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By combining the results of magnetization, resistivity, and neutron powder-diffraction data for stoichio-
metric La _,Sr,MnO;, we have constructed a phase diagram that describes the magnetic, transport, and
structural properties and the relationships among them as a function of compositieitx012) and tem-
perature(10—340 K. We show that, with increasing Sr content, the Curie temperature increases linearly, while
the temperature of an orbital ordering transition to a state with a large coherent JahntIBlldistortion
decreases. These two phase-transition lines cross=&t 145 andT=210K. When the transition to the
ferromagnetic state occurs in a phase that has a large coherent JT disto#tiOrig5), a strong magnetolat-
tice coupling is observed; the coherent JT distortion is dramatically reduced and the incoherent distortion is
enhanced in the ferromagnetic phase. kor0.145, where the coherent JT distortion is small above Curie
temperature, magnetolattice coupling reduces the incoherent distortidg ahd strongly suppresses the
transition to a phase with a large coherent JT distortion. These observations are consistent with a competition
between ferromagnetism and JT distortion that is mediated by a colossal spin-charge-lattice coupling. A
metallic state occurs below the Curie temperature when both coherent and incoherent JT distortions are
suppressed.S0163-182009)14933-9

INTRODUCTION tions results in a very rich structure-property phase diagram
for moderately substituted La,Sr,MnO3; materials, 0.%&Xx

Pure and substituted La,Sr,MnO; materials are of con- <0.2?7'° Recent theoretical work indeed shows that the
siderable current interest owing to a very large spin-chargeexplanation of the transport and magnetic properties requires
lattice coupling that causes a colossal magnetoresistive effegbnsideration of all magnetic and electron-phonon
for the ferromagnetic phasa&# 0.1) near the Curie tempera- interactions6-18
ture, Tc.* For LaMnQ;, molecular orbital theory in accor-  ypon substitution of Sr, La ,S,,MnOs transforms from
dance with the_Paull_enguslmn principle predicts a high-spingn antiferromagnetic insulator to a ferromagnetic insulator at
electronic configuratiorn;,ey for the Mr** ions @*) with  v~01 and to a ferromagnetic metal at=0.1612715 The

. . 2-5 . X - | i ) " X :

corelike t;, states and extendeel, orbitals™™ This elec-  cyrie temperature increases with Sr substitution frof60
tronic configuration is susceptible to a strong electrony for x~0.1to~300K for x~0.2. Reported values of the
phonon coupling of the Jahn-TelledT) type that splits the ., hsitions and temperatures for the magnetic and resistive

&, states into filledd,2 and emptyd,z_y2 orbitals, and, thus, - 4 hitions vary substantially in the literature, depending on
produces large asymmetric oxygen displacements. In add{he sample processing method and synthesis conditfons.

tion, thg magnet_lc sup_er_exchange interaction produces ferro- Three distorted structural phases of the cubic perovskite
magnetic coupling within the Mn-O planes between JT- : o
structure have been identified at room temperature as a func-

ordered orbitals of dissimilar symmetry and o 6-912131
antiferromagnetic coupling perpendicular to the planes pelion of Sr substitution level for &x=0.2. For pure

tween orbitals of the same symmetry. The resulting in-plan@nd lightly ,substituted materials, the orthorhomistbonm
orbital ordered and thé-type three-dimensional antiferro- Structure ©'), characterized by large cohe_rgr;;[ gb'tal order-
magnetic structures were observed in both the long-faige ing of the JT type and/a<v2, was found™*****The co-
and short-rang8 measurements. herent JT distortion decreases with increased Sr substitution
With Sr substitution, a fraction of electrons is removedlevel.***Abovex~0.08-0.12, a phase(*) with the same
from the d,2 orbital causing weakening of both the JT- orthorhombicPbnmstructure but characterized by a consid-
electron-phonon coupling and the superexchange interactiogfably smaller cohzelrgnt JT-orbital ordering are~b
Empty states in the, orbitals also allow for spin-dependent ~¢/v2 is observed?** Structural analysis by the pair-
electron hopping leading to a double-exchange ferromagdistribution function technique indicates that large incoher-
netic interaction and metallic conductivity:'* In addition, ~ent JT distortions are still present for this pha%at higher
however, electron-phonon coupling of the charge-ordered®r substitution levelx~0.16—0.18, the rhombohedrBBm
type is possible and can produce large symmetric oxygerstructure(R), characterized by the absence of a coherent JT
atom displacements and charge localization. Competition bearbital ordering, was observed; i.e., all Mn-O bonds have
tween these various magnetic and electron-phonon interaequal length for this phasé?? A structural phase transfor-
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mation induced by an external magnetic field was found for 400 — : TP ]
x=0.17, supporting a picture of strong coupling of the local 350F PABAMAGNETIC SEMCONDUCTING
spin moments and the charge carriers to the crystal Ittice. 3 1 GNSULATING |~ §_ inconerent-Large 3
Complex relationships among the structural, magnetic, £ 3005 PAHAMAGNHFC [, Ineoherent-Large ! ! ]
and charge-ordering transitions have been observed belowy 250F cSuLATING i i i ] i § FEPROMAGNETIC E
room temperature. Neutron-diffraction studies have shown 2 544 F meoherent-smai i i i ¥ i i Conerent-Aosent E
that the ferromagnetic ordering suppresses the coherent J18 : i i i I ]
distortion of theO’ phase, suggesting a strong coupling be- £ 150;’ 3 i ]
tween asymmetric distortion of the Mn-O bond lengths, the & 100} o EPOWGNeTc T reovaanerc 3
ferromagnetic ordering, and the transport properties.re- sob INSULATING o O s Comasont Sl ]
entrant structural transformation on cooling, fré@# to O’ : o Incoherent-Large  Incoherent-Small ]
and back toO*, has been reported for~0.12524 For 00 e oz our ode ors oz
similar compositions, a transition to a charge-ordered phase, xinLa Sr MnO
characterized by a commensurate structure withx2a e @
X 4a (wherea is the cubic perovskite lattice parameteras FIG. 1. Phase diagram summarizing the magnetic, transport, and

observed for large single crystafSRapid increases of resis- structural properties of La,Sr,MnO; as a function of composi-
tivity corresponding to charge ordering were seen for singlgion, 0.1=x<0.2, and temperature, $0T <350 K. The marks de-
crystals and bulk samplé&?* Again, the reported values of note: temperatures of anomalies in resistance caused by the ferro-
the compositions and temperatures for the various transition®agnetic(filled diamond and structural-electronitopen triangle
vary in the literature among different researchérd>1%24  transitions, temperatures of ferromagnetic transitions obtained from
Moreover, various phase diagrams were constructed usir?agnetization measurementefilled  circles, temperatures of
physical and structural information obtained for dissimilardécreased-magnetization anomalies caused by the structural-
samples. electronic transitiongopen circles

The discrepancies among existing phase diagrams may o _ .
result from comparing the behavior of compositions that aréemperature. With increasing Sr content, the Curie tempera-
incorrectly assumed to have the same doping I&#&IThe ture increases, while the structural transition temperatures
resistivity, Tc, and structural properties can depend, in adfrom O* to O’ (large coherent JT-orbital orderingndR to
dition to the Sr substitution level, on chemical stoichiometryO* (small coherent JT-orbital orderinglecrease. Crossing
that is a function of the synthesis conditicfis®! Research ~ of magnetic and structural phase-transition lines results in six
on pure and substituted LaMn®as shown that there can be distinct phases with various interrelated structural and physi-
large deviations from nominal stoichiometry that are cause&al properties as shown in Fig. 1. In addition, a highly resis-
by the formation of vacancies on the metal sites while thelive phase, compatible with a charge-ordered state, with a
oxygen network is believed to remain undefectéd* For ~ reduced magnetic moment but no clear signature of super-
low and moderate substitution levels<&=<0.3), the per- Structure ordering in powder diffraction can be identified be-
ovskite structure can form a large concentration of vacanciesoW 150 K nearx~0.125. Forx<0.145 a strong magneto-
v, on both theA (La, Sr, etc) andB(Mn) sites during syn- lattice coupling below the Curie temperature suppresses the
thesis under oxidizing conditions. Formation of vacancy decoherent JT distortion of the orthorhoml@' phase but in
fects on theA and B sites in equal numbers would increase turn increases the incoherent JT distortion. ko10.145 the
the average Mn oxidation level by 6v. Because a variety ferromagnetic transition is accompanied by a slight decrease
of synthesis conditions have been employed, for exampleQf the incoherent JT distortion for the orthorhomi¢ and
annealing at high oxygen pressure at 6562@r annealing rhombohedraR phases. These results confirm that an insu-

in air at 1400 °C followed by quenching or fumace coolifig, lating phase is formed abovE; as a result of polaronic,

it is not surprising that the hole dopinghe average Mn coherent or incoherent, JT-induced charge localization in ad-
oxidation leve), h~x+6v, may differ considerably for dition to the spin scatterintf:'” The structural transforma-
samples made with the same Additionally, vacant metal tion from theO* to the O’ phase is strongly suppressed in
sites on the electronically active Mn-O network can producéhe ferromagnetic region for>0.145. The observed features
charge localization and cause local displacements of the oxyeoint to a competition between ferromagnetism and JT dis-
gen ions that may be improperly interpreted as resulting frontortion that is mediated by a colossal spin-charge-lattice cou-
electron-phonon interactions. Since the physical and strudling.

tural properties are complex and are very sensitive to the

12-16,19+ TR
hole_ concentra}tlo_ﬁz, it is of critical importance to es- SAMPLE PREPARATION

tabh_sh the intrinsic phase diagram as a fupct!on of the hole AND EXPERIMENTAL DETAILS

doping; i.e., a function of the Sr substitution level for

samples that contain no metal-site vacancies Q). Polycrystalline samples of La,SrMnO; with 0.1=<x

We report here a study of the resistive, magnetic, and<0.2 andAx=0.005, were synthesized from10 g batches
structural properties of homogenous;LaSrMnO;(0.1<sx  of a stoichiometric mixture of L#; (dried in Ar at 700 °Q,
<0.2) samples prepared in air under thermodynamic condiMnO, and SrCQ that were initially ground and fired at
tions, determined by thermogravimetric measurements, th&00 °C in air. Samples were dissolved in citric and nitric
assure the synthesis of stoichiometric material. The phasacids on a hot plate. Ammonium hydroxide was added to
diagram shown in Fig. 1 summarizes the magnetic, transporgbtain a complex citrate solution, p+b. The solution was
and structural properties as a function of composition andlried at 200—300 °C and decomposed in air at 500—800 °C.
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AT T T T T T +0.002 per molecule of La,Sr,Mn at the center of ex-
\ (a) ] tended weight plateau observed in TGA data at 1100 °C in
= 312} ' Heat/cool X = 0.10 Ar. This assignmen_t was based on the weight losses mea-
g [ in 20 % O ] sured by TGA in 50% K/Ar for LaMnO; and
8 08 2 ] La; ,CaMnO; materials where the reduction products are
- : I 1 stoichiometric LaO; and Cgy14,Mny11,1O compounds
3 I \\ and, thus, oxygen content can be calculated very accurately.
g 3.041 Heat in Ar ] For the Lg_,Sr,MnO; system, the reduction products con-
I \\ ] tain a nonstoichiometric la ,Sr,MnO,_; phase(y and &
3.00 are not known exactly i.e., a confirmation of the absolute
NS APPSR SN S SN SIS SIS S oxygen content as being 3.000 in Ar at 1100 °C cannot be
C : : ] done as precisely as it was done for the, L&LaMnO;
3.12¢ \\ (b) g materials®*
T 3.10f Heat/ Cool X = 0.15...5 Figure 2 shows that the starting materials annealed at high
£ r in 20 % O ] oxygen pressure as well as materials obtained after slow
8 3.08¢ : 2 \ ] cooling in 20% Q have effective oxygen contents substan-
S 3-06'; \ ] tially above 3. Since, in actuality, there is no excess oxygen
2 304 1 above 3 in the structure, but vacancies form on both metal
3 ; Heat i \ ] sites A and B, the vacancy concentration can be estimated
3.02 eat in Ar - .
; & ] (assuming equal amounts on both sitesv~d/(d+ 3). The
3.00 : e 1 observation of large effective oxygen contents clearly dem-
310 T onstrates that significant increases of the doping level are
: : () " 1 created for materials annealed in oxygen-rich atmospheres at
3.08 ] 700-1200°C. In addition, these large vacancy concentra-
= Heat/ Cool x = 0.20 tions may introduce local structural displacements and elec-
£ 3.06f in20 % O, 7 tronic inhomogeneity that would affect structural, magnetic,
3 i \ ] and transport properties, complicating understanding of the
§’ 3.04 1 intrinsic properties of the materials.
> : \ ] The TGA data on heating and cooling in 20% ®@as
O 302} TR ] quite reproducible in the temperature range 1100—-1400 °C;
i Heat in Ar \\ ] i.e., samples were near thermal equilibrium when slowly
3.00} ] heated and cooled. Weights of the samples approached stable
0 Son 900 500 800 1000 1200 1400 1600 levels indicating oxygen contents of 3.002.002 for tem-

peratures above 1400, around 1400, and 1350 °C xfor
=0.10, 0.15, and 0.20, respectively. The changes of the oxy-
FIG. 2. Oxygen contents in 20%,@nd Ar from thermogravi- gen contents close to these tempgratt{mﬂ;hlr_l +50°0
metric measurements for LaSr,MnO; samples witrk=0.10(a), ~ Were very small, less than 0.002. Since our aim was to pre-
0.15(b), and 0.20(c) annealed at 120 atm.,@t 800 °C. pare stoichiometric samples within the range of compositions
0.1=x=0.2 we could use firing in Ar at 1100 °C followed by
Sintering was done in air at 1400 °C for a day. Samples werést cooling or firing in air followed by quenching from
ground, pressed into pellets, and fired in air at 1450—1350 °@450 °C forx=0.10, and gradually lower temperatures for
overnight followed by a fast cooling to room temperature onsamples with largerx, to 1350°C for x=0.20. The
a Cu plate. This wet-chemistry method leads to denséa;_,SrMnO; samples prepared in Ar at 1100°C have
samples with homogenous mixing of the metal ions. shown very large resistivity probably due to a presence of
The final firing temperatures and oxygen atmosphere athe decomposed material at the grain boundaries. For that
well as holding times and cooling rates for obtaining sto-reason we have chosen to synthesize stoichiometric
ichiometric samples were determined from thermogravimetta, _,SrMnO; samples in air. The nearly stoichiometric
ric analysis(TGA) measurements performed using a highcompositions, d<0.003, were confirmed for these air-
sensitivity Cahn TG 171 system with slow heati®@deg/ quenched samples by performing additional TGA measure-
min) and cooling(0.6 deg/min rates. After synthesis in air at ments in 20% @ and Ar.
1400 °C, parts of the samples were annealed at 120 atat O  The purity of samples was checked by powder x-ray dif-
800 °C for two days and fast cooled to room temperaturefraction at room temperature after every firing and thermo-
About 1 g powdered samples were subjected to two consecigravimetric (TGA) measurement, confirming single-phase
tive TGA runs: First, samples were slowly heated to 1400 °Qmaterial in each case. All samples prepared in air at 1450—
and then cooled to room temperature in a 20%AD gas 1350 °C showed clean x-ray-diffraction patterns with sharp
mixture; and second, samples were slowly heated to 1150 °@eaks corresponding to the expected orthorhombic and
and fast cooled to room temperature in pure Arrhombohedral structures. At room temperature xk€0.10
(~10ppm Q). Figure 2 shows the oxygen contents from sample is orthorhombi®’ and a transition from the ortho-
TGA data for La_,Sr,MnO; samples withx=0.10, 0.15, rhombicO’ to theO* structure occurs around=0.11. The
and 0.20. The oxygen content was assumed to be 3.000=0.11 sample is mixed phase, mostly with t©é struc-

Temperature (°C)
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ture. Thex=0.115 composition is also mixed phase, mostly QBT T T T T 3
O*. Compositions fromx=0.12 to 0.165 are pure ortho- F oeeocoes : (@) E
rhombicO*. A transition from the orthorhombi©* phase 3 Raade adiie, La Sr, MO, ]
to rhombohedral phase occurs for the 0.17 composition. 06F ’ ' E
The sample is mixed phas®* and R in about equal > 05F H =20 Oe 3
amounts. Abovex=0.17, samples are rhombohedral. g oab T =170 K = 3
Neutron powder-diffraction data were obtained using the £ : ° ]
Special Environment Powder Diffractomet@EPD at Ar- s 03p E
gonne National Laboratory’s Intense Pulsed Neutron 02k 3
Source®® The powder samples were contained along with 0 d E
helium exchange gas in indium-sealed vanadium cans and i ;
cooled on a Displex closed-cycle refrigerator. Data were O e e T e
taken at closely spaced temperatures from 15-345 K with o8k 5 (b) 3 3
sufficient statistics at each temperature to provide accurate 07E e La Sr MO ]
refinements of atom positions and temperature factors. This N T 088 01z 3 3
required 2—4 h data collection times at each temperature. 5 °°¢F T =13K H=200e 1
Magnetization and resistivity measurements were performed E 05F - E
with a Quantum Design physical properties measurement & 04} T =177K— 3
system. S os3f 3
02 ]
MAGNETIC AND RESISTIVE PROPERTIES 01F ]
The structure-properties phase diagram shown in Fig. 1 O : — =
was constructed by combining the results of dc magnetiza- 0.7 (c) E
tion, ac susceptibility, resistivity, and structural measure- 0 65 La Sr .  MnO ]
ments. The phase transitions were found to exhibit distinc- T
tive signatures in each kind of measurement. In the following 5 ©0-5F H=200e 1
sections, the individual measurements are described in detail E 0.4f E
to illustrate how the phase transitions are identified. The & : 3
combination of measurements allows the correlated trans- = 0'3; E
port, magnetic, and structural phenomena to be characterizec 02F E
for each kind of phase transition that occurs in this system. oab T =260K E
Magnetic properties of all samples were studied using dc b il ]
magnetization and ac susceptibility measurements in small 0 T 00 ise T ho0  ss0 500 350
(~20 O@ and large(3 T) applied magnetic fields. A full Temperature (K)

description of the magnetic measurements together with the
data on the magnetic structures that were determined by the FiG. 3. Magnetizaton in a 20 Oe applied field for
neutron powder diffraction will be published elsewh&te. La, _,Sr,MnO; samples with compositions near the charge-ordering
Here, we focus attention on two main magnetic propertiestransition (To) for which the ferromagnetic transitiofT¢) appears
The clearly visible ferromagnetic transition and the less apin the orthorhombicO’ structure,x=0.11 (a), 0.12 (b), and 0.13
parent decreased-magnetization anomaly frequently oke).
served belov ¢ .%” Both transitions can be precisely defined
for small magnetic fields. These magnetic transitions havanomalies mark a decrease of the effective magnetic moment
been correlated with the resistive and structural transitions tof the bulk samples on cooling.
construct the structure-properties phase diagiaig. 1). Figure 4 shows magnetization data fo=0.155, 0.16,
Magnetization data obtained on cooling in a 20 Oe ap-and 0.165 samples for which the ferromagnetic transition
plied field are shown in Fig. 3 for La,Sr,MnO; samples  appears in the orthorhombi©* structure. Ferromagnetic
with compositions near the previously reported charge ordertransitions are sharp at 240, 248, and 256 Ker0.155,
ing transition,x~0.125?> Samples show reasonably sharp0.16, and 0.165, respectively, and continue to increase al-
ferromagnetic transitions witfic’s, defined as the tempera- most linearly with increasing composition. Again, low-field
tures for which theM(T) curves have the largest slope, at magnetization curves reveal in addition to ferromagnetic
170, 177, and 196 K fox=0.11, 0.12, and 0.13, respec- transitions weak magnetization anomalies at 180, 160, and
tively. All other samples for which a ferromagnetic transition 125 K for x=0.155, 0.16, and 0.165, respectively. These
appears in the orthorhombi®’ structure k<0.145) show anomalies below the Curie temperature correspond to ves-
similarly sharp transitions witfT¢’s increasing almost lin-  tiges of the structuraD* to O’ transition. Similar decreases
early with increasing composition. The magnetization curvesf the effective magnetic moment on cooling were observed
show, in addition to the ferromagnetic transitions, weakat systematically decreasing temperatures with increasing
magnetization anomalies at 135 and 145 K%er0.12 and  and always correlated very well with resistive transitions and
0.13, respectively, and a very weak anomaly at 120 Kxfor structural transformations.
=0.11 sample with transition temperatures defined again Figure 5 shows magnetization data for=0.175, 0.185,
from the largest slope of thé1(T) curves. These weak and 0.20 samples for which the ferromagnetic transition ap-
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FIG. 4. Magnetization in a 20 Oe applied field for FIG. 5. Magnetization in a 20 Oe applied field for
La; _,Sr,MnO; samples with compositions for which the ferromag- La; _,Sr,MnO; samples with compositions for which the ferromag-
netic transition T¢) appears in the orthorhomb@®* structure and  netic transition T¢) appears in the rhombohedmlstructure and
the structuralO* /O’ transition (Ts) appears in the ferromagnetic the structuralR/O* transition (Ts) appears in the ferromagnetic
phasex=0.155(a), 0.16 (b), and 0.165(c). phasex=0.175(a), 0.185(b), and 0.20(c).

pears in the rhombohedr&® structure. These samples show tion at lower temperature@enoted by a diamond at150
very sharp ferromagnetic transitions at 277, 291, and 310 KK), during which an exponential increase of the resistivity is
respectively. The low-field magnetization anomalies belowdistinctly reduced, coincides with the ferromagnetic phase
the Curie temperature at 200, 160, and 90 Kxer0.175, transition. This magnetoresistive transition temperature in-
0.185, and 0.20, respectively, correspond to vestiges of thereases with increasingand simultaneously becomes better
structuralR to O* transition that shifts to lower temperatures defined as a local drop of resistivity. Values for the structural
with increasingx. and magnetoresistive transition temperatures were taken as
Resistivity was measured using a standard four-lead dthe temperature of the largest change of resistivity. The fer-
method in zero applied field on cut bars with approximateromagnetic transition temperatures defined in this way are
dimensions 182X 1 mm. Several temperature-dependentclose to the local maximums of resistivity and coincide with
transitions can be seen in Fig. 6 for a series ofthe ferromagnetic transition temperatures obtained from
La; _,Sr,MnO; samples. Starting with the=0.10 composi- magnetization measurements. The structural and ferromag-
tion, two transitions can be observed superimposed on anetic transition temperatures cross around 220 K for compo-
overall insulating behavior. The upper transiti@enoted by  sitions betweenx=0.14 and 0.145.
a triangle at~325 K) appears as an increase of resistivity on ~ Within the range of compositions of 0.10-0.14, the resis-
cooling corresponding to the structural transformation fromtivity displays insulating behavior in both the paramagnetic
the O* to theO’ phase:*?*This resistive transition, associ- and ferromagnetic regions. Additional small increases of re-
ated with the structural transformation, shifts to lower tem-sistivity on cooling(denoted as dots in Fig.) &an be con-
peratures with increasing Sr substitution. The second transeéeivably seen at 130 and 135 K for=0.115 and 0.12
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YW T T T T decreasing temperatures that can be straightforwardly ex-
i \\ La Sr MnO 1 trapolated from the temperature of the structu®él to O’
£ 10 WX 1-x X 3 transition observed in the paramagnetic phase for
© \ = 3 =0.10-0.14. The temperature of the metal-insulator transi-
£ X = 0.10 ]
r \ Q17 1 tion in the ferromagnetic phase follows very closely the
2 10't b 115 3 decreased-magnetization anomalies in the magnetization
: A1 E i
2 : 0 }\Qﬂ\ ] measurements. Thus, the low-temperature metal-insulator re-
2 . 0.125 et sistive transition can be identified with the vestiges of the
2 107 structuralO* to O’ transition in the ferromagnetic phase.
& Forx=0.165 and 0.17 samples, additional increases of resis-
P tivity (denoted by inverted trianglesan be seen on cooling
107" = \ ~ in the paramagnetic phase at 310 and 290 K, respectively.
\ \ - These increases of resistivity correspond to the structural
R I \__+0.125 ] transformation from the rhombohedfto the orthorhombic
© \ \ W\ O* structuret??>8Since the structuraR to O* transition
£ o\ — . .
g 107 \ 0.135 Y E temperature decreases and the ferromagnetic transition tem-
-~ [ \ \ \’”\ ] perature increases with increasixighe transition lines cross
2 I : \&‘}\ ] around 280 K for compositions betwegr-0.17 and 0.175.
2 - \\ 0.145 /‘\ 1 The vestige of the structur&® to O* transition in the ferro-
7 107k 0.15 f\‘\ | magnetic phase can be observed as a weak resistive anomaly
T ; \ */X=0155\ ] in the metallic phase at-200 K for x=0.175. Similar
t e A s : i . . .. .
. ; ] anomalies of resistivity were seen at 155 K for single crystals
1o°5'.‘2'.1322 S .‘.'.'.‘E with x=0.1812
E \ 1 The resistivity for samples witk>0.175 is metallic for
T i Q155 1 all temperatures below the ferromagnetic transition. With in-
‘é o 016 Py crease ofx, the Curie temperature continues to increase lin-
£ NG N X early to values above 300 K for=0.2. The resistivity for
= —0.165\ A / % the rhombohedral phase above the Curie temperature is only
- \\\-%/ /“\ weakly increasing with decreasing temperature and becomes
2 402 .17 . It I S ] almost temperature independent for 0.2, consistent with
2 0.175 //%x = 0.20 ] the observation of a paramagnetic and metallic phase at high
o ' — = ] temperatures fox>0.2612
T [0.185 o™ p 0.
10° b
5

0 100 150 200 250 300 350 STRUCTURAL PROPERTIES
Temperature (K) . ) )
To relate physical properties to more precise structural

FIG. 6. Resistivities for a series of a,Sr,MnO; samples(a) information, neutron powder diffraction was done as a func-
x=0.10-0.125,b) x=0.125-0.155,c) x=0.155—0.20. Several tion of temperature for samples wit~=0.11, 0.135, 0.165,
transitions are denoted on the resistivity curves: The structuraind 0.185. The neutron diffraction technique can provide
transformation from thé* to the O’ phase(trianglg), the struc-  valuable data about the positions and coherent displacements
tural transition from theR to the O* phase(inverted trianglg the  of oxygen atoms. This data can be used to accurately deter-
ferromagnetic transitiofdiamond, and the charge-ordering transi- mine bond lengths and bond angles. In addition, this tech-
tion (doy. nigue can supply information regarding incoherent, static or

dynamic, oxygen displacements from examination of aniso-
samples, respectively. These increases of resistivity argopic Debye-Waller parameters. The pattern of the coherent
present at temperatures where a weak decreasedisplacements and the symmetry of the incoherent displace-
magnetization anomaly was seen for tke=0.11-0.13 ments can be used to obtain information about polaronic
samples, 130-145 K, and are also in agreement with thelectron-phonon interactions in both the paramagnetic and
resistivity data obtained for single crystals where the effecferromagnetic phases.
was clearly visible*?* Most probably, the grain-boundary ~ Powder neutron-diffraction data were collected for the
resistance broadens thiand othey resistive transitions for dense samples from 12 to 340 K using all detector banks at
polycrystalline samples. Since we have not observed anthe SEPD, but only the higher resolution backscattering data
structural anomaly at these compositions and temperatur§dd/d=0.035) were analyzed. Rietveld structural refine-
for our powder samples, we assume that the resistivity anchents were carried out using thesas code® over the
magnetic anomalies are probably caused by the developmedtspacing range 05d<4.0A. The background was mod-
of a charge-ordered phase near0.125, for which struc- eled using an eight-term cosine Fourier series. The diffrac-
tural evidence has been reported for large single cry$tals. tion peaks were described using a two-sided exponential that

For compositionsx=0.145—-0.175, a gradual develop- was convoluted with a Gaussian and a Lorenztian to describe
ment of the metallic phase can be observed below the ferrahe instrumental and sample contributions to the peak profile,
magnetic transition. The lower temperature boundary of theespectively. For each pattern, atom positions and thermal
metallic phasgdenoted by a triang)eshifts to successively parameters were refined. Based on previous reports for Sr-
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ARARNEAAS S Lanas AR LRl LR AR LA that confirms development of a large coherent JT distortion
E (@) ] on cooling; i.e., the transition from tH@* phase to th©’.*®
£ T=320K 1 The apical Mn-O bond shows a somewhat smaller decrease.
E At the transition from theD* to the O’ phase, the coherent
JT distortion rapidly increases from0.05 A to ~0.13 A.
The changes of lattice parameters and bond lengths are in
agreement with neutron-diffraction data for a single crystal
g of Lag g7651 1,MNn05.2* The average bond length shows a
TR TR T T slight increase consistent with more insulating bonds in the
AR o RRA R S SR O’ phase. Bond angles, shown in FigcB display a slight
E (b) 1 decrease, i.e., a departure from a straight 180° bond is in-
creased for th®’ phase, which also agrees with a weaker
orbital overlap of the Mn-O bonds.
3 The temperature dependences of the components of the
anisotropic Debye-Waller factor for the apical oxygen are
shown in Fig. &d). The incoherent JT distortions that can be
¢ derived from the Debye-Waller factors are large and some of
R them show substantial reductions at D& to O’ transition.
A aa o R AARAS RS The incoherent distortion in the direction of the Mn-O bond
(c) ] (Upa) shows a sharp drop below 300 K. Incoherent distor-
] tions in the plane perpendicular to the Mn-O bondl,{)
are larger but show almost linear temperature dependence.
Similar behavior of the incoherent distortions parallel and
perpendicular to the Mn-O bond was observed for the equa-
torial oxygen. The temperature dependences of these inco-
herent distortions in directions parallel and perpendicular to
the Mn-O bond imply the presence of large local JT distor-
12 13 14 15 16 1.7 18 19 20 tions for the Mn-Q octahedron in th®©* phase. The mag-
d-Spacing (A) nitude of the distortions;~ U(Oegper~0.1A, suggests
random, statically or dynamically, fully distorted octahedra.
FIG. 7. Observed neutron powder-diffraction data and Rietveldn the O’ phase, the random distortions decrease to
calculated pattern for the b@sSrp1,MNO; sample at 320 KQ*, VU(Ogq)perg~0.04 A at 150 K while the coherent JT distor-
a), 200K (0’, b), and 22 K 0%, ). Tick lines below the patterns  jong increase te- 0.13 A. Thus, the@* to O’ transition can
indicate positions of allowed Bragg and magnetic reflections. be characterized as an order-disorder transition. The ran-
domly disordered highly distorted Mng@ctahedrons in the
substituted materials, the patterns were indexed using a®* phase undergo long-range ordering in {Bé phase. It
orthorhombic cell, space groupbnm’~®2 The observed appears that the size and concentration of the JT-distorted
and calculated patterns for the data taken at 320, 200, and 22n-Og octahedra do not change significantly during the tran-
K for the x=0.11 sample are shown in Fig. 7. Since thesition. Consequently, a moderate increase of the resistivity in
samples are ferromagnetic at 22 K the determined magnetihe O’ phase results from the long-range JT-polaron order-
structure, space groupb’nm’, is included in the calculated ing, and possibly, a slight band narrowing due to an in-
pattern shown in Fig. 7. The refined structural parameters arereased Mn-O bond length and decreased Mn-O-Mn bond
given in Table | for x=0.11, 0.135, 0.165, and 0.185 angle.
samples at 12—-22 K. On further cooling, at temperatures beldw~150K, a
We will discuss the structural behavior of the seemingly “reverse” structural transition is observed from
La; _,Sr,MnO; samples in terms of the coherdittice pa- the O’ phase to a phase resembling the high-temperature
rameters, bond lengths, and bond angésl incoherentan-  (T>300K) orthorhombicO* structure. A coexistence of
isotropic Debye-Wallgrparameters. Figure 8 shows the tem-both the O’ and O* phases was observed as two sets of
perature dependence of these parameters in the orthorhomldistinct lines over the small range of temperatures 120—-140
space grougPbnmfor x=0.11. Theb andc lattice param- K (Fig. 8). At this transition, theb and c lattice parameters
eters[see Fig. 8)] on cooling display an abrupt increase abruptly decrease and increase, respectively, and kdttice
and decrease, respectively, Ted~300 K that correlates ex- parameter shows a weak discontinuity. These changes of the
actly with the temperature of the resistive anomaly and withattice parameters are in agreement with the neutron-
the O’ to O* structural transition seen in the x-ray diffrac- diffraction data for a crystal of Lg7sSIp.129MN0O;, which
tion as a function of increasing composition. Thdattice  displays similar behavid? The equatorial Mn-O bonds dis-
parameter does not show a visible discontinuity. Within theplay an abrupt decrease of the coherent JT distortion. The
Pbnmspace group, there are two nonequivalent oxygen poapical Mn-O bond shows a somewhat smaller decrease. The
sitions, apical and equatorial, which characterize distortiommesulting coherent JT distortion thus decreases @065 A,
of the Mn-Q; octahedron in terms of lengths of the Mn-O which is somewhat larger than the distortion in the paramag-
bonds. Figure &) shows the three Mn-O bond lengths and netic state for th@©* structure,~0.05 A. The unequal bond
their average. The equatorial bonds show an abrupt chandengths observed for ow=0.11 sample below 120 K are in

Intensity (arb. units)
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TABLE |. Refined structural parameters from neutron powder diffraction for orthorhonithom
La; ,SrMnOz x=0.11 at 22 Kx=0.13 at 15 Kx=0.165 at 12 K, ank=0.185 at 15 K.

x=0.11 x=0.13 x=0.165 x=0.185
a A) 5.53122) 5.53081) 5.52911) 5.529346)
b A) 5.52412) 5.51371) 5.49371) 5.4816Q7)
c (A) 7.78442) 7.78372) 7.77161) 7.75931)
Y (A3 237.8%1) 237.377) 236.061) 235.1806)
M (mB) 3.423) 3.464) 3.51) 3.565)
Mn Uiso(A2) 0.00033) 0.00072) 0.00042) 0.00022)
La/Sr X 0.00484) 0.00523) 0.00413) 0.00342)
y 0.47542) 0.47782) 0.482%2) 0.48692)
Uiso(A?) 0.001G2) 0.00092) 0.00081) 0.00071)
O(a) «x 0.06794) 0.06574) 0.063G3) 0.06092)
y —0.00844) —0.00834) —0.00624) —0.00563)
ui(A?) 0.003298) 0.00417) 0.00345) 0.001%3)
Up(A2) 0.0051) 0.0041) 0.0035%9) 0.00467)
uss(A?) 0.00589) 0.00569) 0.00378) 0.00346)
u;(A?) 0.00067) —0.00037) 0.00096) —0.00095)
o)  x 0.271Q4) 0.26983) 0.26672) 0.26382)
y 0.220%3) 0.22303) 0.22972) 0.23512)
z —0.03502) —0.03482) —0.03362) —0.03241)
u(A?) 0.00578) 0.00577) 0.00325) 0.00143)
uy(A?) 0.00326) 0.00265) 0.00385) 0.00284)
usx(A?) 0.00435) 0.005@5) 0.005%4) 0.00593)
u(A?) 0.00014) 0.00035) 0.00044) —0.00073)
uiz(A?) —0.00015) —0.00025) 0.00015) 0.00024)
Ups(A2) 0.000G5) 0.000a5) 0.001G5) 0.00134)
Rwep (%) 7.72% 8.76% 6.71% 6.1%
X2 (%) 3.07 2.93 3.14 2.24

disagreement with thex=0.125 single-crystal data that tions. Consequently, a less resistive state below 130 K results
showed bonds of equal magnitutfeThe average Mn-O from both removal of the spin scattering by the double-
bond length displays a small decrease consistent with lessxchange mechanism and suppression of the coherent JT-
insulating bonds in th©* phase. Also the bond angles dis- polaron ordering in theO* phase. The magnitudes of
play small increases in agreement with a stronger orbitathanges of the average bond length and bond angle indicate
overlap of the Mn-O bonds for th©* phase. Both effects a larger increase of the bandwidth during a magnetoresistive-
would lead to a small band widening. structural transition at 130—-170 K than the bandwidth de-
The temperature dependences of the anisotropic Debye&frease during the structural-resistive transition at 300 K.
Waller parameters show that incoherent JT distortions again Similar temperature-dependent neutron-diffraction mea-
become large below 150 K. The magnitude of the distortionssurements performed for the=0.13 composition confirmed
~0.08 A, confirms the presence of fully distorted octahe-the correlation between structural and physical properties
drons. Thus, the reverse transition can be characterized agaimat was observed for the=0.11 sample. According to the
as an order-disorder transition; i.e., the long-range ordererksistive and magnetic measurements,xhke.13 composi-
and highly distorted Mn-@octahedra in th®’ phase dis- tion should display theO* to O’ transition on cooling
order below 150 K in théd* phase. The size and concen- around 265 K, and a rever&’ to O* transition below 195
tration of the JT-distorted Mn-£octahedrons do not change K. Figures 9a)—9(d) show the lattice parameters, bond
significantly during the reverse transition; only the long-lengths, bond angles, and anisotropic Debye-Waller param-
range order is suppressed. eters forx=0.13. All coherent and incoherent parameters
The reversd’ to O* structural transition emerges within show the anticipated behavior. Structural changes are less
the lower temperature range of the magnetoresistive trans@éramatic than for thex=0.11 sample. For example, the co-
tion where a ferromagnetic state is almost fully establishedherent JT distortion increases from0.04 A to ~0.11 A
It seems that development of the ferromagnetic state gradwuring theO* to O’ transition and decreases back+0.06
ally suppresses the coherent JT distortion in @ephase. A at the reverseD’ to O* transition. The less dramatic
The magnitude of the resistive anomaly at the reverse trarehanges are in agreement with a smaller range of tempera-
sition, 130—170 K, is substantially more pronounced than theures where th®’ phase persists, and with the known de-
anomaly at 300 K. The resistive anomaly at 300 K is a resultrease of the coherent JT distortion for increasé#®’ The
of a purely structural transition while the anomaly at 130—observed relationships corroborate the conclusion that the
170 K is a result of both structural and ferromagnetic transi-O* to O’ transition is an order-disorder transition during
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FIG. 8. Refined coherent and incoherent structural parameters FIG. 9. Same as Fig. 8 for k@;Sry 1MnO;.

from neutron powder-diffraction measurements as a function of
temperature for LggSrh1iMnO5: (@) Lattice parameters(b) transition in theO* structure and to detect vestiges of the
Mn-O bond lengths and their average valge, Mn-O-Mn bond  structuralO* to O’ transition in the ferromagnetic phase,
angles,(d) Anisotropic Debye-Waller factors. temperature-dependent neutron-diffraction measurements
were performed for the<=0.165 sample. Figures (#®)—
which randomly disordered and highly distorted Mg-@-  10(d) show the relevant coherent and incoherent parameters.
tahedrons in th®©* phase undergo a long-range ordering inThe sample is rhombohedral at high temperature, 340 K.
the O’ phase. During the rever€®’ to O* transition, which  Since there is only one oxygen atom position for the rhom-
follows the ferromagnetic transition, the long-range orderingoohedral symmetry, there is one Mn-O-Mn bond angle, and
of highly distorted Mn-Q octahedra is suppressed. The re-all Mn-O bonds are of equal length; i.e., theréby symme-
sistive properties confirm that the coherent ordering of distry) no coherent JT distortion for this phase. The measured
torted Mn-Q octahedra increases resistivity via long-rangeDebye-Waller parameter is isotropic and similar in magni-
polaron localization and the ferromagnetic transition lowergude to that previously observed for tB& phase, indicating
the resistivity by removal of the spin scattering according tothe presence of incoherently distorted Mg-Gctahedra in
the double-exchange mechanism. The structural response biee rhombohedral pha$®.0n cooling below 340 K, the
low T to the ferromagnetic transition appears to be univerrhombohedral structure changes to orthorhontdicwith a
sal for the La_,Sr,MnO; system in the orthorhombi®’ small coherent JT distortion;-0.01 A. The average bond
structure. length increases significantly and the average bond angle de-
For both compositionsx=0.11 and 0.13, th®©* to O’ creases rapidly. These structural changes are consistent with
transition on cooling is present in the paramagnetic phasicreased resistivity upon the transition from the rhombohe-
while the ferromagnetic transition develops in Bé struc-  dral toO* phase seen for our samples and for single crystals
ture. To observe the structural response to the ferromagnetat similar compositions and temperatuté$>=8
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Y1 — S of the bandwidth in addition to removal of the spin scattering
ssaf (a) e by double exchange. The structural responsd atto the
< 5535 a o ] ferromagnetic transition appears to be universal for the
I A la S MnO 3 O* -structure-type for both Sr- and Ca-substituted materials.
B 552% 08357 0,165 "3 On cooling below ~ 160K, an additional structural
3 s E ] change takes place in the ferromagnetic phase. The tempera-
.é’ 5.50 F b ’&_?E,Z/E’ o ] ture range of this structural change correlates very well with
3 5.49 e N2 m_e,e—e/e/ ] the resistive and magnetic anomalies which can be clearly
T one ] identified with the vestiges of the structur@* to O’
1 P i " PR . .. R
o R N change. During the transition, the lattice parameter
= 19851 e \ M 50 ] abruptly increases. Thie lattice parameter shows a smaller
= 1.980f T et E increase while tha lattice parameter does not show a visible
£ E Mn-O N, a8 3 . o P
2 1975 o e e S discontinuity. The equatorial bonds show an abrupt change
2 1970 MOs T R that indicates development of a coherent JT distortion. The
5  4.965E /B‘E/E/a——a 3 apical Mn-O bond shows a smaller anomaly. The resulting
m E /" E . . . .
o 3 gt MO, ] coherent JT distortion increases only slightly fror9.01—
. e ) : 0.03 A. All these ch istent with@feto O’
N s ] ~0.03 A. lese changes are consistent with@feto O’
1:i5 i A transition that is suppressed in the ferromagnetic state, i.e., in
= T T T g the ferromagnetic state the orthorhombic structure is more
S ye3f- M"'(ENE'L.M/E‘B’E e ] alike the paramagneti©* phase than th&®’ phase. The
9 PR 1 relatively small value of the coherent JT distortion at 10 K
= L i | e 4 . . y . . . .
< 1e2f e T ] indicates a decrease of the coherent distortion with increased
,o—"——*—*/ ] . . .
2 - <Mn-O-Mn> ] x for the O* phase in the ferromagnetic state similar to the
@ 161y ] decrease of the larger coherent JT distortions for GHe
E 160 Mn-O,_-Mn - ] phase in the paramagnetic state. The Debye-Waller param-
< [ o— TN ] eter parallel to the Mn-O bond at 10 K is slightly smaller in
1) S PN SN IO S R SO value, ~0.004 A, than that observed for=0.11 and 0.13
E(d) = ] samples~0.005 and 0.006 A, respectively, indicating small
g ootor ’“ ] decrease of the large incoherent JT distortions for Gife
~% 0.008f U phase in the ferromagnetic state with increasinghe aver-
e i pore / ] age bond length shows a slight increase and the average
> 0.006 : . .
g F /N U, ] bond angle displays a slight decrease on cooling. These
% 0.004f e ] changes are, again, consistent with the more insulating bonds
2 o002k ] in the O’ phase as seen by the metal-insulator resistive tran-
< U : sition.
0.000, 50 100 150 200 250 300 350 The structural response to the ferromagnetic transition in
Temperature (K) the rhombohedral structure and vestiges of the strucRital
O* transition in the ferromagnetic phase were measured for
FIG. 10. Same as Fig. 8 for bgzsSro 16MNOs. thex=0.185 sample. Figures (a—11(d) show the relevant

coherent and incoherent parameters. At the ferromagnetic
transition at 290 K, small decreases appear for the rhombo-
On further cooling an abrupt decrease of the lattice pahedral lattice parameter and the Mn-O bond length. The

rameters appears at the ferromagnetic transition temperatub®nd angle displays a slight increase).2 degrees. Again,
Tc~256 K. The individual Mn-O bond lengths do not show these changes are consistent with the creation of the itinerant
clear drops below ¢ and the coherent Jahn-Teller distortion electrons and the development of metallic bonds in the fer-
remains practically unchanged. However, belbyw, the av- romagnetic phase. The incoherent distortions both along and
erage Mn-O bond length shows a slight decreas2003 A.  perpendicular to the Mn-O bond are quite large abdye
Simultaneously, the average bond angle displays a slight irand show a slight decrease suggesting the presence of
crease,~0.4 degrees. The decrease of the average bonsmaller incoherent JT distortions for the metallic and ferro-
lengths and the increase of the average bond angle befow magnetic phase.
are consistent with the creation of itinerant electrons and the On cooling below 150 K, théR structure transforms to
development of metallic bonds in the ferromagnetic phaseO* with a slightly increased average Mn-O bond length and
The incoherent JT distortion along the Mn-O bond shows alecreased average Mn-O-Mn bond angle. During the transi-
slight decrease. These changes, although smaller, are simibon a very small coherent JT distortion develops and the
to those seen at the ferromagnetic transition for thdncoherent JT distortion decreases further. At the lowest tem-
La; _,CaMnO; system with the sam®* structure but for peratures studied, the incoherent distortion along the Mn-O
different compositions and temperatures=0.22 (T bond reaches a value about half that observedkfef.11,
~186K) and 0.25 Tc~240K) *>* The sharp drops of re- 0.13, and 0.165 at the same temperature. Hence, we assign
sistivity at the ferromagnetic transition can be explainedthe x=0.185 composition to an “incoherent-small” regime
thus, as resulting from removal of charge localization belowat this temperature in Fig. 1. The changes of coherent and
Tc by a strong electron-phonon JT coupling and a narrowingncoherent JT distortions aR/O* transition are small
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5.54r T, e 1399 characterized by small coherent and small incoherent JT dis-
= ss3f PR SET LS el 11338 c tortions. Below the Curie temperature, in the ferromagnetic
g R {15.87 g phase, this orthorhombfb*. phase changes to an orthorhom-
g E o Lag g, S, 1gsMNO, ] p bic O* phase characterized by suppressed coherent JT-
g S PN 71996 g orbital ordering and large incoherent JT distortions. For
& sso0f & 11335 % 0.175<x<0.20, on cooling during the ferromagnetic transi-
'% 5.495 b 51&34 5;, tion the semiconductindRk phase changes to a metallR
- s o2 @ J phase with small incoherent JT distortions. Below the Curie
848 T e 18.39 temperature, in the ferromagnetic phase, tRisstructure
< 1~970; e MO / changes to an orthorhombRbnm structureO* character-
£ 196sf Tk 4 Mn-O // : ized by small coherent JT-orbital ordering and small incoher-
5 : R o ] ent JT distortions that is still metallic. Development of fer-
7 " T ] romagnetic order, thus, suppresses the coherent JT
R 1.964f 1 Mn-O_ ] distortions for theO’ phase and incoherent distortions for
?é 1.962; o o the O* andR phases.
1.960 T —] CONCLUSION
3 r Mn-O_-Mn ]
% 1841 B T The data clearly show that the ferromagnetic phase has
Zg’ 163} b s _\‘*—*’*: :cower reS|st;\_/|ty tthan _:he paramagnetic p_he:jse.bHowteve{, thle
3 ha— ; ] erromagnetic transition is accompanie y structura
g ez ] changes that can also cause a decrease of resistivity. The
s : ] suppression of coherent JT distortions lowers the resistivity
Q o “Mn-0,,-Mn © 1 but is not sufficient to produce a metallic phase unless large
2 b incoherent JT distortions are also removed. Over a limited
~ oo12f-9 e range of compositions around=0.125=1/8, a high resis-
‘:‘; 0'0105 Z/E/? ] tance phase with decreased ferromagnetic moment is present.
of 00085 2/;/ ] This p_hase may be a charge-or_dered phase fqr which a
5 T Voo s ] breathing-mode electron-phonon interaction dominates and
g 0006 o Vpar ] leads to charge localization. It is interesting to observe that
% 0.004 1 e the ferromagnetid : appears to be slightly depressed from a
2 0.002 ] linear increase wittx nearx~0.125 suggesting the suppres-
< o000k ] sion of ferromagnetism by breathing-mode fluctuations. For
[} 50 100 150 200 250 300 350

other compositions, the electron-phonon Jahn-Teller interac-
tions and the magnetic superexchange and double-exchange
FIG. 11. Same as Fig. 8 for bg,55r 15dMNO;. interactions are of similar strength. These interactions com-
pete for the samey electrons and, thus, lead to colossal

enough and partially compensating such that tke0.185  SPin-charge-lattice coupling.
composition remains metallic in tH@* phase. For 0.1<x<0.2, a competition between the electron-

Based on physical properties and structural data, the folPhonon Jahn-Teller and breathing-mode interactions, and the

lowing structure-properties relationships were developed fof@gnetic superexchange and double-exchange interactions
moderately substituted La, Sr,MnO;. As shown in Fig. 1, results in a rich structure-property phase diagram. The struc-

in the high-temperature paramagnetic regime, three structurgfral: magnetic, and resistive data show that the development
phases are present: orthorhomBlenmstructure O'), char- of ferromagnetic order competes with coherent JT distortions

acterized by the large coherent orbital ordering of the JT typdor the O” phase and with incoherent distortions for &

and small incoherent JT distortions; orthorhomtienm ~ Phase. The data confirm that charge localization ative
structure O*) characterized by a small coherent JT-orbital 21S€S from the spin scattering, a strong electron-phonon cou-
ordering and large incoherent JT distortions; rhombohedrdf!ing Mediated by the Jahn-Teller splitting of thg states,
R3m structure(R) characterized by the absence of a coheren[elnd possibly a narrowing of thg bandvy[dth: Th‘? structural
JT-orbital ordering and large incoherent JT distortions. FOIrespoilse afc to the ferrqmagne_tlc transition is universal for
0.10<x<0.145, during the ferromagnetic transition, thethe O. structure .type since it is the same as for the Ca-
orthorhombic O’ phase changes to an orthorhomkix substituted materials.

phase characterized by suppressed coherent JT-orbital order-
ing and large incoherent JT distortions. For 6<15<0.17,

on cooling during the ferromagnetic transition the insulating The work at NIU was supported by the ARPA/ONR and
orthorhombicO* phase changes to a metall@* phase at ANL by U.S. DOE(W-31-109-ENG-38

Temperature (K)

ACKNOWLEDGMENTS




PRB 60 STRUCTURE-PROPERTIES PHASE DIAGRAM FOR.. .. 7017

IR. M. Kusters, J. Singelton, D. A. Keen, R. McGreevy, and W. 23p. Asamitsu, Y. Moritomo, Y. Tomioka, T. Arima, and Y.

Hayes, Physica B55 362(1989. Tokura, NaturgLondon 373 407 (1995.

2C. Zener, Phys. Re82, 403(1951). 24, Pinsard, J. Rodriguez-Carvajal, A. H. Moudden, A. Anane, A.

3P. W. Anderson and H. Hasegawa, Phys. R0, 675 (1955. Revcolevschi, and C. Dupas, Physic&284-236 856 (1997).

4J. B. Goodenoughylagnetism and Chemical Bor@lViley, New 25y, Yamada, O. Hino, S. Nohdo, R. Kanao, T. Inami, and S.
York, 1963. Katano, Phys. Rev. Let%7, 904 (1996.

5p. A. Cox, Transition Metal OxidegClarendon, Oxford, 1995 263. A. M. Van Roosmalen and E. H. P. Cordfunke, J. Solid State

6E. O. Wollan and W. C. Koehler, Phys. ReM00, 545 (1955. Chem.110, 106 (1994.

7J. B. A. A. Elemans, B. Van. Laar, K. R. Van Der Veen, and B. 2’B. Dabrowski, K. Rogacki, X. Xiong, P. W. Klamut, R. Dybzin-
O. Loopstra, J. Solid State Che.238(1971). ski, J. Shaffer, and J. D. Jorgensen, Phys. Re\b83 2716

8Q. Huang, A. Santoro, J. W. Lynn, R. W. Erwin, J. A. Borchers,  (1998.
J. L. Peng, and R. L. Greene, Phys. Rev5® 14 987(1997). 283. A. M. Van Roosmalen, E. H. P. Cordfunke, R. B. Helmholdt,
9J. Rodriguez-Carvajal, M. Hennion, F. Moussa, A. H. Moudden, and H. W. Zandbergen, J. Solid State Chdrh0, 100 (1994).
L. Pinsard, and A. Revcolevschi, Phys. Rev. 3, R3189  2°J. A. M. Van Roosmalen and E. H. P. Cordfunke, J. Solid State
(1998. Chem.110, 109 (1994.
10y Murakami, J. P. Hill, D. Gibbs, M. Blume, I. Koyama, M. 3°J. A. M. Van Roosmalen and E. H. P. Cordfunke, J. Solid State
Tanaka, H. Kawata, T. Arima, Y. Tokura, K. Hirota, and Y. Chem.110, 113(1994.

Endoh, Phys. Rev. Let81, 582 (1998. 313. Toepfer and J. B. Goodenough, Chem. Mae467(1997).
11G. H. Jonker and J. H. Van Santen, Phygiéesterdam 16, 337  32P. Schiffer, A. P. Ramirez, W. Bao, and S.-W. Cheong, Phys.
(1950. Rev. Lett.75, 3336(1995.
12p . Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, 33M. Hervieu, R. Mahesh, N. Rangavittal, and C. N. R. Rao, Eur. J.
and Y. Tokura, Phys. Rev. B1, 14 103(1995. Solid State Inorg. Chen82, 79 (1995.
18H. Kawano, R. Kajimoto, and H. Yoshizawa, Phys. Revs®  *B. Dabrowski, R. Dybzinski, Z. Bukowski, O. Chmaissem, and J.
R14 709(1996. D. Jorgenserunpublished
143.-S. Zhou, J. B. Goodenough, A. Asamitsu, and Y. Tokura, Phys>®J. D. Jorgensen, J. Faber, Jr., J. M. Carpenter, R. K. Crawford, J.
Rev. Lett.79, 3234(1997. R. Haumann, R. L. Hitterman, R. Kleb, G. E. Ostrowski, F. J.
15y, Moritomo, A. Asamitsu, and Y. Tokura, Phys. Rev. 35, Rotella, and T. G. Worlton, J. Appl. Crystallog2, 321(1989.
12 190(1997). 36X. Xiong, Z. Bukowski, S. Kolesnik, B. Dabrowski, R. Dybzin-
A, J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev.  ski, O. Chmaissem, C. W. Kimball, and J. D. Jorgen@epub-
Lett. 74, 5144(1995. lished.
17A. J. Millis, B. 1. Shraiman, and R. Mueller, Phys. Rev. L&tt, %K. Ghosh, R. L. Greene, S. E. Lofland, S. M. Bhagat, S. G.
175(1996. Karabashev, D. A. Shulyatev, A. A. Arsenov, and Y. Mukovskii,
8H. Roder, J. Zhang, and A. R. Bishop, Phys. Rev. L#8t.1356 Phys. Rev. B58, 8206(1998.
(1996. 38A. J. Campbell, G. Balakrishnan, M. R. Lees, D. McK. Paul, and
193, F. Mitchell, D. N. Argyriou, C. D. Potter, D. G. Hinks, J. D. G. J. Mcintyre, Phys. Rev. B5, R8622(1997).
Jorgensen, and S. D. Bader, Phys. Re\a436172(1996. 39A. C. Larson and R. B. von Dreele, General Structure Analysis
2D, Louca, T. Egami, E. L. Brosha, H. Roder, and A. R. Bishop,  System, University of California, 1985-1990.
Phys. Rev. B56, R8475(1997). 40B. Dabrowski, Z. Bukowski, X. Xiong, K. Rogacki, P. W. Kla-
213. A. M. Van Roosmalen, P. van Vlaanderen, E. H. P. Cordfunke, mut, R. Dybzinski, J. E. Siewenie, C. W. Kimball, and J. D.
W. L. ljdo, and D. J. W. ljdo, J. Solid State Cherhl4, 516 Jorgenserunpublishegl
(1995. 4p. G. Radaelli, G. lannone, M. Marezio, H. Y. Hwang, S.-W.

22p . Radaelli, M. Marezio, H. Y. Hwang, S.-W. Cheong, and B.  Cheong, J. D. Jorgensen, and D. N. Argyriou, Phys. Re56B
Batlogg, Phys. Rev. B4, 8992(1996. 8265(1997).



