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Ruthenium double perovskites: Transport and magnetic properties
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The double perovskites LB RuQy., s containM?* ions forM =Mg, Zn, Co, and Ni and foM =Mn and
Fe,M3* ions. Annealed samples have ordeMd" and RulV), but samples wittvi3* ions are atomically
disordered and remain oxidized*¢0) after annealing in a Natmosphere. A comparison of quenched,
air-annealed, and Nannealed LgMgRuG;, s samples showed a persistence of a few cation vacancies in the
presence of oxygen vacancied<{0). In quenched samples, oxygen vacancies are preferentially located
between two Ru atoms, where they form a deep two-electron trap state, whereas the two-electron trap state
formed at an oxygen vacancy betweenMA' and R{lV) is shallow. Magnetic as well as transport data
indicate them-bonding 4 electrons at the low-spin Ru atoms occupy itinerant-electron statesrof lsand
even in the atomically ordered samples, but strong correlations introduce magnetic transitions amehg the
electrons. TheM = Co and Ni samples exhibit a magnetic transition at some, if not all, ofrthelectrons on
the Ru array below &, independent of magnetic ordering on thi&" ions, and below & y~26 K<Tj,,
antiferromagnetic ordering of th&2*-ion spins suppresses any spin on the intervening\Ru The
M2*:e2-0-Ru(IV)-0-M?*:e? antiferromagnetic superexchange interaction is stronger than the ferromagnetic
M?*:e?-O-Ru(1V):e? interaction because of a weak intraatomic exchange withrthelectron spins on the
Ru(lV) atoms. On the other hand, disorderegMaRuQ; 171y is ferromagnetic with a magnetization®K of
2.85ug per formula unit(f.u.) in a magnetic field of 50 kOe. This finding is interpreted with a model in which
the 7-bonding orbitals on both the Mn and Ru are coupled to form a common ferromagrfekiand in which
only the antibonding electrons are not spin paired. The strong next-nearest-neighbor interaction between Ru
atoms made manifest in the ordered double perovskites provides an explanation of why la@dwidth of
the perovskite system Sr,CaRuO; may increase witkx.

DOI: 10.1103/PhysRevB.69.094416 PACS nuni®er75.30.Cr, 72.80.Ga, 75.30.Et, 75.30.Kz
[. INTRODUCTION M3*/M?2* redox energies allow determination of the energy
of the RUIV)/Ru(lll') redox couple relative to these energies.
The double perovskites LM RuUQ; (M=Mg, Mn, Ni,  Our observations show that the Ru atoms contribute a mag-

and Zn were studied by Galasso and Dattsy number of netic moment to the Curie-Weiss susceptibility at high tem-
years ago, but at that time no magnetic measurements weRgratures; but below a magnetic transition, the itinerant-
performed. Early work on the system,SiCaRuO; led to  €lectron unpaired spin density appears to be smafi’ Gmd

the conclusion that thedtelectrons of these perovskites give Ni°* magnetic moments couple antiparallel to one another
an itinerant-electron ferromagnetism in SrRu@ith a  @Ccross a RUV) ion in ordered LaCoRuQ and LgNiRuQs
Curie-Weiss susceptibility corresponding to a localized low-Whereas disordered LaeRuQ forms a spin glass, and dis-
spin RUIV) moment, but the Weiss constafitdecreased ordersd LaMnRuG; is ferromagnetic. The varying roles of
smoothly with increasing with a loss of long-range mag- the * electrons are discussed and _the ferromagnetism of
netic order whered becomes negati?é although CaRu@ La;MNnRUG; 17(;) and LaSrMnRuQoyy) is accounted for by

o n :
was later showhto retain ferromagnetic interactions. Thd 4 an itinerant electronr® band that includes both Mn and Ru

: e : t-orbital parentage. Finally, it is pointed out that the
electrons of R.CIII) In LaRuG; are6 ltinerant with no long- m-bonding next-near-neighbor Ru-O-O-Ru interactions in a
range magnetic ordérBattle et al® studied double perov-

kit h i f -M
skites containing RY) and found evidence of itinerant- perovskite are enhanced by a bending of iheO-M bond

- , X angle from 180°, which explains why CaRg@cts as if it
electron magnetism as a result of Ru-O-O-Ru interactions. had a broades* band than SrRuQ

In this paper the role of ruthenium in the double perov-
skites LaMRuQ; has been revisited; compounds with
=Mg or Zn are compared to those with=Mn, Fe, Co, or
Ni. This comparison allows a study of thed4electrons Il. EXPERIMENTAL PROCEDURES AND RESULTS
at RUIV) in the absence of another transition-metal atom
to provide insight into their behavior in the presence of a
localized spin on a neighboring transition-metal atom. Compounds of the system LM RuQ;, s were prepared
The comparison sheds light on why ordered,CaRuQ  both by the Pechini methddnd by solid-state reaction. The
and LaNiRuOs; are antiferromagnetic in contrast to the water of crystallization of all precursor salts was determined
ferromagnetism of ordered L@oMnQ; (Ref. 7 and by thermogravimetric analysiéTGA) with a heating rate
La,NiMnOg.8 In addition, the varying energies of the of 1 °C/min in flowing air for lanthanundlll) nitrate, cobalt

A. Synthesis
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(1) nitrate, magnesiuntil) nitrate, and rutheniundll) chlo-  evaporation of the low-melting Ztmelting point=420°C).
ride, and in a flowing mixture of 5% HAr for iron (II)  The oxygen stoichiometry of all samples was reproducible.

oxalate and nicke(ll) nitrate. LgMRuG;, s (M =Mg, Co, The samples of nominal LMRuG; (M=Mg, Co, Ni,
and Nj) samples were synthesized by the Pechini metho@nd Zn annealed in air were oxygen stoichiometric fdr
with  La(NOy)3-6.031)H,0, Mg(NGy),-5.991)H,0, =Mg and Co but exhibited oxygen hyperstoichiomey

Co(NG;),-5.941)H,0, Ni(NO3),-5.991)H,0, and =0.10(1) forM=Ni (sample LNIR-A] in agreement with
RuCk-3.00(1)H,O as the starting materials. Stoichiometric Yoshii et al!® and §=0.06(1) forM=Zn (sample LZNR-
quantities of the salts were first dissolved in deionized wateA1); all samples synthesized in flowing,Mr quenched in
and then 1.5 times the stoichiometric amount of citric acidliquid N, after annealing in air were oxygen deficient, the
was added to the stirring brown solutions to accomplisiNz-annealed samples having the largest concentration of
complete chelation. After 30 min of stirring, ethylene glycol ©Xygen vacancies. All nominal bMRuG;, ; (M=Mn or

was added to the brown chelated solutions, and these solff® Samples remained oxygen hyperstoichiometric with
tions were then heated to approximately 150 °C to allow the=0-12(2) despite firing in flowing Ar or Nwith sample
chelates to undergo polyesterification as well as to remov8€COMposition occurring af>1225°C in these atmo-
excess water. The volume of ethylene glycol was carefully>Pheres. A larger value of was obtained for slow-cooled,
adjusted to prevent the formation of Co, Ni, and/or Ru metaf\z-@hnealed LMNR-NI 5=0.38(2)] versus the m(r)]re rap-
particles. The resulting black gels were completely dried in:gly coolelda?_r'—:?zngt:llled_tl;]MﬁN_R(—)zgéz— Oﬁlz(l)]l whereas
an oven, ground, and slowly decomposed in air at 400 °C for r-anneale LWl =0.30(2) had a larger non-

24 h. The products, black powders, were ground, press?Eﬁmchlometry than the slower cooled{dnnealed LFER-N1

into half-inch-diameter pellets 2 to 4 mm thick, and anneale i;eevleztj(?rz];bﬁ ;mjggzyizgf&(ﬁzsﬁ 0.031), wasalso
in air at 800 °C for 12 h. All the samples annealed at 800 °C '
in air were then ground, re-pelletized, and annealed in 12 h
intervals with subsequent regrinding and re-pelletizing in dif-
ferent flowing atmospheres at the temperatures and for the The identification of all room-temperature phases and the
times indicated in Table |. Those annealed ipn Were first  determination of their lattice parameters were accomplished
kept at 800 °C for 12 h to prevent the formation of Ru metalwith a Philips PW 1729 powder x-ray diffractometer
particles. With the exception of the quenched samplesequipped with a pyrolytic graphite monochromator and
LMGR-Q1, LCOR-Q1, and LNIR-Q1, all samples were CuKa radiation G =1.54059 A); KCI was the internal
cooled to room temperature in their respective atmospherestandard. Data were collected in steps of 0.020° over the
at the cooling rates indicated in Table I, the quenchedange 10%26#=<110° with a count time of 15 s per step.
samples were obtained by rapidly plunging them into liquidPeak profiles were fitted with the program JADE and lattice
N, after annealing in air fo9 h at1150 °C. parameters were refined by a least-square method developed
Samples of LaMRuG;, s (M=Mn, Fe, and Zh and by Novak and Colville! The room-temperature lattice con-
LaSrMnRuQ . s were prepared by solid-state reaction; pow-stants of the different samples are also given in Table I.
ders of LaO; precalcined in air at 1000 °C for 12 h, SrgO All samples of LaMRuG;, 5 were single phase to x-ray
MnCGQO;, FeGO,.1.991)H,0, and Ru@ dried at 150°C diffraction; the diffractograms exhibited a series of super-
for 24 h, were ground together in stoichiometric ratios. Forstructure reflections foM =Mg, Co, Ni, and Zn due to the
M=Zn, 2% mol. excess of ZnO was added to compensaterdering of theM and Ru atoms on the octahedral sites of
for Zn evaporation at higher temperatures. The mixed powthe perovskite structure. These samples were highly crystal-
ders were then pressed into half-inch-diameter pellets 2 to Bne with narrow powder x-ray diffraction peaks, Figgajl
mm thick and annealed for 12 h at 600 °C in Ar oy for and Xb); the structures were easily refined within the mono-
M=Fe, at 800°C in air foM =Zn, and at 800°C in Ar or clinic space grougP2,/n (Z=2) with a 8~90° and the
N, for M=Mn and LaSrMnRu@, ;. The products were b-axis unique, which accommodated an orderinghdf*
then ground, re-pelletized, and annealed in 6 to 12 h intervaland R{IV) ions into distinguishable @ and A sites. An
with subsequent regrinding and re-pelletizing in differentearly neutron-diffraction study performed by Seireral 12
flowing atmospheres at the temperatures and for the timesn nominal LaNiRuQOg; synthesized at 1400°C in air also
indicated in Table I. All samples were synthesizedTat revealed ordering of the Rii and RyIV) on theB sites and
=<1225°C to prevent Ru evaporation. The pellets of allwas best refined in the space groBg,/n. A later study
samples were black and dense. performed by Battleet al!® on a sample prepared in air at
The oxygen stoichiometry, the466 of Table I, was de- 1150°C and slow cooled at 6 °C/h, on the other hand, sug-
termined by complete reduction in flowing 10% t\r to a  gested disordered Ni and Ru atoms on the octahedral sites of
mixture of LgO;, MgO (M=Mg), MnO (M=Mn), Fe an orthorhombicPbnm perovskite. Nominal LgVigRuGO;
(M=Fe), Co M=Co), Ni (M=Ni), and Ru in a Perkin- and LgZnRuQ; were always found to be ordered in all pre-
Elmer Series 7 Thermogravimetric Analyz€FGA) at a  vious studies*!® No superstructure reflections, however,
heating rate of 1 °C/min to 1035 °C. Fbt=2Zn, a complete were observed foM =Mn and Fe or for LaSrMnRug) s,
reduction to LaO;, Zn, and Ru in a flowing 10% $Ar Figs. 1c) and Xd), so that these samples with a random
mixture initially took place; however, a 10 h isotherm at distribution of Mn/Fe and Ru over the octahedral sites of the
1035 °C was deliberately implemented to ensure a completperovskite structure could be easily refined within the ortho-

B. Structure
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TABLE I. The synthesis conditions and room-temperature structural properties MfRRa0O; , 5, LaSrMnRuQ, 5, La,CoMnG;_ 5, and
La, ,O,NiMnOg, s prepared under different conditions.

Synthesis Oxygen Space
Sample conditions content, 66 group a(A) b@A) cA) B c/\2a V(A3
La,MRuUG;, 5
M = Mg
LMGR-A1 1150°C(36 h), air, cool 20 °C/h 6.0Q) P2,/n 5.6061) 7.8981) 5.5921) 90.081) 247.5912)
LMGR-N1 1100°C(24 h), 1150°C(36 h), 5.8412) P2,/n 5.6041) 7.9031) 5.5881) 90.031) 247.4812)
N,, cool 20°C/h
LMGR-Q1 LMGR-A1 at 1150 °Q9 h), air, 5.892) P2,/n 5.6041) 7.90Q1) 5.5861) 90.081) 247.3012)
quenched in liquid K
M =Mn
LMNR-R1 1100°C(36 h), 1150 °C(24 h), 6.171) Pbnm 5.5641) 5.6481) 7.8611) 0.998713) 247.1212)
Ar, cool 180°C/h
LMNR-N1 1100°C(36 h), 1150 °C(60 h), 6.392) Pbnm 5.5661) 5.6061) 7.8621) 0.99883) 245.3212)
N,, cool 20°C/h
M=Fe
LFER-R1  1100°C(36 h), 1150°C(24 h), 6.302) Pbnm 5.5741) 5.6101) 7.8981) 1.00193) 246.9712)
Ar, cool 180°C/h
LFER-N1  1100°C(36 h), 1150°C(60 h), 6.122) Pbnm 5.5721) 5.6051) 7.8951) 1.00193) 246.5712)
N,, cool 20°C/h
M=Co
LCOR-A1  1150°C(36 h), air, cool 20 °C/h 6.0Q) P2,/n 5.6501) 7.8931) 5.5741) 90.091) 248.5812)
LCOR-N1  1100°C(24 h), 1150°C(36 h), 5.862) P2,/n 5.6641) 7.8961) 5.5781) 90.041) 249.4612)
N,, cool 20°C/h
LCOR-Q1 LCOR-A1l at 1150°@9 h), air, 5.901) P2,/n 5.6471) 7.8861) 5.5751) 90.111) 248.2712)
quenched in liquid B
M =Ni
LNIR-A1 1150 °C(36 h), air, cool 20 °C/h 6.1@) P2,/n 5.6131) 7.8831) 5.5711) 90.041) 246.5q12)
LNIR-N1 ~ 1100°C(24 h), 1150°C(36 h), 5.922) P2,/n 5.6161) 7.8841) 5.5701) 90.051) 246.6812)
N,, cool 20°C/h
LNIR-Q1 LNIR-A1 at 1150 °C(9 h), air, 5.961) P2,/n 5.6171) 7.8841) 5.5791) 90.121) 247.0612)
quenched in liquid B
M=2Zn
LZNR-A1  1025°C(138 h, air, cool 6.061) P2,/n 5.6841) 7.9211) 5.5941) 90.031) 251.8612)
20°C/h
LaSrMnRuQ; 5
LSMNR-R1 1225°C(120 h, Ar, cool 6.031) Pbnm 5.5661) 5.6481) 7.8381) 0.99573) 246.4(12)
180°C/h

La,CoMnQ;_ ;2
LCM-03 1350°C(12 h), O,, cool 20°C/h 6.001) P2,/n 55281) 7.7751) 5.4921) 90.011) 235.9612)
600°C(168 h, 3 atm Q,
furnace cooled

LCM-Q1 1350 °C(16 h), air, cool 20°C/h 5.951) P2,/n 5.5221) 7.7641) 5.48Q1) 90.011) 234.9912)
1350 °C(3 h), air, quenched in
liquid N,
La,_,[1,NiMnOg, 5
x=0
LNM-R1 1350 °C(6 h), Ar, cool 180°C/h 6.06L) P2,/n 5.5171) 7.7481) 5.4681) 90.011) 233.65%12)
x=1/12
L2NM-O1  1350°C(24 h), O,, cool 20°C/h 6.081) P2,/n 55151) 7.7421) 5.4631) 90.0%1) 233.2%12)
x=1/10
LINM-O1 1350°C(24 h), O,, cool 20°C/h 5.97) P2,/n 55161) 7.7421) 5.4641) 90.041) 233.3412

%Reference 7.
bReference 8.
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FIG. 1. The room-temperature
powder x-ray diffraction patterns
of some compositions in the sys-
tems LaMRuG;, 5 and
LaSrMnRuQ, 5. The (hkO) re-
flections wheréh is an odd integer
are underlined and shown in bold-
face type for samples of the
monoclinic space groupP2,/n
(b-axis unique.

rhombic space grouPbnm (Z=2). Nevertheless, a shor- in which all (0kl) reflections, wheré is also an odd integer,

trange ordering of thévl and Ru atoms for LAMRuG;, 5

are systematically absent; thek( reflections inPbnmare

(M=Mn or Fg and LaSrMnRu@, ; can be expected as has equivalent to the{k0) reflections inPnma

been observed for nominal LaSrMnRg® A structural
phase transition from orthorhombiPbnm symmetry to

A 6>0 is accommodated by the creation of cation vacan-
cies since the perovskite structure cannot accept excess oxy-

rhombohedraR3c across a two-phase region in the tempera-gen in an interstitial site. Tofield and Sd8tand Mitchell
ture range 483 K T<513 K has been observed for nominal et al’® have reported that these vacancies for LaMn§
LaSrMnRuQ@ with high-temperature x-ray diffraction; the and La_,A,MnOs, ;s (A=alkaline earth are preferentially

transition has been verified to be first order with differentialon the La sites and have suggested that the extra extruded La

scanning calorimetryDSC).}” The presence of(k0) reflec-  is present as amorphous @ that is undetected by a dif-

tions in the powder x-ray diffractograms of all monoclinic fraction experiment. A recent stutign Ln, _,[1,NiMnOg 5

P2,/n (b-axis unique samples, wheré is an odd integer,
clearly distinguishes them from orthorhomiBtbnmsamples

094416-4
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thanide as LpO; (Ln=La or Nd) and, therefore, a predomi- C. Transport properties

nance of lanthanide vacancies over Ni and Mn vacancies.  The resistivity p(T) of all samples was measured by a
Table | shows a nearly preparation-independeparam-  four-probe technique with a laboratory-built apparatus in the
eter, cell volumeV, and aB~90° for all samples indexed as temperature range 5KT<310K. The annealed, cold-

monoclinic P2;/n for La,MgRuQ;_ s and LaNiRuOg, 5.  Pressed pellets of each sample were first cut into rectangular
For the monoclinicP2,/n La,CoRuQ_, system, ag  bars with average dimensions &8.5X3.5 mn? and the

~90° was also observed, but a largeparameter and vol- four probes were mounted onto sputtered gold contacts on

) the sample surface using tiny In pads. All polycrystalline
ume V was found for the Btannealed sample, LCOR-N1, amples of LaVIRUOs . » and LaSIMNRu@, 5, Fig. 2, were

: . . s
W!th the largest concentration of Oxygen vacancies. Aéemiconductors with a low activation energy of conduction,
slightly larger volume for the more oxidized sample of ortho- ¢ varying from 48 to 182 meV: the Mn-containing perov-
rhombic LaFeRuQ, 5, LFER-R1[6=0.30(2)] compared  giites had the smallest values &fT) over all temperatures
to LFER-N1[6=0.12(2)] is unusual. On the other hand, a and the lowest activation energié, . The resistivitieg(T)
smaller cell volumeV for LMNR-N1 [5=0.38(2)] com-  of La,CoMnQ;_; and Lg_,[O,NiMnOg, ; (Ref. 8 were
pared to LMNR-R1 with6=0.17(1) is typical of a system much greater than their Ru-containing analogues,
with a more highly oxidized octahedral-site array. La,CoRuQ_ s and LgNiRuGg . 5.
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FIG. 2. The variation with temperature of the electrical resistivityT) for compositions in the systems JMRuQG;, s and
LaSrMnRuQ, 5. The resistivitiesp(T) of samples LCM-O3 and LCM-Q1 of L&oMnGQ;_ 5 are also shown.

The Seebeck coefficient(T) of all samples, Fig. 3, was D. Magnetic data
obtained with a laboratory-built apparatus; a correction was Magnetic data were taken with a Quantum Design dc su-

applied to compensate for the small contributionat@T) perconducting quantum interference devis®UID) magne-
from the leads. _ _ _tometer in the temperature range 5K <710 K and in ap-

An activated behavior of the thermoelectric power with plied magnetic field#! from — 50 kOe to 50 kOe. Thi/-H
E,~8 meV was found irp-type LZNR-A1 forT<250K; @ cyrves of all samples takert & K are shown in Fig. 4.
constant concentration of charge carriers was found abovgefgre any measurements were made, the samples were
this temperature. An activated(T) with E;~7 meV and 11  heated toT=320 K for LaMRuUQ;, 5 and T=380 K for
meV was also observed fprtype LFER-N1 and LFER-R1, | aSrMnRuQ g3(;)to remove any previous magnetic history.
respectively; a larger value af(T) for the more oxidized Saturation of the magnetization was never attained in any
LFER-R1 suggests a stronger trapping of holes in this matesf the samples of poorly ordered iMnRuQ;,; and
rial. The electronic properties of the samples are summarizedaSrMnRuQ o3;y for H<50kOe, Fig. 4a. An
in Table II. M (5 K, 50 kOe)<2.85up/f.u. for LaaMnRuG;,. s and an
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FIG. 3. The variation with temperature of the thermoelectric powé€T) for compositions in the systems {MdRuGQ;, s and
LaSrMnRuQ ;. Then-type top-type transition temperaturg,, is indicated for some of the compositions.

M(5 K, 50 kOe)=2.30ug/f.u. for LaSrMnRuQ o3;) were  of  M(5K, 50 kOe}=2.0-3.g/f.u. and less than
observed. This observation is consistent with the low value8.1ug/f.u. previously reported for LMnRuQ;, s (Refs.
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TABLE |II. The electronic properties of LMRuGs, s, LaSrMnRuQ.s, LaCoMnG,_s, and
La, ,O,NiMnOg, s prepared under different conditionsg,, E,, andAH,, are the activation energies of
conduction, carrier generation, and carrier mobility, respectively, is the n-type to p-type transition
temperature from thermoelectric power measurements.

p(295 K)
Sample E, (meV) E, (meV) AH, (meV) (Qcm) Thp (K)
La,MRuUG;, 5

M=Mg
LMGR-A1 182(8) 340
LMGR-N1 1185) 42 2541)
LMGR-Q1 1725) 150

M=Mn
LMNR-R1 692) 0.043
LMNR-N1 71(2) 0 71(2) 0.051

M=Fe
LFER-R1 742) 11 632) 0.28
LFER-N1 792) 7 722) 0.24

M=Co
LCOR-A1 1375) 11
LCOR-N1 1285) 55
LCOR-Q1 1375) 8.5

M =Ni
LNIR-A1 149(5) 32
LNIR-N1 89(3) 5.7 1081)
LNIR-Q1 1495) 32

M=2Zn
LZNR-A1 164(6) 8 (T<250K) 156(6) T<250K) 57

0 (T>250K) 164(6) >250 K)
LaSrMnRuQ; 5
LSMNR-R1 482) 0 (T>250K) 48(2) (T>250K) 0.013
La,CoMnG;_ 5
LCM-03 2197) 10600
LCM-Q1 2185) 405
La,_,[0,NiMnOg, 52
x=0

LNM-R1 1985) 395

x=1/12
L2NM-01 2386) 9100 3162)

x=1/10
L1INM-0O1 2375) 11400

®Reference 8.

20-22 and nominal LaSrMnRugQ?® respectively. Although  of La,MgRuQs_ 5 also exhibited lineaM-H behavior while
the cations are disordered, the-H hysteresis loops of these a small deviation from linearity for applied fields withi|
samples with an intrinsic coercivitjd;;>3800 Oe and a >12kOe and aiM-H hysteresis witliH;;=70 Oe were ob-
remanent magnetizatiodl,~1.3ug/f.u. are typical of a fer- served in theM-H curve of LgZnRuQ; 61y, Fig. 4f). The
romagnet. On the other hand, thé-H hysteresis loops of magnetic properties of the sampléaK are summarized in
the disordered L#&eRuQ, ;s samples, Fig. &), have a Table Il

small remanent magnetization and 320<0+4,; <480 Oe to- Figure 5 shows the molar magnetizatidth(T) and the
gether with a clear shift of th&-H loops taken afT=5K  molar magnetic susceptibility,,(T) for the samples of
after field cooling(FC) in H=2500 Oe and 50 kOe fromi ~ La,MRuGQ;.; and LaSrMnRu@qs;) in different applied
=320 K, Fig. 4c). LinearM-H curves with small coercivi- magnetic fields after cooling in zero fieldFC) or cooling in
ties H;;=<150 Oe, Figs. &) and 4e), were found for anti- the measuring fieldFC). Before any measurements were
ferromagnetic LaCoRuQ,_;s and LaNiRuO;, 5. Samples made, the previous magnetic history was removed as de-
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FIG. 4. TheM-H hysteresis loops of some compositions in the systemMIRUG; . s and LaSrMnRu@, s at T=>5 K. Insets(i)—(ix) in
(a)—(f) show the small coercivities and remanences for some of the compositions. A clear shift\f lthéoops for LFER-R1 taken at
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TABLE lIl. The magnetic properties of L& RuG;, s and LaSrMnRu@, s prepared under different conditions. AF, F, SG, SP, and WF
refer to antiferromagnetism, ferromagnetism, spin glass, superparamagnetic clusters, and weak ferromagnetism, rebgectiely; ,
andTy are the Curie temperature of long-range ferromagnetic order, the Curie temperature of ferromagnetic clusters, the spin-glass freezing
temperature, and the Metemperature of long-range antiferromagnetic order, respectivVi§0 kOe), M, , andH,; are the magnetization
at 50 kOe, the remanent magnetization, and the coercivity, respectively.e., and uer cac are the experimental paramagnetic effective
moment and the calculated, spin-only paramagnetic effective moment, respectively.

Magnetic
Type of transition
magnetic temperature  M(5K, 50 kOe) M, (5 K) Hq (5 K) Meftexp Meff calc
Sample behavior (K) (pglf.u.) (pglf.u.) (OCe (mg) (mg) 0 (K)
La,MRUG;, 5
M=Mg
LMGR-A1 AF 0.0611) 0 0 3.322) 2.83 —134(2)
LMGR-N1 AF 0.0581) 0 0 3.432) 2.53 —151(2)
LMGR-Q1 AF 0.0791) 0 0 3.544) 2.61 —-121(3)
M=Mn
LMNR-R1 F T.=86(2) 2.8%2) 1.382) 385010) 4.932) 108(2)
LMNR-N1 F T.,=162(4) 2.482) 1.172) 488010 4.832) 104(2)
F T.1=76(2)
M=Fe
LFER-R1 SG T:1=32(1) 0.101) 0.0008 3305 5.323) 6.40 —408(12)
LFER-N1 SG T¢1=24(4) 0.111) 0.001 4805) 5.553) 6.26 —358(6)
M=Co
LCOR-A1 AF Tn=26(1) 0.211) 7x10°° 15(5) 5.652) 4.80 —95(2)
LCOR-N1 AF Tn=26(1) 0.201) 0.0006 1505) 5.622) 4.65 —108(4)
LCOR-Q1 AF Tn=26(1) 0.261) 0.0001 205) 6.0005) 4.69 —98(2)
M =Ni
LNIR-A1 AF Tn=28(2) 0.131) 7x10°° 25(5) 4.292) 3.87 —100(2)
LNIR-N1 AF Tn=32(2) 0.141) 0.0002 605) 4.635) 3.90 —108(2)
LNIR-Q1 AF Tn=26(2) 0.161) 0.0002 805) 4.725) 3.95 —104(4)
M=2Zn
LZNR-A1 WF T.=165(2) 0.141) 0.0003 705) 3.402) 2.97 —86(2)
LaSrMnRuQ. s
LSMNR-R1 SP T%=345(5) 2.302) 1.192) 481010 4.992) 204(2)
F T.=195(2)

scribed above. The magnetic transition temperatdie®r  highly oxidized sample LaMnRuQ; 59. Spin-glass behavior
T* of Table Il were taken from the inflection points of the and Weiss constani#=100 and 120 K were also reportéd
low-field (H=20 Oe) data. Thévi(T) andM ~*(T) curves for the compositions 6~-0.015 and 0.152 of

of La;MnRuGQ;, s and LaSrMnRu@q3(1), Figs. 5a) and  La;MnRuG;, ;, respectively; however, an unusual enhance-
5(h), clearly demonstrate ferromagnetic behavior; a singlenent in the FC data of WHRUOG\%gz below 15 K was not
ferromagnetic phase with B.=86(2) K and 19%®) K was explained. Both spin-glass behavioand ferrmjagneusﬁ‘?
found for LMNR-R1 and LaSrMnRugs 1), respectively, below 250 K have also been reported for nominal samples of
whereas theM(T) curve for sample LMNR-N1[s LaSrMnRuQ.

_ o : A pronounced divergence between the ZFC and FC
=0.38(2)] shows a majority ferromagnetic phase with, B : .
~76(2) K and a minority ferromagnetic phase wilh, curves below & ;,,=276(2) K and a sharp maximum in the

=162(4) K. Considerable short-range magnetic order, howZFC and FC curves at a spin-glass freezing temperatyre

ever, was observed in LaSrMnRy@1) in the temperature =32(1) K were observed in thid =100 Oexn(T) data of

- _ _ LFER-R1[6=0.30(2)], Fig. 5c); the application of an in-
range T,<T<T} =345(5) K. A paramagnetic Weiss con- creasing applied magnetic field greatly suppressed the

stant6>T, for LMNR-R1 and LaSrMnRuU@oz(1y and a6 maximum atT; and obscured;,. A broad maximum at a
>T¢y for LMNR-N1 are characteristic of ferromagnetic be- 1.=24(4) K, however, was found only in the ZFC curve of
havior as opposed to ferrimagnetism. This observation cont FER-N1 while a pronounced divergence between the ZFC
trasts with the literature data. Spin-glass behavior below @and FC curves below &,,=365(5) K, similar to LFER-R1,
Teusg=45K and possible short-range ferrimagnetic/and a nearly temperature independami,(T) for 125K
ferromagnetic order below 150 K have been repdfténr a  <T<250 K in H=100 Oe, also Fig. (&), were both ob-
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FIG. 5. The temperature dependence of the molar magnetizét{d@) and molar magnetic susceptibilig,(T) under different applied
magnetic fields for some compositions in the systemgMRuG;, s and LaSrMnRu@, 5.

scured by an increasing. A large negative Weiss constant |¢|/Ty~4 was found for all samples of LEoRuQ_ 5 and
0<—350 K and auefexy<5.92ug, the spin-only paramag- | a,NiRuOs, 5. As in the LaFeRuQ. s compounds, a small
netic effective moment for high-spin ¥, was found for all  givergence of the FC and ZFC molar magnetic susceptibility
samples of LgFeRuQ, ;. was found below a;,~230—270 K. They4(T) plots of

All samples of 'LaCoRuQ;_ﬁ exhibited a sharp, well- samples of LaMgRuQ;_ s, Figs. 5g) and Fh), showed a
defined cusp at a N temperaturély=26(1) K, indepen-  geviation from Curie-Weiss behavior belowTay~ 265 K
dent of 6 and H, whereas less well-ordered samples ofthat suggests antiferromagnetic ordering whereas a weak
LayNiRuGs ;. 5 had slightly broader cusps at similar &le  ferromagnetism was found belowTcy~165K in
temperatures, 26(2) KTy<32(2) K, Figs. %d)-5(f). A La,ZnRuQs og(1)-
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FIG. 5. (Continued)
l1l. DISCUSSION because strong Ru-O covalent bonding lowers the intra-

atomic Coulomb energythe HubbardU) and provides a
substantial overlap of the &4 orbitals of next-nearest-
The transport and magnetic properties of orderecheighbor Ru atoms. Moreover, the atomic ordering of
La,MgRuQ; are consistent with a model in which thel4 La,MRuQ; for M=Co and Ni as well as for Mg and Zn
electrons of the low-spin RLV) ions occupy itinerant- signals the presence of €oand NF* in the presence of
electron states in a narrow* band oft-orbital parentage; Ru(IV). Placement of the G6/Co?* and NF*/Ni?* redox
but strong #*-electron correlations separate the (R energies below the Fermi energy means that oxidation
Ru(lV) and RyIV)/Ru(lll') redox couples by a small gap as and reduction takes place in the ®WRu(IV) and RylV)/
indicated schematically in Fig. 6. This condition is possibleRu(lll) couples, respectively. Consequently, the motional en-

A. Placement of redox energies

094416-12



RUTHENIUM DOUBLE PEROVSKITES: TRANSPOR. .. PHYSICAL REVIEW B 69, 094416 (2004

8 ‘)A 8 “)&
cB cB

Fe3+ / Fe2+
Ru(IV) / Ru(IIl) =] Ru(IV) / Ru(Il)

&

O:2p°
N(e)—
(a)
B-spin  o-spin
FIG. 6. Schematic of the relative positions of the redox energies «—N() Ng)—»
in (@ nominal LaCoRuQ and LgNiRuQ; and(b) La,FeRuQ;, s
where CB is the conduction band. FIG. 7. Schematic of the relative positions of the redox energies

for ferromagnetic LeMnRuG;, s where CB is the conduction band,;
thalpy AH,,=E,—E, of the charge carriers of all the my andr}, refer to bonding and antibonding bands with respect to
La,MRuO; (M=Mg, Zn, Co, and Ni are of similar small ~the metal-metal interactions.
magnitude.

Bouchardet al** have reported Nssbauer data showing hand, lower or negative values e{T) are encountered in
the coexistence of P& and Rulll ) in LaFg ,RuOs, indi-  the N,-annealed samples withi<0 where theM and Ru
cating that the F&/F&" redox couple lies above the atoms are well ordered. From these observations, we draw
Ru(IV)/Ru(lil) couple. The coexistence of Feand Rulll)  the following conclusions(1) the oxygen vacancies in the
explains the lack of atomic order in kEeRuQ, ; and the 4 enched samples, which have disordevednd Ru atoms,
difficulty to reduce the compound to bEeRuQ. With 5.6 preferentially located between two Ru atoms where elec-
ato_mlc disorder, nearest-neighbor as well as next-nearesfy < are trapped in a two-electron (RU)-0-Ru(lll) bond
neighbor overlap of Ru @ electrons occur, so the™ po- across the vacancy; two-electron states from thél\R
‘?{u(lll) couple are lowered to well below the Fermi energy
e as a result of a large overlap of Rul 4vave functions at
the oxygen vacancy(2) in the well-ordered Brannealed
samples where an oxygen vacancy is forced to lie between an

reduce to LaMnRuG,. Placement of the relative positions M @nd @ Ru atom, the £ lattice charge at an oxygen va-
of the redox energies shown in Figs. 6 and 7 allows a quali€@NCy traps one electron deeply at a primarily(IRU trap

tative interpretation of the thermoelectric power and mag-State, but the second electron in this trap is at @lRuthat
netic data reported in Figs. 3 and 5. The lower resistivitydoes not border the vacancy, which raises the two-electron
p(T) and motional enthalpgH ,, of La,MnRuO;, s suggest trap energy to just belover; (3) the persistence of an
that the electrons in half-filled orbitals of the MA™:t%e*  a(T)>0 in the quenched samples means a small concentra-
ions are converted to itineramt* electrons as a result of the tion of cation vacancies is present even in samples With
strong overlap with ther* electrons on the Ru ions. The <O. Since a competitive hole concentration is found in all

thermoelectric power and magnetic data discussed belothe LaMRuG;, s samples withé<0, we conclude that
support this conclusion. some cation vacancies are an intrinsic property of all

samples; we suspect a small concentration Jf'Lia lost as
amorphous LgO5.
The Ny-annealed sample LEIGRUG; g4,y appears to be
The air-annealed LMRuG;,s (M=Mg, Zn, Co, and well ordered, and a progressive trapping out of the second
Ni) samples with6~0 all have a large, positive nearly electron at the oxygen vacancies on lowering the temperature
temperature-independent thermoelectric powgF) charac- converts arn(T) <0 to ana(T)>0 because of the presence
teristic of polaron conduction by a small concentration ofof a competitive hole concentration from cation vacancies
mobile holes in the RY)/Ru(lV) redox couple. Since inter- having a smaller trapping energy.
stitial oxygen is not incorporated into the perovskite struc- In the case of L@&nRuQpg1), a 6>0 introduces a
ture, the holes must be introduced by cation vacancies. Sugreater concentration of cation vacancies. Since not all the
prisingly, the quenched samples witk<0 also have a large, holes introduced by a cation vacancy are trapped, a larger
positive thermoelectric power; the electrons introduced byhole concentration than that in nominal ;MgRUG; go(2)
the oxygen vacancies are apparently trapped. On the othéwers the nearly temperature independe(it) to about 60

octahedral-site array is disordered.

Although the MA*/Mn?* redox energy lies below the
Fe*/Fe€* redox energy, the manganese become®Mn
Therefore, LaMnRuG;, 5 is also disordered and difficult to

B. Thermoelectric power
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wV K™ above 250 K, but the onset of a rise a(T) on  T¢. A Mn-rich second phase would leave a Ru-rich disor-
cooling below 250 K signals an additional trapping of holesdered phase with an antibonding majority-spirt band
at the lower temperatures. more than half-filled. A temperature independer(fT) to

The «(T) curves for the M-annealed LgCORUQ ge(o) low temperatures means that the mobile polaronic holes are
and LgNiRUOs g,(») samples both show the coexistence ofnot trapped at the lowest temperatures of our measurements.
hole and electron charge carriers; but the larger oxygen-
vacancy concentration in the former make$300 K)<O0 C. Magnetism

whgreas the latter has(300 K)> 0. Alt_hough the polycrys- The LaMgRuQ;_ ; samples all have a Curie-Weiss para-
talline p(T) data had a semlconductlv_e temperature depe”r‘nagnetic susceptibility abovE, but the molar Curie con-
dence, thex(T) curves approach the linear temperature destant gives au4 larger than that calculated for a spin-only
pendence with a low-temperature phonon-drag anomalys=1) |ocalized electron Ru(IV}*e® configuration; the 4
predicted for itinerant electrons; hole and electron trappingelectrons apparently occupy the itinerant-electron states of a
however, do not fully determine the(T) behavior of these 7* band oft-orbital parentage even where atomic order al-
two compounds. lows interactions only between next-nearest-neighbor
All the disordered LgFeRuQ ., ; samples contain cation octahedral-site cations. With @a* band two-thirds filled as
vacancies and no, or few, oxygen vacancies. Therefore, thege ferromagnetic SrRuQ we can expect ferromagnetic cor-
perovskites are-type and show a progressive trapping outrelations with a net moment per Ru atom between 1 and
of mobile holes, which raises(T) with decreasing tempera- 2ug; the correlations appear to remain ferromagnetic in
ture. CaRuQ even though its Weiss constafiis negativé as in
Our interpretation of the transport and magnetic properLa,MgRuUG; oo2). Therefore, we believe the deviation of
ties of the disordered and ferromagnetic,MmRUG; 171y  Xmol(T) from the Curie-Weiss law belowWc,y reflects the
and LaSrMnRu@og(1)is based on a model in which the* onset of a helical spin-density wave rather than short-range,
band oft-orbital parentage includes thebonding electrons frustrated antiferromagnetic fluctuations. TMeH curves at
of the Mr?™ ions. In this model, ther* band would contain 5 K of Fig. 4f) show no remanence in accord with antifer-
7.66 electrons/f.u. for LMNnRuQ; 71y. An itinerant- romagnetic order. The quenched sample has a higher value of
electron ferromagnetic band normally has spin-paired bondxmoi(T) than that of the ordered samples and a slight bending
ing electrons; the ferromagnetic moment comes primarilyof the M-H curve toward thed axis at higher magnetic field
from the antibonding electrons as is illustrated by the Slaterstrengths. This behavior is even more pronounced in the
Pauling curves for the ferromagnetia 3ransition metals M-H curve for the LaZnRuGQ; og1) Sample, a sample that
and their alloy$® Here we refer tor* -band bonding and exhibits a weak ferromagnetic component belowT gy
antibonding states with respect to the metal-metal, not the=165 K and a small remanence in tie-H curve at 5 K.
metal-oxygen interactions. Therefore, a ferromagnetic ~ The weak ferromagnetism may be associated with cation va-
band in LaMnRuG; 17(1ywould place 1.66 electrons/f.u. in a cancies that trap holes on the neighboring Ru atoms.
majority-spin antibonding band containing 3.0 states/f.u., An original motivation for studying the double perov-
which makes it more than half-filled, see Fig. 7. Moreover,skittes LgMRuQ; was to determine whether the
any transfer of electrons from the minority-spin bondingM?*:e*-O-Ru(IV):t*e° interactions would be ferromag-
band to the majority-spin antibonding band would make bottnetic as found forM?*:e?-O-Mn(1V):t3e° interactions in
bands hole conductors to give ar{T)>0. On the other ordered LaCoMnQ; (Ref. 7 and LgNiMnOg.8 The finding
hand, LaSrMnRu@q3(;) would have only 0.94 electrons/f.u. that ordered LgCoRuQ and LgNiRuG; are antiferromag-
in the majority-spin antibonding band so some transferredhetic below aTy~26 to 32 K and exhibit a difference in
electrons from the minority-spin bonding bands to the antitheir FC and ZFCy,o(T) curves below ar;,>Ty, Figs.
bonding bands is required to give arfT)>0 according to  5(d)—5(f) is quite remarkable. Since the magnetic ordering
the model of Fig. 7. Well below the ferromagnetic Curie within the 7* band of the Ru subarray sets in below a
temperaturel;, «(T) for LaSrMNRUQ og1) increases lin-  Tcw~265K in LaMgRuG;, a temperature comparable to
early with temperature as predicted for itinerant holes, bufl;,, we conclude that a magnetic ordering among at least
aboveT, a temperature independen(T) is characteristic of some 7* electrons of the Ru subarray occurs beldy
vibronic or polaronic conduction; spin-disorder scatteringindependently of ordering of ther~-bonding e electrons
could be responsible for a transition from itinerant to vi- and that below Ty the antiferromagnetic
bronic conduction. M?*:e?-O-Ru(IV)-O-M?*:e? interactions dominate any
The large  cation-vacancy  concentration  inferromagneticM?":e2-O-Ru(IV):7**e® interactions. The
La,MnRuQ; 35, would leave the majority-spin antibonding itinerant character of ther* electrons does not provide
band less than half-filled. However, the magnetic data revea sufficiently large intraatomic exchange energy on the
that a chemical inhomogeneity has been introduced; a ferrdRu(lV) to stabilize a competitive ferromagnetic
magnetic phase with a high, coexists with the phase hav- M?*:e?-O-Ru(IV):7*“e® interaction. An antiferromagnetic
ing the Mn-Ru=* band. A Mn-rich phase with fluctuating coupling across theo-bond molecular orbital of a
occupiede orbitals on Mi* ions would provide ferromag- Ru(IV)Og), cluster would annihilate any weak spin polariza-
netic vibronic-superexchange interactions between high-spition of the RylV) ions and give an antiferromagnetic order
Mn®*:t3e! iong®~2 and such a coupling would give a high of the M2 ions like that found in MnO.
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The disordered L#eRuQ, ; samples also have &,  Neel temperaturél because of a weakening-O-t* anti-
below which the magnetic susceptibility behaves as if it conferromagnetic interaction. Since this interaction has been
tained ferromagnetic or superparamagnetic clusterg in thﬁmught to be solely due to a superexchange coupling be-
rangeTy<T<T; t.hese clusters are presumabl_y Ru-rich re-yween half-filledt orbitals, it has been generally assumed
gions about a cation vacancy. Beldly, the spins of the hat an increased bending of the Mn-O-Mn bond and/or a
disordered F&" ions freeze in a spin-glass state as a result oktronger inductive effect on substitution of a more acidic
frustrated antiferromagnetic interactions between thes22+ ion for SR is responsible for lowering . However,
Fe**:t%? configurations. Moreover, a measuregk smaller it has recently been showhthat the lowering ofTy with
than that for just the Fé contribution may reflect antiferro- jncreased bending of the Mn-O-Mn bond is due primarily to
magnetic nearest-neighbor e pairs in the temperature the dominanto-bond semicovalent-exchange component of
range of our measurements. Although these two types ahe interactions. Therefore, the widespread assumption that
short-range order occur independently of the spin-glass fokhe #* band of Sr_,CaRuG; is being progressively nar-
mation belowT, displacement of th&-H hysteresis in FC  rowed asx increases has no firm foundation. In view of the
measurements, Fig(e), signals the existence of ferromag- strong next-nearest-neighbor interactions of the Ru subarray
netic %USterS exchange coupled to an antiferromagnetif, the |.a,MRuQ; double perovskites that are revealed in this
matrix== _ . study, the role of the next-nearest-neighbor interactions on

The single magnetic transition in the disordered, ferrothe width of them* band of Sy_,CaRuO; must be consid-
magnetic LaMnRuG; 17(1) sample shows that, in this com- gred, and the strength of these interactions increases with
pound, the magnetic coupling of the itineramt spins and  pending of the Ru-O-Ru boritt Therefore, one can interpret
the e-electron _spins are not dgcoupled, which led us to thene evolution of magnetic properties in,;SfCa,RuO; as a
model of Fig. 7. According to the model, the manifestation of the disappearance of long-range ferromag-
Mn:e'-O-Ru(IV)-O-Mn:e* and Mne'-O-Mn:e' interac-  netic order because the* band broadens with increasing
tions would be ferromagnetic by vibronic superexchange agpng-range order vanishing before the magnetic susceptibil-
in LaMn, _,Ga0; (Refs. 26-28and the Mn-Rur* bands ity |oses its Curie-Weiss temperature dependence. Strong
would give a net ferromagnetic moment of L65f.u. if  correlation fluctuations in the paramagnetic state preserve the
only the antibonding electrons are magnetized in zero apcurie-Weiss paramagnetism, but with a Weiss congtahat

plied magnetic field. The predicted spin-only saturation maghecomes progressively more negative as the width ofithe
netization &0 K would then be 2.66g/f.u., which is to be  pand increases.

compared with a measured magnetization of 2.86.u. at 5
K in 50 kOe. The larger measured value compared to that

predicted in zero applied magnetic field is the result of some IV. CONCLUSIONS
electron transfer from the minority-spin to the majority-spin
band induced byH =50 kOe. A comparable increase M A systematic investigation of the double perovskites

by an appliedH =50 kOe has also been noted for SIRUO La;MRuG;. 5 has led to the following findings and deduc-
On the other hand, the discrepancy may also be due to diPns:

increased magnetization of th& electrons in the vicinity of (1) The M atom is present ab** for M=Mg, Zn, Co,
the cation vacancies. According to the model,and Ni; itis present <’:lM3_+ ions forM=Mn or Fe. _
LaSrMnRuQ o3(1) would have only 0.94 antibonding* (2) An M?*/Ru(IV) pair can be ordered by annealing at

electrons per formula unit if there were no transfer of elec-1100°C to 1150 °C and slow cooling whereds ™ ions do
trons from the minority-spin band, so the ferromagnetic mag#ot order.

netization should be reduced by about Qug2f.u. relative to (3) An oxygen vacancy creates a two-electron trap state;
that of LaMnRuQ; 17(1). An observed reduction of only the trap state is deep where the vacancy is between two Ru
0.36ug/f.u. at H=50kOe is in satisfactory agreement in atoms and is shallow where it is between Mnand a Ru
view of the need for electron transfer from the minority-spinatom.

band to obtain a positive thermoelectric power and uncer- (4) Although the low-spin RUV) ions of ordered
tainties in the role of the cation vacancies. From Fig. 7 it isLa;MRuQ; compositions have only next-nearest-neighbor
apparent that there would be a larger transfer of minority-Ru-Ru interactions, nevertheless the Ral dlectrons form
spin electrons in the case of LaSrMnRyQ). itinerant-electronT™ bands oft-orbital parentage; but strong
correlations among the* electrons introduce a finite energy
gap between the RW)/Ru(lV) and RyIV)/Ru(lll) redox
bands and a Curie-Weiss paramagnetic susceptibility.

In our discussion we have referred to the perovskite sys- (5) Cation vacancies trap higher valence states at neigh-
tem Sy _,CaRu0;, which exhibits a Curie-Weiss paramag- boring cations, but they also contribute mobile holes to the
netic susceptibility with a Weiss constasitand ferromag- Ru(V)/Ru(IV) redox band.
netic Curie temperaturé, that decrease progressively with  (6) Ordered LaCoRuQ and LaNiRuOg; exhibit two
increasingx, the ferromagnetism disappearing wheérde-  magnetic transitions: an ordering of at least some Ru
comes negative apparently without loss of ferromagnetic corsr* -electron spins is found in an interval<T<T,,, but
relations among ther* electrons of the low-spin RLV) below Ty~26 K, the M?"-ion spins couple antiferromag-
array. Substitution of Ca for Sr in 8r,CaMnO; lowers the netically across a Rug complex. Lack of ferromagnetic

D. Final comment
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coupling between the G6 or Ni2* and R{lV) ions in these LaSrMnRuQ o3(1) perovskites can be interpreted with a
ordered double perovskites is attributed to the strong &u 4 model of ferromagnetic, itinerant* bands oft-orbital par-

O 2p covalent mixing, which makes the intraatomic spin- entage from both Mn and Ru atoms.

spin coupling among the™* electrons or between anelec- (9) The observation of strong next-nearest-neighbor inter-
tron transferred to a RWV) and a=*-electron spin density actions between RLV) ions provides an explanation of why
weaker than thee-electron M-O-Ru-O-M superexchange the width of them* band of the system $r,CaRuO; may
interaction. However, a ferromagnetd?*:e*-O-Rut®e®  increase with.

interaction might be manifest in a ruthenium perovskite with

a more dilute concentration &fl2* ions.

.(7) The diso_rd.ered L#eRuQ, 5 _peroyskite forms a ACKNOWLEDGMENTS
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