0.023) 0.242) 0.252) 0.264) 0.282)

M (ug) 1.475) 2.605) 2.822) 2.492)

x (O1) 0.47021) O 0.25 0 0.25 0 0.25

y (01) 0 0 0.25 0 0.25 0 0.25 0 0 0 0

z (01) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.5 0.5 0.5

Uy, (01) 1.083) 1.357) 1.42) 1.295) 0.91) 1.046) 0.447) 1.1(3) 0.892) 0.91(4) 0.873)

Us, (01) 0.856) 1.357) 1.02) 1.295) 0.339) 1.046) 0.567) 1.1(3) 0.892) 0.91(4) 0.873)

Uss (O1) 1.024) 0.62) 0.1(2) 0.449) 0.21(9) 0.61(9) 0.31(7) 0.4(2) 0.41(4) 0.347) 0.375)

U, (01) 0.423)

Uy (O1) —-0.232)

U, (01) —0.465)

x (02) 0.272G2) 0.22596) 0.270G1) 0.22733) 0.266%2) 0.22913) 0.25195)

y (02) 0.77242) © 0.770@1) 0 0.766%2) 0 0.75195)

7 (02) 0 0 0 0 0 0 0

Uy (02 0.783) -0.21) 0.833) 0.048) 0.773) 0.167) 0.81)

Us, (02) 0.7413) 0.32) 0.833) 0.099) 0.773) 0.237) 0.81)

Uss (02) 1.147) 1.603) 0.806) 0.5(1) 1.106) 0.510) 0.92)

Uy, (02) 0.255) 0.294) 0.41(5) 0.42)

x (03) 0 0 0

y (03) 0.279G4) 0.27373) 0.27112)

z (03 0 0 0

Uy, (03 0.21) 0.337) 0.156)

U, (03) —-0.7(1) 0.008) 0.477)

U,z (03) 0.42) 0.5(1) 0.41(10)

R, (%) 5.13 6.01 6.57 4.01 4.86 6.1 6.01 4.73 6.48 7.21 5.65

Rup (%) 8.37 9.35 9.87 5.96 7.28 10.01 9.84 6.88 10.13 11.18 8.75

Roua (%) 4.87 4.70 2.76 4.13 2.41 4.88 2.93 5.18 5.59 6.37 5.08

Riag (%) 15.20 12.15 10.53 9.16

¥ 1.282 1.604 1.847 1.639 2.469 1.324 1.286 1.98 1.423 1.182 1.544

the various phase transitions that occur with increaging  geometrié® averagesclosed symbolsare shown on the fig-
the range &x<0.2, large Jahn-Teller distortions result in ure. Solid lines through the average bonds are a guide to the
smooth but nonlinear effects on the behavior of the unit celeye. Once again, the relationship between the average
volume with respect to. bond lengths and is linear for most of the compositions
The evolution of the(La, Sn-O (Pr, S)-O and Mn-O  except for those where the Jahn-Teller effect is dominant. As
bond lengths as a function afor y is shown in Fig. ). shown in the figure, the behavior and magnitude of the av-
Refined values(open symbols as well as algebraic and erage Mn-O bonds extracted from the La/Sr and Pr/Sr series
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are almost exactly the same. The decrease in the avera@é). The G-type configuration consists of Mn spins being
Mn-O bond length with increasing is consistent with the aligned antiparallel to each other along the three directions.
smaller ionic size of Mf" than that of MA™. This decrease The C-type ordering is characterized by the AFM coupling of
is controlled by the formal valence of Mh* and not by the  ferromagnetic Mn chains that point along the longest crys-
size of ions on the perovskit site. On the other hand, we tallographic axis of the unit cefl.e., along the long Mn-Q1)
clearly observe different average bondlengths(fa, Sp-O  bond which is the direction of the axis; forx=0.55 at 225
and (Pr, Sp-O. From these bonds we have obtained the fol-K, the Mn spins are arranged ferromagnetically, consistent
lowing equilibrium interatomic  distances: [La-O] with the magnetic measurements, with a FM moment of
=2.765(2) A>[Pr-0]=2.745(2) A>[Sr-0]=2.691(2) A ~1.44ug and 2xMn-O(1)~1.937A, 4xXMn-O(2)
for twelve coordinatedd-site ions. Obviously the ionic size ~1.926 A, and Mn-©2)-Mn~170.25°]. TheA-type mag-
of Sr is smaller than that of La and Pr in “discord” with the netic structure consists of antiferromagnetically coupled par-
tabulated values in Shannon’s tafer nine or twelve co-  allel ferromagnetic planegsheets that are perpendicular to
ordinated ions. the shortest axis of the unit cell with the Mn spins pointing
For La,_,SrMnO; with x>0.5 and Py_,Sr,MnO; with  along the longest axig¢spins lie in the plangs The AFM
y>0.5, AFM ordering of the Mn moments occurs for all coupling of the ferromagnetic planes takes place along the
studied compositions at some temperature below 300 K. Ashortest axis, thus, leading to a short M(BDdistance in
shown in Fig. 6, the magnetic ordering transitions coincidethis direction. As such, the Mn octahedron becomes distorted
with structural transitions from cubic to tetragonal or from with four long Mn-O bonds[2XMn-O(1)~1.946 A, 2
tetragonal to orthorhombic in some regions of the phase diax Mn-O(2)~1.940 A forx=0.55 at 12 K in the ferromag-
grams, but at compositions of roughly 8:8<0.8 magnetic  netic planes and two short Mn¢8) of ~1.899 A bonds per-
ordering occurs with the structures remaining tetragonalpendicular to them. The Mn{@)-Mn and Mn-Q3)-Mn
Also at the highest substitution levels, roughly G965 bond angles are 169.9° and 168.9°, respectively.
<1.0, the structure remains cubic at low temperature. The For x=0.5, 0.55, 0.6, 0&x<1, y=0.58 and 0.7&y
magnetic structures ai, C, andG type, as shown in Fig. <1, antiferromagnetic and nuclear structural transitions take
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FIG. 8. (Left) refined Mn magnetic moment for=0.5, 0.55, 0.6, 0.8, 0.9, and 1. Fo+ 0.9, both theC- and G-type refined moments
are plotted. The&-type Mn spins order suddenly as evidenced in the abrupt appearance of the magnetic peaks as the temperature is lowered.
Ferromagnetic X=0.5, 0.55; open circlesand G-type magnetic transitionsx& 1.0) are not first-ordertMiddle) lattice parameters of
=0.5, 0.55 and 0.6 as a function of temperature. ¥e10.5, the figure shows lattice parameters for both the coexisting tetragonal and
orthorhombic phases beloWy, . (Right) lattice parameters fax=0.8, 0.9, and 1.0 as a function of temperature.

place at exactly the same temperature. These transitions gpertions of raw neutron diffraction data in thekspacing
first order (except forx=1.0) as indicated by the abrupt range of 36 6 A for x=0.8, 0.9 and 1.0. As shown in the
discontinuity of the refined magnetic moment, lattice param<{igure, magnetic peaks of th@ type appear below 263 K in
eters(Figs. 8, 9, and the hysteretic behavior of the resistivity the x=0.8 neutron diffraction patterns, of ti@ type below
and magnetic susceptibility measured upon cooling and hea240 K in thex=1.0 patterns, and of and G types below
ing (Fig. 4). For 0.6<x=<0.8 and 0.58y=<0.78, structural 200 and~155 K, respectively, fox=0.9. It is worth noting
transitions precedes the magnetic transitions. that the most favorable agreement factors of our refinements
Among all samples, th«=0.94 and 0.95 samples are were obtained when the tetragonal and cubic structures were
particularly interesting because they lie near or at the bottorassociated with th€- and G-type magnetic states, respec-
of a valley on the phase diagramithin the resolution of our tively, and that the weight fraction of th&-type phase re-
compositional griflthat separates th@- andG-type antifer-  fined to~14 and 30 % foix=0.9 andx=0.94, respectively.
romagnetic states by a sharp nearly “vertical” boundary lineThis observed phase coexisteriseparatiophis in agreement
(see Fig. B Lag oSl oMNO; has the lowesiy value of  with several theoretical modéls® suggesting that unstable
~104 K when compared to its neighbdfer example~240  canted antiferromagnetic structures result in electronic phase
K for SrMnQ;, and ~140 and 200 K forx=0.94 and 0.9, separation into different magnetic domai=M-AFM do-
respectively. Neutron diffraction data for mains or AFM-AFM domains Yunoki et al3*3 suggested
Lag geSlh.9iMNOz—displayed in Fig. 10—show a single that this tendency to phase separation seems to be an intrin-
phase cubic 200 reflection in tliespacing range of 1.8—2 A sic property of the double exchange model. Recent neutron
above 140 K and a partial transformation to the tetragonascattering® ¢ and NMR (Ref. 39 measurements gave an
I4/mcm structure(220 and 004 reflectionsat lower tem-  experimental evidence for the existence of such a phase
peratures. For these=0.9—0.95 samples, a strong competi- separation in La ,CaMnO; with 0.92<x<0.97, for
tion between the AFMC- and G-type states appears to be example® in the form of ferromagnetic droplets within the
taking place resulting in a phase separation and the coexishost AFM structure. We should note, however, that such a
ence of the two states at low temperatures. Figure 11, showsM phase is not observed in the La(Pr)Sr,MnO; systems

094431-8



STRUCTURE AND MAGNETIC PHASE DIAGRAMS @ . .. PHYSICAL REVIEW B 67, 094431 (2003

Pr. Sr MnO
LB r1'|y ry r,_rsv., : 132 Lao 06Sr0 94Mno3
5505 5 ottt ag, : :
o é 2.4

Y, S o S

0.58 ot Y
‘_’__’)J)/‘/' j08

2000 |
5.40

Neutron counts (arb. units)

5.30 F
5.56 0.
5.48
00
__ 540¢
< | =
[2) F «Q )
% :22 . A w?w““:32§_ 188 1.90 1.92
' ) .
§ s BEE s i 3 d-spacing (A)
8 s48f }T*:\H-\‘\-..; 24 3§
8 _ N g FIG. 10. Splitting of the cubic 200 reflection (y.gSry 9MNO;
% 540 g y =074 > 716 = sample into two tetragonal 220 and 004 reflections as a function of
e \ o decreasing temperature.
~M 0.8
532 f \ 3
o+ it Fae] 0
5.46 ] T . —
124 1200 | (a) SrMnO3 E

2 800 |

5.38 | 240 K1

534 | .

0 50 100 150 200 250 300 350 '
T(K)

L

_ i

116 400 § k N 230 K]
}L ‘ L 1 1.0K—

.
T

(b) La0.1Sr0'gMnO3:

o

[}

o

o
T

FIG. 9. Lattice parametef$illed symbolg and refined magnetic
moments(open symbols of Pr;_,Sr,MnO; (y=0.58, 0.66, 0.74,
and 0.86.

at the cubid G-type)/tetragonalC-type) phase boundary but 400 | i
as will be seen in the next paragraph phase separation of

FM-AFM domains does occur for=0.5.

Neutron Counts (arb. units)

For L&, sSrp gMnO;3, charge and/or orbital ordering of the )

Mn3* and Mrf* ions could be expected in a way similar to 0 ot }
what was observed in laCasMnO; (Ref. 40 and 1600 [ (c) La Sr, MnO,_ ;
Nd, Ca, MnO;,*! for example. We, therefore, examined the ]
structural behavior of LgSrsMnO; at temperatures be- e 290 K1
tween 38 and 450 K and found that it crystallizes in a tetrag- "

onal structure of space groug/mcmbetween 135 and 450 800 263 K
K (approaching cubic symmetry at 450.KAs for the mag- _,\”‘__/\_ 260 K
netic structure, the Mn spins first align ferromagnetically at r g
temperatures below 320 K and then antiferromagnetically at 0 JL_,_J\'\ N j\\iss K

temperatures below 135 KT(). Below Ty, part of the

sample gradually transforms from the FM tetragddincm

phase to an orbital-ordered-type AFM orthorhombic

Fmmmphase and the two phases coexist at our lowest mea- F|G. 11. Raw neutron diffraction data in tidespacing range of

sured temperature of 38 K. Our data could not provide ans to 6 A showing magnetic peaks of ti&type forx=0.8, of the

evidence for charge ordering in this 451, sMnO3 phase. G-type forx=1.0 and of theC- andG-types forx= 0.9 (see text for
The quality of our LgsSrpsMnO; sample as a single- more details
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d-spacing (A)
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FIG. 12. (a) Best fit Rietveld refinements for kaSr sMnO; at 38, 300, and 450 K showing a pseudocubic tetragonal single phase
material near 450 K, a tetragoni@/mcmstructure between 1507() and 450 K, and the coexistence of tetragonal and orthorhombic phases
below Ty . (b) Splitting of the tetragonal 220 and 004 peaks into orthorhombic peaks below 150 K fe8.eMnO;.

phase material at all temperatures above 135 K and the evoaodel was assumed because of the resolution limit of our

lution of the tetragonal 220 and 004 peaks as a function oflata and the overlap of many peaks of the different phases.
decreasing temperature are shown in Figgajland 12b),

As shown in Fig. 18), a considerable strain of up t00.4%
respectively. The coexistence, at 38 K,-e#4% (by weighi

: develops below the tetragonal to orthorhombic structural
of the FM tetragonal phase with 56% of the AFM ortho- phase transition temperature. The magnitude of these strains

rhombic phase is an indication of a strong competition beis similar to those obtained in brominated Y£Bax0; ., 5 for

tween these two magnetic states—in agreement with van dgghich the nuclear Bragg peaks were severely broad&ed.
Brink and Khomskii's calculatiorsthat predict very similar

§ The grain size of the tetragonal phase appears to be constant
energies for the FM and the andC-type AFM states—that  5¢ temperatures above220 K but then decreases continu-
endupina phase separaﬂon,' Fig)8The exact' natur.e and ously as the temperature is lowered belev220 K, Fig.
shape of th'.s phase separation need 10 be investigated li b). An opposite behavior is observed, as expected, for the
direct analytical techniques such as HRTEM, for example. ~."" . : S
However, there are at least two models that may explain oup'ain size of the orthorhombic phase whg:_h INcreases .belc_)w

: . ."the temperature of structural phase transition. The grain size
results: modela), phase separation taking place at the mi- P o P g
croscopic level within each grain which means that theof the AFM domains is, on the other hand, smaller than that
orthorhombic phase starts nucleating within the tetragonaf e nuclear phase and appears to be constant at about 750
matrix (grain) and then, as the temperature is lowered, the¢" @S shown in Fig. 1®). Because of the overlap of the
grain size of the orthorhombic phase increases at the expen82gnetic and nuclear peaks for the FM tetragonal phase, the
of the grain size of the host matrix and mode), some of calculated FM domains were similar in size to the corre-
the tetragonal grains convert wholly to the orthorhombicsPonding nuclear tetragonal phase but with much larger error
phase while the remaining grains would remain tetragonal. Ifpars (not shown. We should note, however, that the large
either of these two models, one would expect the developerror bars for the values of the grain size of the orthorhombic
ment of considerable strains below the phase transitiophase are due to the fact that this phase grows from a few

whether due to the two phases coexisting within the sampercent(by weighy at 180 K up to a maximum of 56% at 38

grain or in proximity of each other. On the other hand, theK. Thus, our results suggest that phase separation in

grain size of the two phases is expected to vary in méalel LagsSrpsMnO; takes place according to mode) which is

and to remain constant in modgl). As such, the analysis of also in agreement with the TEM observations of Uehara’s

the peak broadening and peak shape parameters as a functieinal** of coexisting sub-micrometer size magnetic and

of temperature may weigh in favor of one of the two models.nuclear domains within the same grain ingls&a sMnOs.

Our refinements were carried out including four independenEurthermore, Huangt al,** reported a neutron diffraction

sets of peak shape parametéim the nuclear and magnetic study showing the existence of a similar phase separation in

phases On the other hand, an isotropic peak broadeningd-a;sCa sMnO3; and at the onset of the phase separation they
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La Sr MnO temperatures thus providing an easy path for conductivity.
T : 0'5. 93 .3 . T These results are in good agreement with the results of
04 3 (@) T Akimoto et al!® and Moritomoet all’ showing a metallic
behavior for their A-type AFM LagsSrpsMnO; and
Lag 46515 54MNO3 samples, respectively. The samples studied
g 03l 4 in these references, however, also contain a fair amount of
c FM metallic tetragonal and/or rhombohedral phases at the
% % lowest temperatures.
- To better understand the metallic behavior of &er0.5
s °2r + [ sample, it became necessary to investigate other composi-
E: L tions forx near 0.5 that exhibit less competition between the
8 % % i . " FM and AFM statedi.e., for compositions in which all the
o1k } P L] J sample transforms suddenly from tetragonal to orthorhombic
; over a very narrow temperature rang&€he x=0.55 andx
5000 r . . r r =0.6 samples provide this opportunity. As shown in Fig. 6,
4500 ] (b) - the x=Q.55 sample undergoes a series of transitions: para-
z magnetic(PM) tetragonal to FM tetragonal and then a sud-
> 4000 1 1 den structural and magnetic phase transition to an AFM
N 3500 . orthorhombic single phase below200 K. The x=0.6
£ 3000 ] sample shows a direct transition from the PM tetragonal
g phase to the AFM orthorhombic phase without ever becom-
,S” 2500 1 ) ing ferromagnetic(within the resolution of our measure-
% 2000 - . ments, Fig. 14. Lattice parameters for thke=0.5, 0.55, 0.6
2 15004 i samples displayed in Fig. 8 show the first-order nature of the
g 1000 structu_ral transition from the tetragonal phase to the ortho-
) ] rhombic phase. Once again, the hysteretic behavior of the
500 . resistivity and magnetic susceptibility confirm that this struc-
0 i : . : tural transition is first order. For=0.55, resistivity measure-
0 100 200 300 400 ments also show a semiconductinglike behavior in the para-

T (K) magnetic region, a metallic behavior when the material
becomes FM and an insulating behavior in the AFM region.
FIG. 13. La3sShsMnO;: Calculated strainga) and grain size  The x=0.60 sample is insulating at all temperatures with a
(b) for the tetragonal phagéilled symbols and orthorhombic phase very weak kink in the resistivity observed af,. These re-
(open circles The grain size of the AFM domains is represented bysyults clearly show that a metallic behavior of our ceramic
open triangles. samples is observed only when the sample is ferromagnetic
or when it contains a fraction of a ferromagnetic phase.
observed Bragg peaks that were at least three times as brobihwever, our resistivity measurements should not be consid-
as their instrument resolution. The existence of phase separed conclusive because of the ceramic nature of the samples
ration in other CMR manganites was also reported by otheand the presence of grain boundaries. Thus, our data cannot
groups?~%® Also shown in Fig. 1®), the behavior of the conclusively rule out the metallic behavior of thetype
grain size for both the tetragonal and orthorhombic phaseAFM materials. Indeed, it is possible that the ground state of
can be extrapolated to about 220 K suggesting that the nucléhe A-type AFM configuration may be metallic due to its 2D
ation of the orthorhombic phase may have started at thisharacter and to the metallic property of the ferromagnetic
temperature but that this phase grows to reach a sufficiersheets but then one would expect a strong anisotropy in the
coherence length for neutron diffraction peaks to be observedlectrical and transport properties between the directions that
only below ~180 K. are parallel or perpendicular to these ferromagnetic sheets.
Based on the above observations, we expect interestinBuggestions of such a behavior have actually been proposed
features in the resistivity and magnetization measurementis the literature but to the best of our knowledge, no conclu-
for this x=0.5 sample. Indeed, resistivity measurementssive proof has been so far presented. Obviously, to prove this
show a metallic behavior for the sample at all temperaturepoint various measurements on a single crystal should be
up to 400 K with a kink at~320 K that corresponds to the conducted along the different directions of the crystal. In
ferromagnetic ordering of the Mn spins. Below 180 K, how- agreement with this argument, Kawaebal,*’ using inelas-
ever, no increase in resistivity was observed that would othtic neutron scattering, showed that spin waves propagating
erwise be in agreement with the observed antiferromagnetiwithin the ferromagnetic planes have the greatest spin wave
ordering of the sample. The sample remained metallic to thenergy and that the spin wave dispersion relations, for the
lowest temperatures of our measurements. It is important té-type antiferromagnetic NG5Sty sgMnO3, are anisotropic
note, however, that the two dimensional ferromagnetic sheetss determined from the excitation measurements along the
may still be conducting and that a large fraction of the te-directions parallel and perpendicular to the ferromagnetic
tragonalmetallic FM phase remained present to the lowestplanes.
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structures, respectivelyb) Evolution of the Bragg peaks between 1.8 and 2 A as a function of temperature.

CONCLUSIONS that theA-type magnetic structure is favored when the MnO

. . octahedra possess two short Mn-O and four long bond
Lal_X_Serv_InO3 ;amples with O'I.SX.Sl were synthe_S|zed lengths, thus, giving rise to orthorhomdianmmsymmetry
and studied in a single-phase ;t0|ch|ometr|c perpysklte formand to AFM interactions along the short bonds. On the other
Pr_ySyMnO, samples covering the_ composmon rangehand, theC-type magnetic phase is characterized by two
0.58<y<1 were also synthesued. We investigated the magy, ng Mn-O bond lengths along which the ferromagnetic in-
netic and resistive properties and the structural behavior Qgéractions take place and four short Mn-O bonds and the host
these compounds as a function of temperature. Our resql ructure is tetragonal. Finally, we used our data to find the
enabled the construction of the full structural and magneti quilibrium interatomic distances fdiLa-O], [Pr-O], and
phase d|agram for L;a,SrMnO; and a partial phase d|g— [Sr-QJ. Contrary to the common expectatic[;Sr—O] is’actu—
gratm for highly cil_(t)_pede:{eryMPOg. We Sht(.JW that(;her?fls ally shorter than the interatomic distances[lb&-O] or [Pr-

a strong conf1pe : '8”5 € deen .er.rlomagne ISm an ban ! erroo]_ The use of correct interatomic distances is important for
magnetism forx~0.5 and a similar _co_mpetmqn eWeeN e calculation of tolerance factors and for the prediction of
C-type andG-type AFM for x~0.95. It is interesting to note stability and properties of perovskite magnitud®s.

that for x or y~0.95-where the Mn-O-Mn bond angles are

only slightly distorted-we do not observe any intermediate

FM phase similar to that observed iR,(Ca)MnG; systems ACKNOWLEDGMENTS
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