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The crystal and magnetic structure as well as elastic, magnetic, and electrotransport properties of
Lay ggMNO, (2.82<x=<2.96) manganites have been investigated as a function of oxygen content by x-ray,
neutron diffraction, Young’s modulus, magnetization, and resistivity measurements. The crystal structure of the
compounds has been found to be orthorhombix<a2.91 and monoclinic at=2.91. The gradual transition
from an orbitally ordered state to an orbitally disordered one is observed with increasing temperature or oxygen
content. The magnetic properties of the samples have been found to correlate with the type of orbital state. The
dynamic orbital correlations favor ferromagnetic state, while A-type antiferromagnetic state is typical for the
static Jahn-Teller distortions. The orthorhombic compounds have been found to exhibit a semiconducting
behavior, and show a second-order transition into paramagnetic state. The metallic conductivity appears start-
ing from thex=2.92 monoclinic compound and, simultaneously, a first-order paramagnet-ferromagnet mag-
netic phase transition is observed. The properties are discussed in the framework of structurally driven phase
separation model.
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I. INTRODUCTION disordered orthorhombic and then to a rhombohedral type of
unit cell distortion®’ In contrast, for a La_,CaMnO; sys-

Mixed-valence manganites with a perovskite structure aréem, the concentration transition to rhombohedral phase is
the model objects for the physics of strongly correlated elecnot observed. The x-ray and neutron diffraction data indi-
tronic systems. The interest in the study of manganites is dugate that a nonuniform crystal structure can exist in rather
to a variety of phase states and transitions and intrinsic collarge concentration and temperature ranges. For instance, the
relation of the crystal structure, magnetic, and transporpresence of local Jahn-Teller distortions in; LgSr,MnO;
properties. The discovery of the colossal magnetoresistangfanganites has been observed even for the metallic com-
(CMR) effect in lanthanum based hole-doped mangahitespoundxzo_35_9
has renewed the interest in the La-Mn-O system which, in  For a small doping concentration, several magnetic phases
fact, has been known for a long tinié. have been observed at low temperatures. Ip_LA,MnO;

The parent compound LaMn@s an orbitally ordered an-  (A=Ca&",SP") systems, transitions from an antiferromag-
tiferromagnetic insulator. The antiferrodistortive ordering of hetic to a ferromagnetic insulating state and then to ferro-
the d,2 orbitals is established due to the cooperative Jahnmagnetic metallic state take place ®t-0.08 and 0.16,
Teller effect breaking the degeneracy of the electronic conrespectively’*° Unlike cation-doped manganites, the nonsto-
figuration of the MA* ions (t3,e;). This type of orbital ichiometric LaMnQ, 5 seems to be insulating at least up to
ordering, which removes a first-order phase transition abovg=0.15 For large values ob, the ferromagnetic order is
T;1=750 K,*® is responsible for theA-type antiferromag- suppressed, and the low-temperature phase exhibits a spin
netic structure which is stable beldly,= 140 K2 Hole dop-  glass behaviol?
ing (i.e., the introduction of Mfi" ions), which can be in- The nature of the interplay between the crystal structure,
duced by a heterovalent substitution in ther B sublattice  magnetic, and transport properties of manganites is still a
of the ABO; perovskite or by oxidation of stoichiometric matter of discussion in spite of numerous investigations.
LaMnGs, leads to striking changes in the crystal structure Several models were proposed to explain a magnetic state
magnetic, and electrotransport properties. At present, thevolution under hole doping as well as a metal-insulator tran-
properties of La (AMnO; (A=C&",SP") and sition at the Curie point. In the double-exchange model of
LaMnO;. 5 systems are the most well studied. Under holeZener, simultaneous ferromagnetic and metallic transitions
doping, the crystal structure of La,Sr,MnO; as well as  have been qualitatively explained by the fact that electrons
LaMnO;, s manganites undergoes a number of concentratiotend to move between Mi and Mrf* ions having the same
transitions from orbitally ordered orthorhombic to orbitally spin orientation, therefore electron delocalization favors the
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ferromagnetic ordef® De Gennes developed the theory of parison with the properties of other lanthanum deficient se-
double exchange and predicted that a concentration transitioies. Moreover, it is known that low-doped manganites are
from an antiferromagnetic to a ferromagnetic state occurs vigery sensitive to the oxygen stoichiometry. A thorough re-
the formation of a canted homogeneous magnetic strutture.search of cation-doped La,A,MnO; manganites would be
More recently Milliset al. pointed out that double exchange difficult due to the necessity of continuous control of both
alone cannot account for many of the experimental reduilts. 0Xygen andA-cation contents. In the lsagginO, system, the
The authors showed that a Jahn-Teller-type electron-phond@Xygen concentration is the single varying parameter. Be-
coupling plays an important role in explanation of the colos-sides, all compositions of lpggVinO, series were made from
sal magnetoresistance effect and argued the possibility dhe same parent sample which increases the repeatability and
lattice polaron formation above the temperature of ferromagthe reliability of the results obtained.
netic ordering.

Another mechanism of antiferromagnet-ferromagnet Il. EXPERIMENT
phase transitions in manganites was proposed by Nadfaev.
Taking into account that the energy of charge carriers in a
magnetic semiconductor is minimal for a ferromagnetic stat
and free charge carriers tend to establish a parallel orderin .
of the magnetgi]c moments, he predicted that Fhe intermediat 3203 (1(.)00 °C, 1 hwas carried out. Afte_r that,_the com-
phase can be described as a nonhomogeneous magnetic S&qgted mixture of reagentf taken in st0|ch|pmetr|c cation ra-
driven by an electronic phase segregation. In this scenarit? \Was annealed_ at 950 °C for 2 h. Obtained Produc@ was
the ferromagnetic regions contain an excess of holes and afs0und. pressed into pellets, annealed at1300 °C in air

metallic. The antiferromagnetic matrix remains insulating. or 6 h and therr: cooled at a rate of f30h°C/h d?yvn to r°°f“|
The transition to metallic conductivity, taking place with an leMPerature. The oxygen content of the resulting materia

increase of the doping level, occurs when ferromagnetid@S been determined using thermogravimetric analysis, i.e.,
clusters percolate. decomposition of the sample into simple oxides Qg and

Goodenougtet al. argued that the magnetic properties of MNO in @ reducing /N, flow. True chemical formula of
manganites were determined by the type of orbital Sfate. the obtained compound was ¢.@MnO; o ith an estimated
According to the rules for 180° superexchange, if the elec€T0r of *0.01 oxygen per formula. Reduction of the
tronic configuration correlates with vibrational modes, S8mples was carried out in evacuated quartz ampoul@s at
Mn3* -0~ —Mn* interactions are antiferromagnetic in — 1050 °C for 24 h. All the samples were quenched. Metallic

case of the static Jahn-Teller effect and ferromagnetic whefgnt@lum was used as reducing agent. The reduction can be
the Jahn-Teller effect is dynamic. Thus, antiferromagnetdescribed by the following equation:

ferromagnet phase transitions can occur going through

mixed s?ate orf) phases with different orbital gyna%ics. 9% Ly gMN0, o5+ (20/5) Ta— Lo siMNOz 565+ (915 Tay 0.

The recent magnetic phase diagrams of theThe oxygen loss has been checked by the weighing of the
La; ,SrMnO; and La_ ,Ca,MnO; systems were con- samples before and after reduction. To verify the correctness
structed assuming a homogeneous canted magnetic state ifathe determination of the oxygen content in the reduced
low doping rangeé®°On the other hand, there are numerouscompounds a thermogravimetric analysis was performed for
experimental data which indicate the existence of phasg=2.93, 2.89, 2.85, and 2.82 samples. In all cases, results
separation in manganites. The results of nuclear magnetishowed good agreement with expected values of the oxygen
resonancé®?* neutron diffractior?*?®> muon spin  content.
relaxation?® x-ray absorptiorff scanning tunneling The unit cell parameters as well as the phase purity of the
spectroscop$? and electron microscopyexperiments give samples were checked by x-ray analysis using a DRON-3
evidence of magnetic and structural inhomogeneities, but thdiffractometer with CK, radiation. The refinement of the
driving force of magnetic phase separation in manganites ignit cell parameters has been carried out usingrthe PROF
still not fully clear. In order to contribute to the solution of program. The elastic properties were studied by a resonance
this problem we have investigated the features of themethod in the sound frequency range using cylindrical
antiferromagnet-ferromagnet phase transition in low-dopedamples with a diameter of 6 mm and a length of 60 mm.
lanthanum-deficient manganites. Specifically, we carried ouThe differential thermal analysi€DTA) was performed at
a study of structural, magnetic, and transport properties ofieating(cooling) rates of 10 °C/min. The temperature de-
the La ggVINO, system as a function of oxygen content. pendence of the magnetization was registered using a com-

The choice of the research object was made due to thmercial vibrating sample magnetometer OI-3001, warming
following considerations. The lanthanum-deficient com-from 4 to 300 K in a field of 100 Oe after a field cooling
pounds show all the interesting properties which are peculiaFC) or zero field coolingZFC) procedure. The field depen-
to the low-doped manganité$:°> However, a systematic dence of magnetization was measured in the temperature
study of cation-deficient manganites has not been carried ouange from 4 to 300 K in fields up to 15 kOe. The study of
yet. According to our investigation, a lanthanum deficiencyelectrotransport properties was performed using the standard
y=0.88 is the largest to realize with single-phase perovsfour-probe method using ultrasonically deposited indium
kites. Hence, one can expect that the properties otontacts. The resistivity data were collected in the tempera-
Lag ggMNO, solid solutions will be more pronounced in com- ture range from 80 to 400 K either in the absence of a mag-

The polycrystalline sample l,adVinO, was prepared by a
olid-state reaction method using high-purity ,08 and
n,O; reagents. To remove absorbed water, a prefiring of
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Neutron diffraction measurements for theglggMnO, g4 (')0 200 500 600 16 300 460 00 600

and Lg gdInO, g; samples were performed in the Berlin T(K) T(K)
Neutron Scattering Center using the E9 neutron powder dif-
fractometer(FIREPOD with a wavelength of neutronk FIG. 2. Temperature dependence of a square of resonance fre-

=1.7974 A. A sapphire single-crystal filter of total thickness quency for selected samples. Filled and open symbols are used for
of 110 mm in the primary beam was used to reduce théneasurements of heating and on cooling, respectively.

number of epithermal neutrons. In order to increase the neu-

tron flux at the sample a vertically focusing Riso-design Geet al, the O’-orthorhombic distortions in manganites are due
monochromator was used. The evolution of the neutron difto an orbital ordering whil&-orthorhombic structure corre-
fraction patterns was followed in the temperature rangesponds to the orbitally disordered stafdt is obvious that
2-530 K. The data have been analyzed with the Rietveldhe transition to an orbitally disordered state as oxygen con-

method using th&ULLPROF program. centration increases is the result of the appearance of a suf-
ficient number of MA™ ions which remove Jahn-Teller’s
IIl. RESULTS cooperative static effect. Unlike La,A,MnO; (A=SP™,

_ o B, PB¥") and LaMnQ.; manganites, which exhibit
Crystal structure and elastic propertiesSingle-phase  concentration and temperature-induced transitions to rhom-
compounds of LggginO, manganites were obtained in the pohedral unit cell symmet** the compounds LggMnO,

oxygen concentration range 28%=<2.96 which corre- (2.91<x<2.96) go over to monoclinic symmetrispace
sponds to the average valence of manganese ions from 3 goup12/a) (Fig. 1).

3.28. The reduction below the value of 2.82 leads to decom- The temperature dependence of Young's modulus for
position of the samples into L&®; and MnO oxides. This samples with a different oxygen contdatjuare of resonance
means that LggdinO, perovskite structure cannot accom- frequency is proportional to Young’s modujuare presented
modate appreciable numbers of #nions. in Fig. 2. The most reduced kaMn0O, g, sample shows a
According to x-ray diffraction data the bgMnO,  well pronounced structural phase transition around 650 K
(2.82<x=2.86) samples are characterized by so-cal®d  [Fig. 2a)]. A large temperature hysteresis and strong damp-
orthorhombic type of unit cell distortionb(y2<c<a), ing are observed in the vicinity of 650 K. As the oxygen
space grougPnma(Fig. 1). The unit cell values of the most content increases the temperature of the phase transition low-
reduced LggdMInO, g, compound have been found to be ers gradually and the transition becomes brofBigs. 2b)—
very close to those for LaMngstoichiometric compositiof.  2(d)]. Besides, a sharp increase of Young's modulus indicat-
The unit cell volume decreases as the oxygen content inng an appearance of another structural transition is observed
creases, and the transition to tiorthorhombic crystal for thex=2.84 and 2.85 compounds around 630 and 530 K,
structure b/\2~a<c) occurs starting fromx=2.87 (Fig.  respectively[Figs. 2c) and Zd)]. The hysteresis observed
1). It is worth to be noted that according to Goodenoughbetween heating and cooling runs over a wide range of tem-
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TABLE |. Structural data of LggdVinO, g4 at 300 and 530 K.

T (K) Cell (A) Atoms X y z Rfactors(%)
300 a=5.6275(1) La ¢ 0.03538) 0.2500 0.99441) R,=6.91
Pnma b=7.7515(9) Mn b 0.0000 0.0000 0.5000 Ryp=9.22
c=5.5534(6) 014 0.49387) 0.2500 0.067) Rg=8.51
a=p=y=90 02 &d 0.20693) 0.535@9) 0.22855) x’=4.94
530 a=5.5457(6) La 4 0.02044) 0.2500 1.006@1) R,=6.48
Pnma b=7.8563(7) Mn & 0.0000 0.0000 0.5000 Ryp=8.81
O-phase: c=5.5663(6) 0l4 0.4925%8) 0.2500 0.07088) Rg=8.80
56% a=B=y=90" 028&d 0.225@7) 0.53372) 0.22997) x?=4.23
530 a=5.6139(9) La 4 0.036%1) 0.2500 0.996(8) R,=6.48
Pnma b=7.7737(6) Mn 4 0.0000 0.0000 0.5000 Ryp=8.81
O'-phase: c=5.5531(1) 014 0.49459) 0.2500 0.068M) Rg=8.88
44% a=pB=y=90¢ 02 &d 0.20478) 0.53728) 0.225841) x’=4.23

perature is evidence of a gradual structural transformatiordecreases down to 500 K. In contrast to the Z822.86
For thex=2.86 compound, the temperature dependence adamples, ho minimum of Young’s modulus temperature de-
Young’s modulus exhibits a broad minimum slightly above pendence is observed for thegg@VinO, g; compound above
room temperature. The temperature of the second anomalpom temperature. However, as in the case of 284

TABLE Il. Structural data of LgggVInO, g; at different temperatures.

T (K) Cell (A) Atoms X y z Rfactors(%)
2 a=5.5170(1) La 4 0.022@2) 0.2500 0.994) R,=4.9
Pnma b=7.7666(9) Mn b 0.0000 0.0000 0.5000 Rwp=6.7
c=5.5228(7) 0Ol 4 0.49385) 0.2500 0.069Q) Rg=3.64
a=p=y=90 02 &d 0.21996)  0.53488) 0.22887) x?=1.68
100 a=5.5227(1) La 4 0.02285) 0.2500 0.9956l) R,=5.03
Pnma b="7.76005) Mn 4b 0.0000 0.0000 05000 R,,=6.75
c=5.5241(1) 0l4 0.49338) 0.2500 0.069(6) Rg=3.83
a=B=y=90" 02 é&d 0.21867)  0.53497)  0.22975) x3=171
200 a=5.5432(1) La 4 0.02622) 0.2500 0.995@1) R,=6.26
Pnma b=7.7543(1) Mn b 0.0000 0.0000 0.5000 R,,=8.08
c=5.5337(1) 0l 4 0.4955%2) 0.2500 0.068%) Rg=5.87
a=B=y=90" 02 é&d 0.21813)  0.53362) 0.23218) x>=3.78
300 a=5.5227(3) La 4 0.02093) 0.2500 0.9958) R,=4.54
Pnma b=7.7836(8) Mn & 0.0000 0.0000 0.5000 Rwp=5.8
¢=5.5353(3) 0l4 0.49447) 0.2500 0.066@) Rg=4.79
a=p=y=90 02 8&d 0.22158) 0.533%1) 0.229@9) x?=1.99
400 a=5.5094(5) La 4 0.01784) 0.2500 0.996() R,=4.22
Pnma b=7.7991(2) Mn 4 0.0000 0.0000 05000 R,,=5.47
¢=5.5400(6) Ol 4 0.49466) 0.2500 0.065@) Rg=4.87
a=pB=y=90 02 &d 0.22615)  0.53371) 0.22938) x°=1.78
500 a=7.8220(1) La & 0.2500 0.504(B) 0.0000 R,=4.91
12/a b=5.5577(3) Mn 4 0.0000 0.0000 0.0000 R,,=6.29
c=5.5039(5) 01 ¢ 0.2500 0.055@®) 0.0000 Rg=5.79
a=y=90°; B=90.77(9f 028f —0.02231) 0.21671) 0.28298) x?=2.35
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TABLE lll. Selected interatomic distancés A) and anglegin degreesfor x=2.84 and 2.87 compounds
at different temperatures.

Compound T (K) Mn-O1(m) Mn-O2(s) Mn-O2(I) Mn-O1-Mn Mn-O2-Mn
X=2.84 2 1.971 1.928 2.103 157.45 158.55
300 1.974 1.924 2.099 157.94 158.59
450 1.989 1.950 2.048 158.91 159.63
530 (O-phase 2.003 1.972 2.008 157.26 161.58
530 (O'-phase 1.980 1.930 2.098 157.90 157.11
x=2.87 2 1.980 1.947 2.014 157.42 160.40
100 1.978 1.939 2.024 157.62 160.35
200 1.975 1.930 2.040 157.87 161.12
300 1.981 1.953 2.010 158.53 161.16
400 1.984 1.968 1.989 158.81 161.71
500 1.980 1.978 1.983 161.92 161.77

<2.86 samples, significant increase of Young’s modulus The crystal structure of lgdVinO,g; sample atT
value is observed above 440 [kig. 2(e)]. The monoclinic <400 K is characterized by an orthorhombic type of unit
compounds do not show any sharp changes in the behavigell symmetry. The space grolgnmawas used for the re-
of Young’s modulus and exhibit a gradual increase of thefinement. At 500 K, the best fitting was obtained for mono-
resonance frequency in the whole accessible temperatudinic space group2/a. The observed and calculated diffrac-
range[Fig. 2(f)]. Usually a resonance frequency decreasesion patterns of the LgsgVinO, g7 sample below and above
with a temperature. This anomalous increase of Young'she temperature of the orthorhombic-monoclinic phase tran-
modulus reflects an instability of the crystal structure whichsition are shown in Fig. 4. The temperature dependence of
can be related to dynamic Jahn-Teller effect. the Mn-O distances as well as the local mo@gsand Q3

In order to refine the structural features @f- and  which characterize the Jahn-Teller distortion are presented in
O-orthorhombic samples and to reveal origin of the anomafig. 5. One can see that the decrease of a temperature down
lies observed on the temperature dependence of Youngt® 200 K leads to an increase of the distortion of the MnO
modulus value we performed neutron diffraction study ofoctahedron. This fact indicates the stabilization of the orbit-
Lag ggMinO, g, and Lg gdVIiNO, gz compounds. Diffraction ally ordered component. The situation is changed with a fur-
patterns were collected at temperatures of 2, 300, 450, arttier decrease of a temperature. The ferromagnetic contribu-
530 K forx=2.84, and at 2, 100, 200, 300, 400, and 500 K
for x=2.87. The structural data as well as selected inter- . .
atomic distances and angles obtained in the Rietveld refine - 200007, i (@[
ment are presented in Tables I, I, and Ill. The crystal struc- 9000 L ﬁ }@i |
ture refinement of LgggMnO, g, sample at 2T<450 K s g 0 L ek %m»
was successfully carried out in space gré&mpnausing one- O I 1T 117 11
phase structural modgiTable ). The MnQ; octahedrons 6000 - cuwrirm ”W-
were found to be rather strongly distorted. The bond length [ A ’ s
vary in the range from 1.924 to 2.099 A at 300 Rable II).
Such distortions are typical for the static ordering dyb
orbitals. The distortions of MnQoctahedrons get smaller
with increasing temperature to 450 K. At 530 K, the refine-
ment performed in one-phase model did not allow one to get OF 111 11
a satisfactory agreement between the observed and calct ',',' n
lated diffraction patterns. In the resulting fit, only thé I R B
=9.64 value [with unit cell a=5.5627(9) A, b 2 4 6 8
=7.8447(5) A, andc=5.5474(4) A] was achieved. The 20 ()
agreement f‘.':l.CtorS were S|gn|_f|cantly |mprqvé7ﬂable_ ) FIG. 3. Results of the Rietveld refinement of the NPD pattern of
when an a_ddltlonal orthorhomblc phase was introduéegl Lay ggMN0O, g, Obtained at 530 K assuming a two-phase structural
3). According to the obtained results the crystal structure 0t“nodel. The inset shows enlarged part of the Rietveld refinement for

the L& gdVInO, g4 Sample atT=530 K is characterized by  tyo-phase(a) and one-phaséb) structural models. The measured
coexistence of two orthorhombic phases which differ in 0Xy-gata (solid circles are shown together with the resulting fiapen

gen octahedrons distortions. While MgOctahedrons in the  circleg and their difference plotcontinuous ling The ticks show
O’ phase are strongly distorted indicating the statje or-  the predicted 2 positions for the Bragg peaks of the orbitally or-
bital ordering, these octahedrons are almost regular for disdered phaséupper row and the orbitally disordered phagewer
orderedO phase(Table IlI). row).
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FIG. 6. Temperature dependence of resistivity Xe¥r2.89 and
2.90 samples measured on heatifitied circles and on cooling
(open circles The range of temperature hysteresis is marked by the

get smaller(Fig. 5. In spite of the worsening of the agree- arrows.
ment factors which is observed with decreasing temperature

from 400 to 200 K for the refinement performed in the one-temperature dependence of the Young’s modulus value cor-

phase structural modéTable Il), the introduction of a sec-

responds to the onset of cooperative orbital ordering re-

ond orthorhombic phase does not allow one to improve the, a1, A two-phase structural state is realized in the tem-
agreement between the observed and calculated diffractioferatyre range where hysteresis between heating and cooling

patterns.

runs is observed. A sharp increase of the Young’s modulus

Thus, neutron diffraction data indicate that the minimumy5)e is associated with the transition from orthorhombic to
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andQ3=2(2m—I—s)/\/§ wheres, m, and| are short, medium, and
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monoclinic type of unit cell distortion.

The results of both differential thermal analysis and resis-
tivity measurements correlate with the data of study of crys-
tal structure and elastic properties. The DTA shows a thermal
effect at temperatures where structural phase transitions have
been observed. Resistivity measurements carried out for
2.87=x=<2.90 samples above room temperature reveal a
hysteresis between the heating and cooling runs in the same
temperature range where elastic and thermal anomalies occur
indicating the orthorhombic-monoclinic phase transition
(Fig. 6).

Magnetic structureThe neutron powder diffraction pat-
terns acquired at =2 K were used for the magnetic struc-
ture refinement ok=2.84 and 2.87 samples. A comparison
of diffraction patterns obtained for the §gMnO, g, cOm-
pound at 2 and 300 K is shown in Fig. 7. One can see that a
decrease of temperature results in the appearanceifQa
reflection forbidden by the space groBpma The permitted
(111 reflection increases in intensity. This can be attributed
to the long-range layered type antiferromagnetic order with
ferromagnetic coupling of the Mn ions within the plai@d.0
and antiferromagnetic interactions between these planes. At
the same time, the additional intensity of tfi01), (200),
(121), and(002) lines denotes the existence of ferromagnetic
component. No additional intensity is observed to tB20)
line indicating the orientation of ferromagnetic component
along they axis.

The simultaneous appearance of antiferromagnetic and
ferromagnetic contributions can be explained as due to the
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FIG. 8. Magnetization vs field for the LadVnO, (2.82<x
<2.94) compounds & =5 K. The inset shows the magnetization
H=15 kOe and a coercive field as a function of the oxygen content.

FIG. 7. Observed neutron diffraction patterns of, k@InO, g4
at T=2 K (top) and T=300 K (bottom).

existence of a homogeneous canted magnetic structure or teeate is observed at a temperature of 140 K. The external
coexistence of antiferromagnetic and ferromagnetic phasemagnetic field does practically not shift the temperature of
The magnetic structure refinement was carried out in bothhe phase transition. The increase of the oxygen content in
models. In the model of canted magnetic structure the refinethe concentration range correspondingQaorthorhombic
ment gives a value of 1.48; for the ferromagnetic compo- compositions results in a lowering of the Neel point and an
nent and of 2.24y for the antiferromagnetic one. The best increase of the magnetizatidhig. 8). For example, the mag-
fitting (Ry=9.5%, x>=4.45) is observed for the magnetic netization of the x=2.84 compound inH=15 kOe is
modeA,F, . 0.76ug/Mn, the coercive field is 4.2 kOe and the tempera-

The refinement performed in the model of coexistence oture of the magnetic ordering is 125 K. The transition to a
antiferromagnetic and ferromagnetic phases leads to the foparamagnetic state, remains well pronounced. The external
lowing magnetic structure: the LadMn0O, g4 Sample consists magnetic field weakly affects the temperature of the transi-
of 63% of anA-type antiferromagnetic phase and 37% of ation to a paramagnetic state, similar to the 2.82 compo-
ferromagnetic one. The magnetic moments of the Mn ionssition. This tendency of the magnetic ordering temperature
are 3.5 and 3.%up for antiferromagnetic and ferromag- remains up to the LgdMnO, g5 compoundFig. 9b)]. One
netic phases, respectively. The magnetic moments are otan see that field dependences of the magnetization obtained
dered along thex axis for the antiferromagnetic phase andfor the 2.82<x<2.85 samples in the field of 15 kOe are far
along they axis for the ferromagnetic one. Discrepancy fac-from saturation(Fig. 8). This indicates the large magnetic
tors obtained in such magnetic structure refinement ar@nisotropy of the samples. The large thermomagnetic irre-
Ru(AF)=9.2%, Ry (F)=6.2%), andy?=4.57. versibility and coercive fieldlFigs. 8, 9a), and 9b)] confirm

No long-range antiferromagnetic contribution is observedhat the low-doped orthorhombic §gMnO, samples are
for the Lag gdMnO, g; sample. The refinement of the neutron strongly anisotropic materiafs.
diffraction data &2 K shows that magnetic structure of this  The magnetic state changes with a further increase of the
sample corresponds to the magnetic mdeg with Ry, oxygen concentration in the range of the orthorhombically
=5.1%. The magnetic moment for the Mn ions is /353 distorted samples. Starting from tlke=2.86 compound, the
The value of the magnetic moment is smaller than that extemperature of magnetic ordering increases from 15&K (
pected for the given ratio of Mid and Mrf* cations =2.86) to 202 K &=2.90). Moreover, a considerable rise of
(3.9up). Such aresult can be attributed to the existence of anagnetization up to 3.4#;/Mn for x=2.90 is observed.
second short-range ordered magnetic phase. Besides, magnetic anisotropy and coercive field decrease sig-

Magnetic and electrotransport propertieShe magnetic nificantly [Figs. 8, 9c), and 4d)].
properties reveal a correlation between the magnetic and or- Maximal magnetization valuegip to 3.5%g/Mn in H
bital states. The magnetization vs field curves for the=15 kOe) close to that expected for a collinear ferromagnet
Lag ggMinO, system ail =5 K are presented in Fig. 8. The have been obtained for monoclinically distorted compounds
Lag ggMnO, g, sample(the lowest oxygen contenhas a very  (Fig. 8. FC and ZFC curves indicate that monoclinic
small magnetic momeriabout 0.1z per manganese ion in samples undergo a paramagnet-ferromagnet transition at
H=15 kOe) and a very large coercive field—more than 15temperatures from 212 K for LagMnO, ¢, to 255 K for
kOe. Magnetization vs temperature curves for this sampléa, gdMnO, o5 [Figs. 9e) and 9f)]. In contrast to the
are shown in Fig. @). A sharp transition to the paramagnetic O’-orthorhombic samples an external field shifts the transi-
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tion rather far to higher temperatures. Note, thatTgeval-  Curie point gradually decreases with the decrease of the oxy-

ues for Lg sggVinO, compounds are higher than that observedgen content. While the coincidence of first-order magnetic

for the LaMnQ., samples corresponding to the samephase transition and the appearance of metallic conductivity

Mn**/Mn3* ratios! in the samples is obvious here, it is not a common property
It is well known that the transition from the paramagneticof CMR manganites. For instance, d¢bf, ;MnO; shows a

to the ferromagnetic state in La,A ,MnO; manganites can metal-insulator transition nedf; and a second-order mag-

PHYSICAL REVIEW B 69, 054432 (2004

FIG. 9. Temperature dependence of the mag-

be or first or second-ordét.In order to define the features of netic phase transitioff.

a paramagnet-ferromagnet phase transition igghdnO,
system we used the criterion proposed by Banef]éghis
criterion allows one to distinguish first-order magnetic phase
transitions from second-order ones by purely magnetic meth-
ods. It depends on the observation of the slope of isotherms
of H/M versusM? in the vicinity of Tc. Here M is the
experimentally observed magnetization afdis the mag-
netic field. A positive or negative slope &f/M(M?) curve
indicates a second-order or first-order phase transition, re-
spectively. Before each measurement of a magnetization iso-
therm, samples were heated abdweand then cooled down

to the measuring temperature under zero field. The results of
the measurements for selected samples are shown in Fig. 10.
According to the obtained data, the paramagnet-ferromagnet
phase transition is second-order one up to the monoclinic
compoundx=2.91. Starting from thex=2.92 sample, the
transition from paramagnetic to ferromagnetic states be-
comes first order.

The change from a first- to a second-order magnetic phase
transition was found to correlate with electrotransport prop-
erties of LggdVnO, manganites. The temperature depen-
dence of the resistivity both under zero field and in a field of
9 kOe as well as the magnetoresistance data are shown in
Fig. 11. In the concentration range 2:92<2.96, the
samples are characterized by metallic conductivity belgw
[Figs. 11a)—11(c)]. A pronounced magnetoresistance peak is
observed slightly below the temperature of the metal-
insulator transition. The largest value of the magnetoresis-
tance, up to the 96% af=242 K, was found for thex
=2.94 compound. Starting from monoclinic=2.91 com-

pound, the semi-conducting type of conductivity is observed FIG. 10. H/M vs M? plots of isotherms in the vicinity of the
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[Figs. 11d) and 11e)]. The magnetoresistance peak at theCurie point ofx=2.89 and 2.95 compounds.
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IV. DISCUSSION orbital orderinggFigs. 9a) and Za)]. The existence of or-

Traditionallv. the evolution of the maanetic properties of bital ordering in theA-type antiferromagnetic structure of
Y. 9 brop LagggMNO, g, is corroborated by neutron diffraction

manganites under hole doping, namely, the concentration o )
” . . . measurements. With increasing oxygen content up to the
transition from antiferromagnetic to ferromagnetic state is__~ . . .

x=2.85 sample, the magnetic and orbital ordering tempera-

explained by either the formation of a canted antiferromag;[ures lower while the magnetization increases sligffigs.

netic structurgdouble ethange mode(IRef. 14 or the ap- 2§a)—2(d), 8, 9a). and 4b)]. Results of the neutron diffrac-
pearance of ferromagnetic clusters which contain an BXCeSS | easurements carried out for the2.84 sample con-
of holes(electronic phase separatidﬁ However, the double ) P

exchange or electronic phase separation are capable of e
plaining the properties of LgdVinO, manganites only in the
limited range of doping concentration where antiferromag- 53 306 312 318 324
netic order is associated with insulating behavios@.85) Ol'th
and ferromagnetism with metallic conductivitx*$2.92).
Neither the double exchange mechanism nor electronic phas
separation can account for the existence of a ferromagneti Pl
but insulating phase 2.86x<2.91. Recently, theoretical 200
works have focused on investigations of the possibility of __ 2
structurally — driven magnetic phase separation iny\¢ 4
manganites’ The structural inhomogeneities in manganites ~—
seem to result from an intrinsic chemical inhomogeneity of LZ’ o
solid solutions. Recent x-ray absorption fine structure meaj— 100 - AF| \
surement of the Sr and LK edges of the lightly doped |
La,_,Sr,MnO; series revealed a consistent deviation from a ,/ AFlH—FI

Average manganese valency

FM

random distribution of Sr at the La/Sr sites $ox0.3.38 The

local structural disorder on the cation sublattice is also ob- 1 2

served to differ in the vicinity of the La-rich and Sr-rich ol . oy e Wy

clusters. The local clustering and structural disorder is showr 2.82 2.85 2.88 2.91 294

to establish an intrinsic chemical and structural inhomogene-

ity on the nanometer scale, which may provic%g)a mechanisrr. Oxygen, x

for the nucleation of magnetic phase separation. . .
The experimental results obtained in the present work can FIG. 12. Magnetic phase diagram of theglgMnO, (2.82=x

<2.96) system. Orth-orthorhombic crystal structuvemonoclinic

be successfully explained in the framework of a :structurallyCrystal structure: PI, AFI, FI, and FM-paramagnetic insulating, an-

driven m_agnetlc phase separation model. Tentative magne[lﬁerromagnetic insulating, ferromagnetic insulating, and ferromag-
phase diagram of the bgg\InO, (2.82<x=<2.96) mangan- | qic metaliic states, respectively. Filled circles present the tempera-
ites is shown in Fig. 12. The most strongly reduced samplg,res corresponding to the onset of magnetic ordering. Cross
Lap ggMInO; g, is antiferromagnet with a Neel temperature of symnols indicate the temperatures of the most pronounced changes
140 K. Its properties are found to be similar to the propertiesf the FC magnetization measured in 100 @ere determined as

of stoichiometric LaMnQ. Both compounds have very inflection points on the FC curyeAreas 1 and 2 correspond to the
close unit cell parameter$ig. 1), the same magnetization concentration regions where an antiferromagnetic or ferromagnetic
value (Fig. 8), and close temperatures of both magnetic anchhase predominates, respectively.
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firm the appearance of a ferromagnetic compofiEigf. 7). A Average manganese valency
further increase of the oxygen concentration leads to a sig: 3.00 3.06 342 348 3.24

nificant enhancement of the ferromagnetic contributieig. i o N kA
8). The transition temperature to the paramagnetic state be

gins to increase and the transition becomes bro@Hgy.

9(c)]. Neutron diffraction data obtained for the=2.87 800
sample indicate that ferromagnetic coupling becomes pre:
dominant. No long-range antiferromagnetic order has beer
observed for this compound. At the same time, the refined
magnetic moment is lower than that expected for the full

spin arrangement. Besides, the large difference between ZF(_
and FC curves at low temperaturgig. 9(d)] assumes the |- 400
presence of an anisotropic magnetic coupling which differs

from the isotropic ferromagnetic one. This can be attributed

to existence of either short-range antiferromagnetic cluster

or a spin-glass phase. However, no spin-glass behavior ha

L e e

\

1

\
been detected for the nominal J@MnO; sample which is 1 2 y
characterized by the same magnetic properties as o o, ; .
!_z?(?lgal\_/lnC_)2.87.32 No pr_onoun(_:ed therm_orr_lagneti(_: irre_vers- 2.82 285 288 291 204
ibility indicating the anisotropic magnetic interactions is ob- 0
served starting from the=2.92 sampldFig. 9f)]. The val- xygen, X

ues of magnetization estimated for the monoclinic
compounds inH=15 kOe are close to those expected for

full spm alignment(Fig. 8. The gro!m,d statg of a.II the ortho- orbitally disordered orthorhombic, and monoclinic phases, respec-
rhombic compounds 2.82x<2.90 is insulatingFig. 11(e)]. tively. Areas 1 and 2 correspond to the concentration regions where
The appearance of metallic conductivity does not coinCidgne static Jahn-Teller distortions or dynamic orbital correlations pre-
with the transition to monoclinic phag€ig. 11(d)]. Simul-  gominate, respectively. The dark area corresponds to the concentra-
taneous first-order magnetic transitidfig. 10 and metal-  ton and temperature range where a coexistence of orbitally ordered
insulator transition af ¢ [Figs. 11a)—11(c)] are observed for and orbitally disordered orthorhombic phases is corroborated by
X=2.92 compounds. diffraction data coupled with DTA and elastic properties study.

It is necessary to note that a change from two-dimensional o
ferromagnetic interactions characteristic of LnMp@ 3D  shown in Fig. 13. For LggginO, go, the sharp drop of the
ones may be induced not only by #nbut also by diamag- Young's modulus value must be associated with the removal
netic NB*, AI3", S&* doping of parent LnMn@ (Ln of cooperative prbltal ordering; it is observed at approxi-
lanthanide.*>L The appearance of ferromagnetic order inMately 650 K[Fig. 2@)]. The DTA measurements revealed
spite of the absence of Mh ions contradicts both double the release of latent heat in the range 650—-730 K, indicating

exchange and electronic phase separation scenarios. Accomﬁe coexistence of orbitally ordered and orbitally disordered
ing to Goodenougtet alX’ and Zhouet al*2 removal of phases up to the temperature of 730 K. Another thermal

. . . omaly connected with the transition to the monoclinic
static Jahn-Teller distortions should lead to an appearance gﬂase is observed in the much narrow temperature range

isotropic ferromagnetic interaction. In t_he cases, when ong; 5 t<gg0 K. According to dilatometric investigations
dopgs the ';”M”@W'th non-Jahn-Teller ions Sfch as M he temperature-induced structural transitions in manganites
(Nb°*, SC*, etc) the g orbitals of all the Mii* sites sur-  are martensite-typ¥ With the increase of the oxygen con-
rounding the MA* (Nb>*, SE*, etc) ion tend to be di- tent to x=2.83, the temperatures of both orbital order-
rected toward the central ion forming orbital polafSrAc-  disorder and orthorhombic-monoclinic phase transitions sig-
cording to Goodenough-Kanamori-Anderson rules, amificantly decrease. The range of coexistencedofand O
important consequence of such a type of orbital ordering iphases becomes broader, while the width of the anomaly
ferromagnetic exchange interactions between®Mrand  associated with the temperature-induced orthorhombic-
Mn** ions in this cluster. The diamagnetic doping @b  monoclinic transition remains practically constant. Starting
ScA*, etc) also favors ferromagnetism converting a 2D-typefrom the x=2.84 sample, the differential thermal analysis
orbital ordering intrinsic to LnMn@ into a 3D clusterlike does not show any significant heat effect, which could be
one with much more fast orbital dynamics. An interaction ofinterpreted as a transition to a pure orbitally disordered state;
ferromagnetic clusters may lead to long-range ferromagnetinowever, the anomaly related to the transition from an ortho-
order if Mn-O-Mn angle is enough large. rhombic to a monoclinic phase remains well pronounced.
A strong correlation between the magnetic and structuraNeutron diffraction data coupled with Young’s modulus mea-
properties of LggdVInO, (2.82<x=<2.96) manganites is ob- surements indicate the existence of predominantly static
served. The hypothetical structural phase diagram ofahn-Teller distortions at room temperature and two-phase
Lag ggMINO, (2.82<x=<2.96) constructed using x-ray, neuron character of the crystal structure above 470 K [Fig. 2(c)
diffraction, Young’s modulus, resistivity, and DTA data is and Tables | and Il Inhomogeneous structural states are

FIG. 13. Hypothetical crystal structure phase diagram of the
Lag ggVInO, system.O’, O, andM orbitally ordered orthorhombic,
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observed up to 650 KFig. 2(c)]. Above this temperature the the long-range ferromagnetic order. At the same time, x-ray
monoclinic phase is stabilized. A further increase of the oxy-and neutron diffractioriFig. 1, Table II) and elastic proper-
gen concentration leads to the broadening and gradual disapies [Fig. 2(e)] indicate the removal of cooperative orbital
pearance of the anomaly which relates to the transition to therdering. The anisotropic contribution concluded from the
orbitally ordered stat¢Figs. 2d) and 2e)]. However, the temperature dependence of the ZFC and FC magnetization
weak hysteresis observed for tRe=2.87 sample below the for the x<2.91 sample§Figs. 9a)—9(e)] suggests a conser-
temperature of monoclinic-orthorhombic phase transition cawation of antiferromagnetic clusters up to concentration
be attributed to the conservation of a minor amount of arrange of the monoclinically distorted compounds. The value
orbitally ordered phasgFig. 2(e)]. The neutron diffraction of the spontaneous magnetization of the monoclinic samples
study performed for the LgdVnO,g; compound indicates x=2.92 is consistent with a collinear ferromagnetic state
that the value of the orbitally ordered phase increases witliFig. 8). One could infer that the enhancement of the cova-
decreasing temperature to 200(Rig. 5. However, even in lent component of the Mn-O-Mn bond which would occur
the case off =200 K, where the worst agreement factors for for orbitally disordered state leads to the crossing of the wide
one-phase structural model have been obsefVatile Il), valence and the narrowd3bands and, starting from the
the introduction of the second orthorhombic phase was unx=2.92 compound, the metallic conductivity appeéfs.
successful. Apparently, even at 200 K, the orbitally orderedL1). The strong dependence of the ferromagnetic order on the
clusters are still too small and separate to distinguishGhe external magnetic field results in the colossal magnetoresis-
phase in the diffraction experiment. The temperature otance effect near the Curie temperature.
orthorhombic-monoclinic phase transition gradually de-
creases as the oxygen content incre@Begs. 2c)—2(e) and
6], and starting from thex=2.91 sample, the monoclinic
phase is stabilizedFig. 1). It is necessary to note that the A detailed study of crystal structure, magnetic, and elec-
x-ray and neutron diffraction experiments can reveal drotransport properties of LadMnO, (2.82<x<2.96) man-
two-phase structural state rather in the case of macroscopganites was carried out. The most reduceg dJdinO; g,
structural phase separation. In the cases of local structurgample which contains only M ions was deduced an or-
inhomogeneities or nanometer scale structural clusterditally ordered antiferromagnet withy= 140 K. Its proper-
these experiments give only an average picture of a structurgies are very similar to those of the LaMnGtoichiometric
state. For instance, the atomic pair-density function ofcompound. The crystal structure of investigated samples was
La;_,SrMnO; (Xx=<0.4) manganites obtained by pulsed found to undergo a number of concentration- and
neutron diffraction indicates that their local atomic structuretemperature-induced transitions: from an orbitally ordered
significantly deviates from the average structure, and that therthorhombic to an orbitally disordered orthorhombic and
local Jahn-Teller distortion persists even when the crystalthen to a monoclinic type of unit cell distortion. It was
lografic structure shows no Jahn-Teller distortion. shown that the magnetic properties of the samples of
Thus, the correlation between the orbital state and magka, sdMnO, system strongly correlate with the type of their
netic properties of the lggdMnO, manganites is prominent orbital state. Compounds with an antiferromagnetic compo-
(Figs. 12 and 1B The static Jahn-Teller distortions are re- nent exhibit the features of cooperative orbital ordering,
sponsible for theA-type antiferromagnetic structure, while while the pure ferromagnetic samples, with up to 255 K
dynamic orbital correlations lead to ferromagnetism. for x=2.96, are orbitally disordered. The antiferromagnet-
Summarizing, the evolution of magnetic and orbital stateferromagnet phase transition was described in the framework
in the Lg gdVINO, system is presented as follows. The in- of a magnetic phase separation model, taking into account
crease of oxygen concentration abowve?2.82 value leads to the key role of the structural inhomogeneities. It was found
an appearance of holes in thel 3tates of Mn iong(i.e.,  that the monoclinic samples=2.92 are metallic and show a
Mn** jon appearande Orbital ordering is removed nearby first-order magnetic phase transition, while #€2.91 com-
Mn** jons and the exchange interactions between Mn ionpounds are characterized by a semiconducting behavior and
become ferromagnetic. The number of orbitally disorderedexhibit a second-order transition to the paramagnetic state.
ferromagnetic clusters increases with increasing oxygen corFrom the analysis of the experimental data the magnetic and
tent. This leads to a lowering of the Neel poliftigs. 9a) structural phase diagrams were constructed.
and 9b)] and an increase of the magnetizatidtig. 8). Si-
multaneously, the temperature of orbital disordering de-
creasegFigs. 2a)—2(d)]. A significant decrease of the coer-
cive field and an increase of magnetization are observed for The work was partly supported by Belarus Fund for Basic
thex=2.86 compoundFig. 8). This denotes a change of the Research(Project F03-102 GPOFI “Nanomaterials and
predominant magnetic interaction. Indeed, the refinement afianotechnologies” (Nanomaterials and nanotechnologies
magnetic structure performed for tRe-2.87 sample reveals 3.3), and Deutsche Forschungsgemeinsct@érmany.

V. CONCLUSIONS

ACKNOWLEDGMENTS

054432-11



I. O. TROYANCHUK et al. PHYSICAL REVIEW B 69, 054432 (2004

*Electronic address: troyan@ifttp.bas-net.by 23\M.M. Savosta, V.I. Kamenev, V.A. Borodin, P. Novak, M. Mary-

1S.T. Jin, T.H. Tiefel, M. McCormack, R.A. Fastnacht, R. Ramesh, sco, J. Hejtmanek, K. Dorr, and M. Sahata, Phys. Re%7B
and L.H. Chen, Scienc264, 413(1994). 094403(2003.

G.H. Jonker and J.H. Van Santen, Physidmsterdam 16, 337 24p A Algarabel, J.M. De Teresa, J. Blasco, M.R. Ibarra, Cz. Ka-
(1950. pusta, M. Sikora, D. Zajac, P.C. Riedi, and C. Ritter, Phys. Rev.

3E.0. Wollan and W.C. Koehler, Phys. ReM00, 545 (1955. B 67, 134402(2003.

%J. Rodriguez-Carvajal, M. Hennion, F. Moussa, A.H. Moudden.25\1. Hennion, F. Moussa, G. Biotteau, J. Rodriguez-Carvajal, L.
I(_iggg]sard’ and A. Revcolevschi, Phys. Rev. 3, R3189 Pinsard, and A. Revcolevschi, Phys. Rev. Left. 1957 (1998.

2R H. Heffner, L.P. Le, M.F. Hundley, J.J. Neumeier, G.M. Luke,
K. Kojima, B. Nachumi, Y.J. Uemura, D.E. MacLaughlin, and
S.-W. Cheong, Phys. Rev. Left7, 1869(1996.

C.H. Booth, F. Bridges, G.H. Kwei, J.M. Lawrence, A.L. Corne-
lius, and J.J. Neumeier, Phys. Rev. L&®, 853(1998.

SM. Tovar, G. Alejandro, A. Butera, A. Caneiro, M.T. Causa, F.
Prado, and R.D. Sanchez, Phys. Rev6® 10199(1999.

6A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, and 7
Y. Tokura, Phys. Rev. B1, 14103(1995.

7J. Topfer and J.B. Goodenough, J. Solid State Chksg, 117

(1997, 28M. Fath, S. Freisem, A.A. Menovsky, Y. Tomioka, J. Aarts, and
51.0. Troyanchuk, Zh. Eksp. Teor. Fiz02, 251(1992 [Sov. Phys. ,, J-A- Mydosh, Science8s 1540(1999.

JETP75, 132(1992]. M. Uehara, S. Mori, C.H. Chen, and S.-W. Cheong, Natumn-
°D. Louca, T. Egami, E.L. Brosha, H. Roder, and A.R. Bishop, dor) 399 560 (1999.

Phys. Rev. B56, R8475(1997. J. Topfer and J.B. Goodenough, Chem. Ma®er1467(1997).
19p, Schiffer, A.P. Ramirez, W. Bao, and S.-W. Cheong, Phys. Rev. A. Maignan, C. Michel, M. Hervieu, and B. Raveau, Solid State

Lett. 75, 3336(1995. Commun.101, 277 (1997.

¢, Ritter, M.R. Ibarra, J.M. De Teresa, P.A. Algarabel, C. Mar- >*S. de Brion, F. Ciorcas, G. Chouteau, P. Lejay, P. Radaelli, and C.
quina, J. Blasco, J. Garcia, S. Oseroff, and S.-W. Cheong, Phys. Chaillout, Phys. Rev. B59, 1304 (1999.
Rev. B56, 8902(1997). 33R. Ganguly, A. Maignan, C. Martin, M. Hervieu, and B. Raveau,
2ps. de Silva, F.M. Richards, L.F. Cohen, J.A. Alonso, M.J. J. Phys.: Condens. Mattd#, 8595(2002.
Martinez-Lope, M.T. Casais, K.A. Thomas, and J.L. MacManus-34J. Mira, J. Rivas, F. Rivadulla, C. Vazques-Vazques, and M.A.

Driscoll, J. Appl. Phys83, 394 (1998. Lopez-Quintela, Phys. Rev. B0, 2998(1999.

13C. Zener, Phys. Re82, 403 (1951). 355 K. Banerjee, Phys. Letl2, 16 (1964).

p.G. de Gennes, Phys. Ral8 141 (1960. 36S.E. Lofland, S.M. Bhagat, K. Ghosh, R.L. Greene, S.G. Karaba-

15A.J. Millis, B.I. Shraiman, and R. Mueller, Phys. Rev. Letf, shev, D.A. Shulyatev, A.A. Arsenov, and Y. Mudovskii, Phys.
175(1996. Rev. B56, 13705(1997.

BE L. Nagaev, Phys. Re346, 387 (200J. STE, Dagotto, T. Hotta, and A. Moreo, Phys. R&d4, 1 (2002.

173.B. Goodenough, A. Wold, R.J. Arnott, and N. Menyuk, Phys.®®T. Shibata, B. Bunker, J.F. Mitchel, and P. Schiffer, Phys. Rev.
Rev. 124, 373(1961). Lett. 88, 207205(2002.

18G.-L. Liu, J.-S. Zhou, and J.B. Goodenough, Phys. Rew48  3°B.C. Hauback, H. Fjellvag, and N. Sakai, J. Solid State Chem.
144414(20012). 124, 43 (1996.

19G. Biotteau, M. Hennion, F. Moussa, J. Rodriguez-Carvajal, L.491.0. Troyanchuk, M.V. Bushinsky, H. Szymczak, K. Barner, and
Pinsard, A. Revcolevschi, Y.M. Mukovskii, and D. Shulyatev, A. Maignan, Eur. Phys. J. B8, 75 (2002.

Phys. Rev. B64, 104421(2001). 413 B. Goodenough, R.I. Dass, and J. Zhou, Solid State4SgR7
20G. Allodi, R. De Renzi, and G. Guidi, Phys. Rev. &, 1024 (2002.
(1998. 423.-S. Zhou, H.Q. Yin, and J.B. Goodenough, Phys. Re64B

246, Papavassiliou, M. Fardis, M. Belesi, T.G. Maris, G. Kallias, = 184423(200J).
M. Pissas, D. Niarchos, C. Dimitropoulos, and J. Dolinsek, **T. Mizokawa, D.l. Khomskii, and G.A. Sawatzky, Phys. Rev. B

Phys. Rev. Lett84, 761 (2000. 63, 024403(2000.
22G. Papavassiliou, M. Belesi, M. Fardis, and C. Dimitropoulos,**N.V. Kasper and 1.0. Troyanchuk, J. Phys. Chem. Sdifjs1601
Phys. Rev. Lett87, 177204(200)). (1996.

054432-12



