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Structural phase diagram of La; _,Sr,MnO 5, s: Relationship to magnetic
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The structural properties of La,Sr,MnO;, s have been studied using neutron powder diffraction as a
function of both Sr doping(0<x<0.225 and oxygen partial pressure during synthefs1x10 4
atm<P(0,)<1 atm|. A structural phase diagram constructed as a function of these parameters has a rhombo-
hedral phaseF€§c), an orthorhombic phasdPpnm), and a monoclinic phaseP@,/c). For a givenx, de-
creasing FO,) yields smaller cation vacancy concentrations. At low temperatureR fhiease is ferromagnetic,
while theM phase is antiferromagnetic. TlEphase is ferromagnetic far=0.125, and the ferromagnetism is
independent of th©-R phase transition that coincides with the transition from nonmetal to metal. Transport
measurements made between 20 and 350 K shovDtlzetdM samples are nonmetallidp/d T<0), while the
R samples exhibit a temperature-dependent nonmetal-to-metal transition at temperatures close to the Curie
temperature. Magnetoresistan@®®R) is observed in all three phases. The largest value at 9 T, found in the
orthorhombic and monoclinic samples, is of similar ortlep=py— pgr~10* Q cm) to that reported for 1B
colossal MR powder samples. However, our lower sintering temperatures result inpdarggues that yield
Aplpg1~230%.[S0163-182606)05833-X

I. INTRODUCTION Recent transport measurements by Urushileral? on
La; _,Sr,MnO; single crystals demonstrate that samples with
The observation of “colossal” magnetoresistari@R)  small levels of Sr dopingx<0.15 are nonmetallic even at
in manganese oxides crystallizing in the perovskite structuréow temperature, while those with higher Sr dopirig
has generated considerable interest in the physical properties0.15 are metallic at low temperature. These latter samples
of this class of compounds, particularly the interplay ofexhibit a metal-insulator transition close to the Curie tem-
structure, magnetism, and electronic transport. Colossal magperature Tc. Urushibara reports the largest magnetoresis-
netoresistance has been reported famong othens tance effect was observed for samples with0.175. For
La; M, MnO;, s (M=Sr,Ca,Ba,Ph'~® and L,,;Sr;;MnO, higher Sr doping levels, the MR decreases significantly as
(L=Nd,Sm,” and a vigorous search for new materials exhib-the samples become metallic.
iting this important property is currently underway. While in ~ Much attention has been paid to the undoped compound
the undoped compound LaMgQ; (6~0) the Mn ions are LaMnO;, 5. Van Roosmalen and co-workér$™'* have
formally trivalent(with an electron configurationggeé), lat- demonstrated from neutron powder diffraction and density
tice defects such as cation vacantiasd/or substitution of measurements that vacancies occur on both the rare-earth
divalent cations for L& can dope holes into the, levels,  and transition-metal sites in LaMRQ;, but that the oxygen
resulting in a formally mixed valent MY /MN* matrix; sublattice is fully occupied for this compound. The same
these doped holes may be either localized or itinerant. It igvorkers found no evidence for interstitial oxygen. They have
believed that the CMR effect is due to a double exchange o#lso shown that similar considerations apply for the Sr-doped
electrons between ferromagnetically coupled 3Mnand  lanthanum manganite. The consensus in the literature is that
Mn** ions?* and indeed as a general rule the materialgor high cation vacancy concentrations, LaMn@ crystal-
have the largest magnetoresistance in the same temperatlies in a rhombohedral structureR8c), while for less
regime as the onset of ferromagnetic ordering. More recation-defective compositions an orthorhombic structure
cently, Millis, Littlewood, and Shraimah have proposed (Pbnmn) is observed®®In addition, Yakel” has reported a
that the double exchange model alone does not wholly aanonoclinic phase for stoichiometric LaMg@. A number of
count for CMR in Lg_,Sr,MnOs, s and have claimed that a detailed investigations have been completed on the relation-
strong electron-phonon interaction arising from the Jahnship between crystal chemistry and structure in LaMn{
Teller splitting of the Mnd levels plays an important role. Jonker and van Sant¥hand Wold and Arnotf indepen-
Pickett and Singh have calculated the local spin-density apdently showed that the synthesis temperature ai@})Rcan
proximation band structure of ka,CaMnO; and claim that  be used to control the MA/Mn®" ratio; high synthesis tem-
metal-oxygen hybridization cannot be ignorédindepen-  peratureg~1350 °Q and/or reducing atmospheres produce
dent of its importance to the mechanism of CMR, the ferro-samples with small concentrations of #1n while lower
magnetism in these compounds is apparently stronglyemperatures~1100 °Q and/or oxidizing atmospheres re-
coupled to the lattice, as Asamitstial® have demonstrated sult in significant concentrations of M.

in Lag go551h.179MINO5 by inducing an orthorhombic to rhom- Important questions exist about the mechanism of the
bohedral structural phase transition with an applied magneti€MR in the perovskite manganese oxides. Crucial to both a
field. theoretical and experimental understanding of this phenom-
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enon is a detailed picture of the structural phase diagram, ithe  synthesis atmosphere. Using this procedure,
dependence on synthesis conditions and composition, theg;;.,SKEMNO;, ; samples were synthesized with=0.0,
structural parametergond lengths, angleédor the various 0.025, 0.075, 0.125, 0.175, and 0.225 undédJp of 1.0,
phases, and the nature and concentration of defects. In this194, 9.%x10°3, 1.0x103, and 2.1x10 * atm for each Sr
paper we report the structural, magnetic, and transport proggomposition.
erties of a series of LLa ,Sr,MnO;, ; sampleg0<x<0.225 Neutron-diffraction patterns were measured from all
prepared at 1000 °C under a range of oxygen partial pred-a; _,Sr,MnO3, ; samples using the special environment
sures, 2.K10 4 atm=P(O,)<1 atm. We map the structural powder diffractometer at Argonne’s Intense Pulsed Neutron
phase diagram versus and RO,), identifying three struc- Source?! For room-temperature measurements, the samples
tural polymorphs: rhombohedral R@c), orthorhombic ~were placed in vanadium cans. Data were collected on all
(Pbnm), and monoclinic P2,/c), the last of which has not detector banks, but only the higher resolution backscattering
previously been described in detail. Magnetic measuremengata(Ad/d=0.039 were analyzed. Diffraction patterns were
show that the rhombohedral samples become ferromagne@ialyzed by the Rietveld method using the progGeas
for x=0.125 and thafl; is sensitive to both Sr doping, In these refinements, data were analyzed ovedtspacing
and RO,). The latter is in distinct contrast with work re- range of 0.5-4 A. The background was modeled using an
ported on the relatedLa,CaMnOs, 5 systent® An antifer-  eight-term cosine Fourier series, and diffraction peaks were
romagnetic ground state is observed for the monocliniglescribed using a two-sided exponential that was convoluted
phase. The orthorhombic phase is known to be antiferromagwith a Gaussian and a Lorentzian to describe the instrumen-
netic for 0<x<0.1 and ferromagnetic for>0.14 We verify  tal and sample contribution to the peak profile, respectively.
that ferromagnetism is independent of crystal symmetry foAtom positions, temperature factors, and the occupancies of
x=0.125. Transport measurements on a range of sampldwth cation sites were refined. Certain samples contained two
indicate that both orthorhombic and monoclinic samples argolymorphs of La_,SrMnO;, 5. In these cases site occu-
nonmetallic throughout the temperature range 20Tk<350  pancies were not refined. For Sr-doped samples the La/Sr
K and that the rhombohedral samples undergo a metal-tgatio was fixed to that of the starting composition, and an
insulator transition at a temperature closeTt, consistent —overall occupancy for the site was refined.
with the double exchange model of transport. Measurements of both the susceptibility and magnetiza-
tion were performed in a Quantum Design PPMS 6000 sys-
tem. For resistivity measurements, pressed pellets of
Il. SAMPLE PREPARATION La,_,Sr,MnOs, s were cut into rectangular bafs-2x2x8
AND EXPERIMENTAL PROCEDURE mm°) and mounted on Corning Glass cover slides. Four wire

; : leads were attached with silver paint; extra silver paint was
The Lg_,Sr,MnOg, s series was synthesized by copre- .

cipitation of insoluble3 cﬁarbonates from a solution of the cor—use_d at the ends of the bar to improve thefma' contact. Th_e
responding nitrates. Starting materials consisted of the hingS|stance was measured with a bridge using de currents in
purity oxides LaO; (Johnson-Matthey REacton, 99.99% the range 1.'“A 0 0.5 fT‘A- T_he sample resistance ranged
and MnGQ, (Johnson-Matthey Puratronic, 99.99896rCO, from 0.5(2_ (in the metallic regimeup to several M) for the .
(Johnson-Matthey Puratronic, 99.99p%as used as a Sr nonmetallic samples at_Iow temperature. The magnetoresis-
source. LgO; was prefired in flowing oxygen at 1000 °C for tance was measured with an applied fiefdol and is de-

several hours to decompose residual carbonates, and tf3¢d as(po—pgr)lper Where p, and pgr are the resistance in
MnO, was treated in flowing oxygen at 425 °C and slowly zero field and applied field, respectively. Each sample was

cooled(1 °C/min) to room temperature. SrGQvas used as subjected to several cycles in both temperature and field to
received. Prefired Mnpwas dissolved in concentrated HCI insure that the measured resistance was not hysteretic. Care

and the solution was slowly evaporated to dryness. The resfyas _taken_ to insure that measurements were made in the
due was then redissolved in a minimum ofCH To remove Ohmic regime of the samples. Selected samp_les were mea-
chlorides, concentrated HNOwas added to the solution, sured using the van der Pauw metfibih ascertain absolute

which was again heated to dryness. The resulting pink solifesistivities.
was dissolved in ED. In a separate flask, concentrated nitric

acid was slowly added to a stoichiometric mixture of S§ECO lIl. STRUCTURAL PHASE DIAGRAM

and the prefired I__2®3. This soluthn was then. a_dded to the AND DEFECT CHEMISTRY

manganese solution and the cations coprecipitated by slow _ .

addition of a saturateNH,),CO; solution. Precipitation is Neutron-diffraction patterns measured from samples pre-

complete when the supernatant is slightly bagiel~7-8). pared for this study reveal three distinct structural phases at
The supernatant was then decanted and the precipitate driedom temperature: rhombohedraR), space groupR3c,

and pulverized to yield a fine, light pink precursor powder.orthorhombic Q), space grou®bnm and monoclinic 1),

The precursor powder was slowly heaté@l5 °C/min in space grougP?2,/c. From this information we construct the
flowing oxygen to 250 °C to remove water. The temperaturestructural phase diagram of La Sr,MnO;, s shown in Fig.
was then ramped at 10 °C/min to 1000 °C and held at thid as a function ok and RO,). Open circles in Fig. 1 denote
temperature for 10 h before rapidly cooling to room temperamixed-phase samples with approximately equal amounts of
ture. The resulting material is an extremely fine black pow-the R and O phase. For the purposes of this work, these
der. Subsequent annealing under vario(®,P (O,/Ar mix- samples delineate the rhombohedral-orthorhombic phase
tureg followed the same schedule: 10 °C/min to 1000 °C, 10boundary. In contrast, no mixtures & and M phase were

h at temperature, and rapid cool to room temperature imbserved in our samples. We find that Rghase occurs in
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FIG. 1. Structural phase diagram of,LgSrMnO;, sas a func- 1000 [ '
tion of Sr dopingx and RO,). R phase(®); O phase(W); M phase . Lag 4551, ,sMn0, :
(A). Mixed R- andO-phase sample®). Samples chosen for trans- 800 _ P(0,)=1x10" atm _
port measurements are marked bj. a 2 o0 b ]
£ Pbnm

(=]

g ]
the extreme regions of the phase diagram, bounded by the 4% [ . i ]
region 6=x=<0.175, 0.195 atriP(0,)<1.0 atm, and at all 200 L 1 : ]
measured ®,) for 0.175<x<0.225. For low PO,) values B ” 55 m f A E hl i i ]
(2.1X10™* atm<P(0,)<1.0x10 2 atm) and small Sr-doping o ' .
levels (0=x=0.079, the monoclinic M) phase is stable. P " SIS (HE AL pr et E LY
This latter result is consistent with the work Jonker and van T )

Sante® and Wold and Arnotf for undoped samples syn- 05 06 07 0809 1 ) ,
thesized under reducing conditions. As shown in Fig. 1, the ¢y =~ — =~ d-spacing (A)

O phase is found in the region between the rhombohedral . ‘

and monoclinic stability fields. Representative Rietveld fits LaMnO, X !

to the data for all three phases are shown in Fig. 2. Table | 400 [ P(0,)=2.1x10" atm ; }

lists the lattice parameters measured from all samples, and 300 | P2/

structural parameters are given in Tables II-IV.

We have also investigated a portion of the low-
temperature phase diagram of;LaSr,MnO;, s by measur-
ing neutron powder-diffraction patterns of selected samples : :
at 20 K. We find that the IOW-temperature phase diagram is " D om0 1
essentially the same as the one observed at room temperature 3 3
with the exception of certain rhombohedral samples lying A 3
close to theR-O phase boundary; these sampes-0.125, o , ‘ ]
0.175; RO,)=0.195 atm transformed to theD phase on 05 06 07 0809 1 ) 3
cooling. (c) d-spacing (&)

In the rhombohedral structure, the Mn ion is located at the
center of a nearly regular octahedron with O atoms at each FIG. 2. Observed(+) and fitted (continuous ling neutron-
vertex, as shown in Fig.(d). All Mn-O bonds are the same diffraction pattern measured frofa) rhombohedral(b) orthorhom-
length. Refined values for the O-Mn-O angles reveal that théic, and(c) monoclinic samples at room temperature. The differ-
axes of the Mn@octahedron are slightly distorted from 90°, ence between the observed and fitted patterns is displayed at the
the maximum distortion being approximately 1°. Neighbor-bottom of each figure. The expected reflection positions are marked
ing MnQOg; octahedra share vertices to form a three-underneath the diffraction pattern. The background has been sub-
dimensional network, while La and Sr are rand0m|y distrib-tracted. The small peak visible dt=1.45 A is due to Al from the
uted over equivalent 12-fold coordinated sites, at the centef@mple holder.
of eight MnQ; octahedra. Unlike the parent cubic perovskite
structure, the Mn@octahedra in the rhombohedral structure from this table, these metrical parameters are relatively in-
are tilted along th¢110], cubic direction; the O-Mn-O angle sensitive to Sr doping.
is ~163°. According to existing theories of MR, the critical  In the O phase[synthesized under conditions of reduced
structural parameters affecting magnetism and transport afO,), see Fig. ], the MnQ, octahedra are irregular, and the
the Mn-O-Mn tilt angle between linked octahedra and therhombohedral-to-orthorhombic phase transition can be un-
Mn-O distancé®!! It is thought that these parameters con-derstood as a cooperative Jahn-Teller distortion of these oc-
trol the electronic hopping matrix element and hence affectahedra. The Jahn-Teller distortion of an Mp@Gctahedron
the transport characteristics of the material. Table)ists  arises as a consequence of the orbitally degenerate electronic
bond lengths and angles for tiie phase. As can be seen state of the MA" ion in an octahedral crystal field. For a
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TABLE |. Lattice parameters for thR, O, andM phases as a function of Sr doping,and RO,). In
the cases where mixed phasesRoind O were observed in the sample, both sets of lattice parameters are

given.
X a(A) b (A) c (A) B ()
P(O,)=1 atm
0.0 5.524%1) 13.34461)
0.025 5.5278l) 13.337%2)
0.075 5.528(1) 13.34741)
0.125 5.524@l) 13.351@2)
0.175 5.518(1) 13.35543)(2)
0.225 5.51681) 13.36263)
P(0,)=0.195 atm
0.0 5.53472) 13.35213)
5.53512) 5.499%2) 7.79064)
0.025 5.5350) 13.355%4)
5.53622) 5.49692) 7.787G3)
0.075 5.536Q) 13.35165)
5.53842) 5.49612) 7.78333)
0.125 5.534(1) 13.36142)
0.175 5.529(1) 13.36443)
0.225 5.524p1) 13.36912)
P(0,)=9.1x10"3% atm
0.0 5.54142) 5.58272) 7.75573)
0.025 5.53922) 5.58282) 7.75943)
0.075 5.5422) 5.55932) 7.771G2)
0.125 5.542(1) 5.50901) 7.79311)
0.175 5.53501) 13.37172)
5.54183) 5.50562) 7.78884)
0.225 5.216@) 13.36512)
P(0,)=1.0x10"3% atm
0.0 7.94165) 7.71122) 7.931Q5) 91.48@2)
0.025 7.910@7) 7.72203) 7.92448) 91.1592)
0.075 7.878(%) 7.74122) 7.89434) 90.62a2)
0.125 5.54041) 5.51841) 7.79422)
0.175 5.533@) 13.369%7)
5.54344) 5.510%3) 7.78586)
0.225 5.52264) 13.36662)
P(0,)=2.1x10"* atm
0.0 7.96705) 7.700G2) 7.95645) 91.8842)
0.025 7.94285) 7.71542) 7.92625) 91.3992)
0.075 7.876®) 7.73762) 7.89764) 90.6812)
0.125 5.53744) 5.52363) 7.78423)
0.175 5.523¢) 13.37217)
5.54129) 5.53589) 7.7792)
0.225 5.525(1) 13.38513)

fixed temperature, a lower(8,) during synthesis leads to a between Mn and axial oxygen®,) and two between Mn
greater MA™ concentration in the sampleide infra). Asthe  and the equatorial oxygeri®,). Because of the cooperative
Mn3*/Mn*" ratio increases, the electronic energy gained bynature of the distortion of the Mn{Qbctahedra, two octahe-
removing the electronic degeneracy eventually outweighs thdral tilt angles result: Mn-QMn along thec axis and
elastic forces opposing distortion of the octahedral networkMn-O.,-Mn in the a-b plane. The La atom is also displaced
and a cooperative distortion of the octahedral network enfrom its ideal site along thELOO], direction. A section of the
sues. The result of such a cooperative Jahn-Teller distortioarthorhombic structure of Lgs;sSry 1,gMN0Os3, 5 is shown in

is the orthorhombic phase of LaSrMnO;, 5. The dis- Fig. 3(b). As shown in the figure, one long and two short
torted octahedron has three different Mn-O distances, on®n-O bond lengths are found, and while the Mg-Rin
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TABLE Il. Room-temperature structural parameters for the rhomboheRgd)(phase. Rietveld refine-
ments were carried out using the hexagonal setting of this space group. In this setting the La/Sr atoms reside
at (0,0,3/9, the Mn atoms at0,0,0 and the O atoms dk,x,1/4). In the case where mixed phasescand
O were observed, occupancies were not refined. The goodness(Gbfi agreement index is defined as

pr/ Rexpected
X Oc. (La/Sn Oc. (Mn) X[O(1)] Ry p/GoF

P(O,)=1.0 atm

0.0 0.8704) 0.9746) 0.55141) 6.1/1.8

0.025 0.89%4) 0.9635) 0.5527%1) 5.4/1.7

0.075 0.91%) 0.9896) 0.55161) 6.5/1.7

0.125 0.90%) 1.021) 0.55021) 7.7/1.9

0.175 0.9026) 1.01(2) 0.547q41) 7.9/2.3

0.225 0.89%) 1.001) 0.54592) 8.6/2.7
P(0,)=0.195 atm

0.0 1.0 1.0 0.553%) 6.8/1.6

0.025 1.0 1.0 0.5548) 6.8/1.6

0.075 1.0 1.0 0.5529) 6.5/1.5

0.125 0.9177) 1.021) 0.55232) 7.8/1.6

0.175 0.9477) 1.01(1) 0.55042) 9.2/1.5

0.225 0.89%5) 1.031) 0.54791) 6.8/2.2
P(0,)=9.1x10"2 atm

0.175 1.0 1.0 0.5498) 5.7/]1.9

0.225 0.92%5) 1.01(2) 0.547@41) 7.3/2.1
P(0,)=1.0x10"% atm

0.175 1.0 1.0 0.548) 9.3/2.6

0.225 0.93(8) 1.01(2) 0.5477%1) 7.0/2.3
P(0,)=2.1x10"* atm

0.175 1.0 1.0 0.5454 7.9/12.7

0.225 0.93%) 1.051) 0.54792) 7.8/3.1

TABLE lll. Room-temperature structural parameters and cation occupancies for orthohdéthisia) phase. In this structure the La/Sr
atom resides dk,y,3/4), the Mn atom at0,0,0 and the O atoms dk,y,1/4) and (x,y,z). In the case where mixed phaseRoandO were
observed, occupancies were set equal to 1 and not refined. The goodneg&oFfiagreement index is defined B§, o/ Rexpected

X x(La/Sp  y(La/SH n(La/Sp n(Mn)  x[O(1)] ylO(1)]  x[0(2)] y[0@2)] O] Ry/GoF
P(0,)=0.195 atm

0.0 0.00068) 0.51886) 1.0 1.0 -0.00901) -0.0681) 0.23066) 0.27196) 0.03493) 6.8/1.9

0.025 0.00241) 0.51875 1.0 1.0 -0.00619) —0.06618) 0.23095) 0.27015) 0.033843) 6.5/1.5

0.075 0.00165) 0.51625) 1.0 1.0 -0.06598) —0.005%9) 0.231%5) 0.26915) 0.03323) 9.4/1.4
P(0,)=9%x10"2% atm

0.0 0.00506) 0.530%4) 0.9248) 1.021) —0.06895) —0.00528) 0.23165) 0.289G5) 0.0341Q3) 9.3/4

0.025 0.006(7) 0.529@5) 0.93011) 0.972) —0.05978) —0.00038) 0.216(7) 0.27497) 0.037%3) 11/6.3

0.075 0.004%) 0.52633) 0.9357) 1.041) —0.06814) —0.007G6) 0.23095) 0.28434) 0.03462) 7.5/1.8

0.125 0.0036) 0.517%4) 0.9546) 1.041) —0.066G4) —0.007%8) 0.231%4) 0.27134) 0.03323) 7.6/1.3

0.175 0.00167) 0.52035) 1.0 1.0 -0.07089) —0.003%9) 0.22916) 0.26716) 0.03434) 5.7/1.9
P(0,)=1.0x10"% atm

0.125 0.0038) 0.520G3) 0.9525) 1.01(1) —0.06774) —0.00566) 0.22934) 0.273%4) 0.03292) 6.6/1.5

0.175 0.003®) 0.52146) 1.0 1.0 -0.06899) —0.0051) 0.22428) 0.26848) 0.03585) 9.3/2.6

P(O,)=1x10"* atm
0.125 0.00266) 0.52023) 0.95X5) 1.021) —0.06715) —0.00427) 0.22726) 0.272G7) 0.033G2) 7.5/1.7
0.175 —-0.0031) 0.52817) 1.0 1.0 -0.080q1) -0.01¥1) 0.2351) 0.27768) 0.03727) 8.4/2.6
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TABLE IV. Room-temperature structural parameters for mono-in the phase diagram of Fig. 1 indicates that the critical
clinic phase LaMn@, ; synthesized at @,)=2.1x10 *atm. In  Mn3*/Mn*" ratio occurs for 9.¥10°% atm<P(0O,)<0.195
this structure(space grougP21/c, settingP12;/n1 Mn is located  atm with x<0.175. Forx>0.175, a sufficient concentration
on four special sites: Md)-(0,0,0, Mn(2)-(1/2,0,0, Mn(3)-(0.0,1/ ¢ M3+ g induce the phase transition cannot be obtained in
2), Mn(4)-(1/2,0,1/3, while the La and O atoms reside on general the RO,) regime studied; the rhombohedral phase is always

positions. stable.
Atom X y . ' The monoclinic polymorph of La ,Sr,MnOs, 5 has pre-
viously been observed by Yakéhand Wollan and Koehle?
La 0.228 §9) 0.251 420) 0.277 39) but its crystal structure has not yet been described in detail.
La 0.224 59) 0.248 924) 0.767 99 X-ray-diffraction patterns taken of samples in the monoclinic
0(1) 0.270 622 —0.040 222 —0.042 424) stability region of Fig. 1 are in qualitative agreement with
0(2) 0.740 @23 0.467 116) 0.030 §26) diffraction data for stoichiometric LaMnQreported by
o(3) 0.038 1111) 0.252 231) 0.036 411) Takedaet al®® However, these researchers indexed the ob-
0O(4) 0.473 410 0.246 526) —0.048 111) served diffraction pattern on an orthorhombic cell
o(5) 0.036 327) —0.041 429 0.238 130) (J2apx y2ap,X 2c,, wherea,, b,, andc, are the ideal
o(6) 0.453 126) 0.039 49229) 0.270 227) cubic perovskite axésEarlier, Yakel’ reported that a nearly

stoichiometric sample of LaMnQOcrystallized in a mono-
clinic cell with dimensions 3,X2b,X2c,. Indexing of
angle changes little upon distortion from rhombohedral symboth x-ray and neutron-diffraction patterns from our samples
metry, the Mn-Q-Mn angle is substantially smaller than that was consistent with this monoclinic cell. In fact, lattice pa-
observed in th& phase. Full details of the structural param- rameters determined from our LaMgQ sample
eters for the O phase are listed in Table Va. [P(0,)=2.1x10* atm] agree well with those reported by
The distortion of Mn@ octahedra associated with the Yakef” [this work: a=7.967G5) A, b=7.700q2) A,
R—O phase transition evolving as a function of(B) is ¢=7.95645) A, B=91.8842)°; Yakel: a=7.960 A,
given in Fig. 4 for a sample with nominal composition b=7.698 A, c=7.960 A, 3=91.879. Observed reflections
Lag g7550.12MNO5. The Mn-O bond length for this compo- are consistent with three monoclinic space groupaic,
sition at RO,)=1.0 atm is 1.964() A and increases as P2,/c, and P2,/m. Least-squares refinement of neutron
P(O,) decreases. In the O phase, one of the MdStances powder data using models based on these three space groups
remains essentially unchanged relative to the Mn-O distancidicates that a structural model using space grB@g/c
in the R phase, while the other two distances Mg-@nd  provides the best fit to the observed diffraction pattern
Mn-Og are much larger. The tilt angle between octahedrdR,,,=6.7%, R(F?)=3.5%], while models using the other
(Mn-O-Mn) in the R phase is~163.874)° and decreases space groups fail to converge to a satisfactory solution. The
with P(O,). In the O phase, the tilt angle between octahedraefined structural parameters for the representative mono-
in the a-b plane is similar to that in th& phase, while the clinic sample LaMn@, 5, are given in Table IV and Mn-O
tit angle parallel to thec axis is substantially smaller bond lengths and Mn-O-Mn bond angles, are given in Table
(~1589. According to Jonker and van Santtrand Wold  V(b). These parameters are little changed in the doped
and Arnott'® a critical Mr®*/Mn*" ratio ~25% results in the monoclinic samples.
structural phase transitioR— O in undoped LaMnQ, According to Takeda, the monoclinic polymorph of
The data in Fig. 4 represent a constant0.125 slice through LaMnO;, 5 (which he indexed as orthorhombioccurs for
thex-P(O,) phase space. The collection of several such slicesamples with full cation stoichiometfy,indicating that the

FIG. 3. Sections along the cu-
bic (010 plane for both the(a)
rhombohedral andb) orthorhom-
bic structures.

R3c Pbnm
(a) (b)
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TABLE V. (a) Mn-O bond lengths and Mn-O-Mn bond angles for the rhombohedral and orthorhombic
phases. (b) Mn-O bond lengths and Mn-O-Mn bond angles for the monoclinic phase La\n&ynthe-
sized at RO,)=2.1x10"* atm.

@

Rhombohedral Orthorhombic
X Mn-O  Mn-O-Mn  Mn-Q; Mn-Og; Mn-Og, Mn-O,-Mn Mn-Og-Mn
P(O,)=1 atm
0 1.96481) 163.394)
0.025 1.96601) 163.064)
0.075 1.966Q1) 163.324)
0.125 1.9638l) 163.874)
0.175 1.961Q1) 164.595)
0.225 1.9596l) 165.246)
P(0,)=0.195 atm
0 1.96934) 162.12) 1.9841) 1.9854) 1.9684) 158.03) 161.62)
0.025 1.97065) 162.52) 1.98169) 1.9763) 1.9743) 158.53) 162.21)
0.075 1.9696) 162.92) 1.97998) 1.9743) 1.9723) 158.13) 162.11)
0.125 1.9686l) 163.1G6)
0.175 1.966(11) 163.725)
0.225 1.963(1) 164.585)
P(0,)=9.1x10"% atm
0 1.97646) 1.9163) 2.0793) 157.62) 159.91)
0.025 1.9708) 1.9645) 2.0325) 160.03) 158.82)
0.075 1.9796) 1.9323) 2.0513) 157.91) 160.31)
0.125 1.982B) 1.9813) 1.96713) 158.62) 162.41)
0.175 1.967®2) 164.988) 1.9863) 1.9614) 1.9924) 157.23)  162.22)
0.225 1.962(1) 164.74)
P(0,)=1.0x10"2 atm
0.125 1.98464) 1.9893) 1.9693) 158.11) 162.41)
0.175 1.963%) 165.51) 1.9841) 1.9535) 2.0115) 157.13) 160.92)
0.225 1.9628l) 164.694)
P(0,)=2.1x10"% atm
0.125 1.98365) 1.9744) 1.9864) 158.42) 162.Q1)
0.175 1.9614) 165.37) 1.9961) 1.9387) 2.0357) 154.03) 160.63)
0.225 1.964Q1) 164.595)
(b)
Mn(1)-0O(1) 2.21519 Mn(2)-O(1) 1.87317)
Mn(1)-O(3) 1.98524) Mn(2)-O(4) 1.94420)
Mn(1)-O(5) 1.93821) Mn(2)-O(6) 2.21426)
Mn(3)-0(2) 1.93619) Mn(4)-0(2) 2.10820)
Mn(3)-0(4) 2.001(20) Mn(4)-0(3) 1.95424)
Mn(3)-0(5) 2.13328) Mn(4)-O(6) 1.87718)
Mn(1)-O(3)-Mn(4) 155.85) Mn(2)-O(4)-Mn(3) 154.85)
Mn(4)-O(6)-Mn(2) 153.02) Mn(3)-O(5)-Mn(2) 155.52)
Mn(1)-O(1)-Mn(2) 153.99) Mn(3)-O(2)-Mn(4) 160.19)
Mn(2)-O(4)-Mn(3) 154.85) Mn(4)-O(3)-Mn(1) 155.85)

valence state of Mn is formally-3 in these samples. Thus, and four symmetry-independent MgOctahedra of different
we again expect the Mngbctahedra of monoclinic samples sizes. Two projections of this structure are shown in Fig. 5.
to be Jahn-Teller distorted. The solution of this structure forEach MnQ octahedra has three different Mn-O bond lengths
a sample of LaMn@, s synthesized at@®,)=2.1x10"%atm  ranging from 1.873 to 2.215 A. The tilt angle between octa-
indicates that there are four symmetry-independent Mn sitekedra varies from 154(B)° to 160.19)°. As a result of the
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refined occupancies dR-phase samples indicate that for

I R LAL IR A LA 164 |
E L2y g8t osM00; e g P(0,)>0.195 atm, metal vacancy concentrations are on the
[ Omerersenns Q- P -4 162 7% 0 : : :
C Mn-O-Mn |- ] o order of 10% or greater. Charge balance is achieved in these
: 1 160 £ cation-deficient samples by a portion of Mn ions increasing
: o ] G their valence state from3 to +4. For samples synthesized
2000 b g ° Mn-0_-Mn | q 158 at R0,)<0.195 atm a lesser concentration of cation vacan-
I } Mn-O . ] cies is found, indicating an increased MMn** relative to
[ .. ¢ Pbnm ' R3c f . . - .
1.990 F e | ] those samples synthesized at high@dJp. This increase in
. s } | 1 3+ . . .
) P R o ] Mn>" concentration correlates with the observation of the
S 1980 f<—— MmO ] Jahn-Teller distortion in the orthorhombic and monoclinic
s . . ] phases, both synthesized under conditions of 1¢@.,P
1.970 [ } ------------- S S Lo o
Mn-O !
1,960 Lt [N [ IV. MAGNETIC AND ELECTRONIC
. 10 10° 102 10 10° TRANSPORT PROPERTIES
PO, atm Magnetization and susceptibility measurements indicate

that samples witk=0.125 are ferromagneti¢-ig. 6), while

FIG. 4. Variations of Mn-O bond lengths and Mn-O-Mn bond those withx<<0.125 are antiferromagnet{€ig. 7), in agree-

angles as a function of(B,) for Lag g7:Sry 12MnNO4. 5 ment with Urushibarat al* Figure 6 shows that in crossing
the R-O phase boundary with increasing no qualitative

tilting and distortion of octahedra, the La atom is also dis-change in the magnetization is observed, so that ferromag-
placed relative to its ideal site, forming La-O bonds rangingnetism is not associated with a unique crystal symmetry.
from 2.4 t0 2.6 A. Magnetization vs temperature for these samples shows a sig-

The defect chemistry of La,SrMnOs, s is similar to  nificant high-temperature tail; thus, we have used the proce-
that reported for LaMn@, 5. Refinement of site occupancies dure adopted by Urushibart al,* to operationally define
agrees with the proposition that these manganites form caf as the inflection point in the susceptibility cur«gsg. 8).
ion rather than oxygen vacanciés'°van Roosmalen and TheseT. values increase with Sr doping. Unique to the
Cordfunké? have proposed that for LaMnQ;vacancies oc- present investigation, however, is the effect ¢Dp on Tcz’
cur in equal numbers for both th& and B site cations, i.e., shown in Fig. 80). Contrary to the results of Schiffet al*°
La;_yMn;_,O;. However, our refinements consistently for (La,CaMnO;, we find a marked dependence Bf on
yield a higher concentration of vacancies on the La/Sr sitd’(O,)—and hence cation vacancy concentration—in the
than on the Mn sitésee Tables Il and I}l The highest cation La;_,Sr,MnOs, 5 System.
vacancy concentrations are observed for samples prepared The phase diagram of Fig. 1 divides the structural prop-
under RO,)=0.195 atm, while progressively more stoichio- erties of Lg_,Sr,MnO5, 5 as a function ok and RO,); this
metric samples are obtained from preparations at lowesame figure also differentiates the electronic transport prop-
P(O,). Increasing Sr doping in the single-phase rhomboheerties of the samples lying in this region of phase space. The
dral sampledP(0O,)=1.0 atn] results in a progressive in- resistivity versus temperature is shown in Fig. 9 for repre-
crease in bothA- and B-site occupancies, saturating at sentative rhombohedral and orthorhombic samples. As can
x~0.125. Interestingly, in the orthorhombic samplesg., be seen in Fig. @), Sr-dopedR-phase samples display a
P(0,)=9.0x10"2 atm], the Mn site is fully occupied for all broad maximum irp vs T. Above this maximum, samples of
measured doping levels, while the La/Sr site becomes inthe R phase display a negative temperature coefficient of
creasingly occupied with greater doping. We note that theesistance, suggesting that the phase is semiconducting in

FIG. 5. Projections of the
monoclinic structure of
LaMnO;, 5 synthesized at
P(0,)=2.1x10"* atm perpendicu-
lar to (a) the ¢ axis and(b) the a
axis.
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this temperature regime. The metal-insulat®d-() transi- £ g 20
tion indicated by the resistivity data for oR-phase samples 2 02 o
is much broader than that of related compounds published by 0F ke
others*?%2"We believe that the sharpness of this transition L O I

0 50 100 150 200 250 300 350 400
Temperature (K)
)

is perhaps the most severe test of sample quality and that the
broad transitions suggest a degree of compositional inhomo-
geneity in our samples. This inhomogeneity could result
from the low synthesis temperature used in this study
(1000 °Q or from the fact that we used only one mixing and
firing sequence. Both of these are in contrast to some oth
researchers who have used higher temperaizd800 °Q
and repeated grinding and refiring to improve sample homo-

geneity. For the large number of compositions studied herdures are Jahn-Teller distorted.

such a tedious synthesis procedure was not practical. The Both nonmetallic and metallic samples show a magne-
broadening of the metal-insulator transition prevents us frontoresistance effect. Table VI shows that when expressed as a
attempting to correlating th -1 transition withT. or with  ratio, i.e.,Ap/pgr [whereAp=(py—pgr)], the maximum mag-
particular structural phenomena. Importantly, however, théetoresistance for each member of the series of samples—
inhomogeneity is not large enough to result in broadening ofegardless of crystal symmetry—lies between 92 and 230 %,
the diffraction peaks. Thus, the correlation of the magnetidvith a trend toward greatehp/pgr with decreasingc. No

and transport behavior to regions of the structural phase diglear trend is apparent as a function ¢Dp). These values
gram(Fig. 1) is clear. Figure @) shows that independent of are somewhat deceptive sincgép for the nonmetallic

x or RO,), the O phase is nonmetallic between 20 and 350samples are slightly larger than those reported for the
K. As shown in Fig. 10c) the M phase shows resistive be- Million-fold MR ratio by Gongetal.® but per of these

havior similar to that of the phase, as both of these struc- samples is orders of magnitude larger than that of the metal-
lic samples. Figure 10 shows plots @wandAp for a metallic

) rhombohedral samplgx=0.225, RO,)=0.195 atm, a non-
0.002 o metallic orthorhombic samplfx=0.125, RO,)=9.1x103
r La ., .Sr . MnO, ] atm], and a nonmetallic monoclinic samplex=0.075,

FIG. 8. (a) Magnetic susceptibility as a function of temperature
arnd x for P(0,)=1.0x10"2 atm (b) Magnetic susceptibility as a
efunction of temperature and synthesi€p) for x=0.125.
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function of temperature.
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Temperature (K)

susceptibility  of

L]

monoclinic
Lag gp:S10.074MN0O3., 5 synthesized at @,)=1.0x10"% atm as a

P(0,)=1.0x 103 atm]. Scanning electron microscopy reveals
a small grain siz€é~0.5 um) for the measured samples, and
low-currentl-V characteristics show evidence of intergrain
tunneling. Therefore, a largeyr in the metallic samples is
not particularly surprising and may be the cause for the rela-
tively modest magnetoresistance ratios in these samples. As
can be seen from the figurdp for the metallic(R phase
sample is about-0.11 Q) cm, while that of the nonmetallic
(O phase andV phas¢ samples is~10* Q cm at low tem-
perature. Both of thes#p values are comparable to the high-
est reported thus f&r.

It should be noted that the low temperature valued pf
for the metallic samples are substantially larger than has
been reported for single-crystal samples of similar
compositior The origin of this differencéAp~50 m) cm
compared to~1 m(Q cm in Ref. 4 is unclear but may be a
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3 T T T T T 10° T T T T T T
R3c Pbnm
25 10°F P(O0,)=0.1x10 7
x=0.075
2 10* ]
8 8 , FIG. 9. (8 Resistivity for a
€ 15 g 10°1 PO )=Ix107 7 number of rhombohedral samples
x=0.125 .
and (b) orthorhombic samples.
1 [ PO,)=0195 ' 10* - The samples whose resistivity is
x=0.225 P(O,)=9.1x10° P(O)=9.1x10 shown here are marked in Fig. 1
x=0.225 x=0.125 by a’
05 Boppes 7 10'F ya.
0 L i 1 i 1 | 100 1 | L ] | | 9
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Temperature (K)
(a)

Temperature (K)
®)

consequence of magnetic domain size and the overall sofhave reported thaf for (La,CaMnO;, s is insensitive to
ness of the ferromagnetic state. In the case of large singlthe synthesis atmosphere. Our results in the
crystals, the domains will grow to a size dictated only bylLa; _,Sr,MnOs, s system are rather different; we see a varia-
sample dimension$i.e., domain size> scattering length  tion of ~50 K in T over two decades of increasing@)
However, in our polycrystalline samples, the small grain sizéor an x=0.125 sample[Fig. 9b)]. As our neutron-
and possible chemical inhomogeneity may result in the fordiffraction data show, increasing(®,) results in samples
mation of microdomains whose length scale is sufficientlywith a higher cation vacancy concentration, and hence a
small to affect the scattering of charge carriéirs., domain  smaller Mr*/Mn*" ratio. This ratio also decreases with in-
size ~ scattering length Further work on the micromagnet- creasing Sr dopingx. T is observed to increase with in-
ics of these systems will be needed to clarify this question.creasingx [Fig. 9a)]. The variation ofT - with P(O,) is thus
consistent with the variation of - with x and is almost
certainly related to the MA/Mn** ratio.

Torrance, Lacorre, and NazZalhave shown for the

The present work shows that synthesi©f has a dra- RNiO; perovskites that changes in the Ni-O-Ni angtg,
matic effect on the structural, magnetic, and transport prophave a substantial effect on the electronic transport, an effect
erties in La_,SrMnO,, 5. Structurally, RO,) produces he attributes to a modification of thikelectron bandwidth as
structural phase transitions between rhombohedral and ortho-
rhombic or orthorhombic and monoclinic phases as a result
of changes in the cation vacancy concentration. It also has a
marked effect on the magnetism, shiftiig. over a wide
range in the FO,) regime studied. f,) can also modify the
electronic transport properties of the materials, delineating
an electronic phase boundary between a metal and a non-
metal. Finally, PO,) can affect the coupling between mag-
netism and transport, i.e., the double exchange of electrons
between ferromagnetically coupled Mn ions. We see this ef-
fect dramatically in the orthorhombic materials, where the
nonmetal-to-metal transition seen in the rhombohedral
samples disappears.

The effect of PO,) on T is of some significance in light
of reports to the contrary in related systems. Schiéfieal >°

V. DISCUSSION

107

p (mQ-cm)
Alp (mQ-cm)
3

10°
10
10°
10
10!
1 1 0 1 d. 1 1 i 1

50 300 350 0 50 100 150 200 250 300 350

TABLE VI. Maximum Ap/pgt (%) as a function ok and RO,)
for La; _,SrMnOg, .

L
0 50 100 150 200 2:

X in Lal,XSrXMn03+5 Temperature (K) Temperature (K)
P(O,) 0.075 0.125 0.175 0.225
FIG. 10. Resistivity at 0 ah 9 T for (@) rhombohedral
0.195 atm 212 104 100 [x=0.225, RO,)=0.195 atn}, (b) orthorhombic [x=0.125,
9.1x10° 2 atm 186 186 100 P(0,)=9.1x10"% atm], and (c) monoclinic samplegx=0.075,
1.0x10°2 atm 222 230 144 92 P(0,)=1.0x10"3 atm). Ap as a function of temperature is shown in

(d), (e), and(f ) for the respective samples.



6182 J. F. MITCHELL et al. 54

a function ofae. Smaller values o result in a narrow band- difference may be responsible for the different transport be-
width and a charge-transfer insulator; larger values result imaviors observed between Hwang's and our orthorhombic
wider bandwidth and a metal. We see a similar effect insamples.
La; _,Sr,MnOs, s large Mn-O-Mn angles in the rhombohe- ~ Transport measurements demonstrate that MR effects are
dral phase(~163°) result in a metallic state, while small present belowl - in all samples. The largest effects are seen
angles(~157°9 characterize the nonmetallic orthorhombic in the orthorhombic phase. Although the change in resistivity
phase. However, this connection between structure and traniss comparable to what others have reported, @wphase
port is purely electronic, with no coupling to the magnetism.samples never become metallic, and so the percentage
Further, we have noted in Fig. 4 that the Mp-Mn change in resistivity for these samples is only moderate.
changes with FD,), while the equatorial Mn-QMn angles
remain essentially unchanged as e phase boundary is
crossed. This indicates a possible source of anisotropy in the
transport properties of the materials, an anisotropy induced The structural phase diagram of LgSr,MnO;, ;s has
by the structural phase transition. As the Mpn angle is  been constructed as a function of both Sr doping
essentially the same as that of the metallic rhombohedraD<x=<0.225 and oxygen partial pressure during synthesis
phase, one can speculate that transport parallel to the orth2.1x10 4 atm<P(O,)<1 atm). Three distinct crystallo-
rhombica-b plane will be significantly greater than that par- graphic phase¢R, O, andM) form in this region of phase
allel to thec axis. A single-crystal measurement will be re- space. The low-temperature ground state of the rhombohe-
quired to test this hypothesis. dral phase is a ferromagnet for alland RO,) in the studied
According to the double exchange model, the electrorrange, while the monoclinic phase is antiferromagnetic in its
hopping matrix elemeri is proportional to co®/2), where  region of stability. The orthorhombic phase is ferromagnetic
¢ is the angle between adjacent Mn momefitBecause the for x=0.125. Transport measurements show that the rhom-
direction of the Mn moment relative to the axes of the MnO bohedral samples exhibit a metal-insulator transition at tem-
octahedron is determined in large part by the crystal field, iperatures close to the Curie temperature but that the ortho-
is expected thad will depend on the Mn-O-Mn tilt anglee  rhombic and monoclinic samples remain nonmetallic
described above. Hwanet al?® have demonstrated that by throughout the temperature range studied. We have shown
modifying the effective ionic size of thA-site cation(La/Sr  that synthesis @,) can have a dramatic effect on the struc-
site) they could varya. As an alternative t@d\-site substitu- tural, magnetic, and transport properties of the
tions, @ can be modified by synthesig®,), deviating dra- La;_,SrMnO;, ;s samples. That these effects can impact
matically from its value in the metalli® phase as th® O  those induced by Sr doping implies that@3) may be a
phase boundary is crossed with decreasit@,P (Fig. 4). significant process variable in the design and synthesis of
Thus, the angl® also is expected to vary with(B,). Sucha new magnetoresistive oxides.
variation may explain why the orthorhombic and monoclinic
materials do not exhibit the ferromagnetically induced metal-
insulator transition observed in the rhombohedral samples.
The transport properties of the samples studied indicate The authors thank Simine Short for invaluable assistance
that in the(LaSp MnO; system the structural phase diagramin the powder neutron-diffraction measurements. This work
and the metal-insulator transition are linked. The metal-towas supported by the U.S. Department of Energy Distin-
nonmetal transition is observed only in our rhombohedraguished Postdoctoral Research Program sponsored by the
samples; a similar result was reported by Urushitetral?  U.S. Department of Energy, Office of Science Education and
in this system. In contrast, Hwareg al?® report that ortho-  Technical Information, and administrated by the Oak Ridge
rhombic Lg 5,41 17<Can MNO; undergoes a metal-insulator National LaboratoryJ.F.M), by the NSF Office of Science
transition withTc~210 K. It is interesting to note that the and Technology Centers under Contract No. DMR 91-20000
distortion of the MnQ@ octahedra in Hwang's sample is quite (D.N.A.), and by the U.S. Department of Energy, Basic En-
small (Mn-0,,=1.966 A; Mn-Q,=1.979 A, 1.951 , while  ergy Sciences-Materials Sciences and ER-LTT, under Con-
the distortions in our orthorhombic and monoclinic samplesract No. W-31-109-ENG-38C.D.P. D.G.H., J.D.J., and
are typically much largefsee Tables \& and VI(b)]. This  S.D.B).

VI. CONCLUSIONS
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